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(An Efficient Partial Isolation Ring Technique for SOC
Testing)
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Abstract Testing a core-based designed chip requires a full isolation ring to provide for core test
datu access to each core. A partial isolation ring replaces the full isolation ring reducing total isolation
rning size surrounding cores. This paper proposes an elficient method to reduce the size of the partial
isolation mng and shorten the time to acquire the final solution. For this. a reasonable ordering
technique according to testability is introduced and a sorting techuique is adopted to reduce the total
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solution time. Experimental results show that the proposed method can be useful in practice.

1. Introduction

Recently a SOC(System On a Chip) design
technique has been popularly adopted to integrate
chips with pre-designed cores. There were many
research papcers on the embedded core testing(l,
2,34]. One simple approach for testing embedded
cores is to use multiplexing to make the inputs and
outputs of the core accessible to the chip pins[5].
However, this approach does not help with testing
the Then another
approach applying the test sets into the cores by

logic surrounding the core.
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adapting a full isolation ring techniquel6] is
appeared. Figure 1 shows the full isolation ring
technique. UDL(User Defined Logic) is a logic that
integrators(User) would put between cores. A full
an

isclation ring surrounding a core provides

accessibility from Pls(Primary Inpuls) to the corel[7.8].
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Fig. 1 Architecture of Full Isolation Ring

The full isolation ring, also called "Wrapper” in
the P1500 standardizing working group[9], is very

similar to IEEE 1149.1 boundary scan cells. But
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applying the full isolation ring technique into

high-performance chips is difficult to be accepted
in practice because there 1s so much area and
performance overhead. To address this problem, a
partia) isolation ring technigue has been proposed.
Four approaches are introduced inl[l0]. They are
Hill-Climbing, Clique Hill-Climbing, Clique Greedy,
and Pranch and Bound. Among them the first and
second are reasonable to be applied in practice. If n
represents the number of the inputs of a core, the
time complexity of Hill-Climbing method is only
O(n). Tt is simple to implement, but not clever
since it could not lead to an optimal result. The
Clique Greedy is a method of 0GF) complexity.
Despite of its big time complexity, this method is
not exhaustive, either. So it is hardly useful in
cases where n is large.

The Hill-Climbing method could have several
different partial isolation ring solutions according to
the selecting order of the candidate cells. Fig. 2
shows such a situation, When the selecting order
of the scan cells is determined like the left picture
in Fig. 2(a), only 1 scan cell could be eliminated.
On the other hand if the order is detcrmined as
shown in Fig. 2(b), 3 scan cells could be removed.

Test Core

Set

ubL
Test ’:1,[\/ v Core
Set

Fig. 2 Different F/F Results Depending on Selecting
Order

This paper proposes another sequential method
resulting in smaller size of the pariial isolation ring
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solution. It can be accomplished by employing a
kind of
analysis of UDL. A heuristic 1s used to reduce the

weighing technique with a testability
total execution time although the time complexity 1s
still O(nl.

In Section 2. a process [or the partial isolation
rng solution is explained. The proposed sequential
method is introduced and explained in Section 3.
Section 4 shows and compares lhe experimental

results, and Section 5 concludes this paper.

2. Process for Partial Isolation Ring

Solution

2.1 Selecting Procedure with Random Order
This

conventional process extracting the partial isolation

section describes an overview of the
ring solution. Test sets given [rom a core vendor
satisfy a certain {ault coverage. The rationale of
partial isolation ring solution is thal it has to yield
the same fault coverage though certain scan cells
are removed. To verify that this condition holds
true, it has to be shown that all test vectors in the
test set are to be justified through the UDL placed
before the core. The procedure of lhe sequential
method is as follows.
1. Eliminate an arbitrary scan ccll on the
unexamined scan cell list.
2. Examine all the test vectors whether they can
be justified through the UDL.
3. Keep the scan cell eliminated il every test
vector has becn justified through the UDL
4, Bring and place the eliminated scan cell back
if any test vector has not heen justified.
5. Go back to 1 if unexamined scan cells is lelt.
6. If all the scan cells are examined, the left over
cells become the parlial isolation ring solution.
This approach examines each cell sequentially and
checks whether all the vectors in the test set can be
justified through the UDL. The time complexity of
this method is O(n/) where n represents the number
of core inputs. In this procedurc the priority among
the cells has not been considered and the results
can be varied everv time if the order determining
which cell to be eliminated is changed.
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2.2 Checking Procedure to Justify Test Vectors
by ATPG
To test an embedded core with a partial isolation
ring inserted, a part of a test vector is to he
inserted and shifted into the partial isolation ring
and the other part of the vector is applied to the
UDL to generate the rest of the inputs to the
ring. The UDL
obtained from the process checking the test vectors

isolation input sequences are

of the test sel. The checking process can be
implemented in various ways.

In{10], an ATPG(Automatic Test
Generation) technique is used to check the given

Pattern

test vectors to be justified through the UDL. Every
vector has to go through this ATPG checking
process. Every time a scan cell i tested, all the
test vectors have to be justified through the UDL
since all the test vectors have to be applied in the
real testing. The following is the flow to implement
this checking process adopting an ATPG process.
1. Identity which core inputs do not have a scan
cell.
2. Fetch a veclor from the test set and confirm
which bit positions do not have scan cells.
3. Identify

positions.

the values of the non scan cell

4. If 0 is the value of the vector on that position,
place an inverter on that core input.
(Nothing
justified to 1)

. Bind all the core inputs which have no scan
cell to an AND gate.

6. Execute the ATPG process on the output line
of the AND gate with a s-a-0 fault.

7. If a test pattern is generated for the fault, the

is required to core inputs to he

o

test vector is justified through the UDL.
8. Il not,

eliminated.

the corresponding cell can not be

For cxample, if the set of scan cells left 1s {0, 2,
5) as shown in Fig. 3 and a test vector to be
justified is 101101, then the circuit needs to be
modified as shown in Fig. 4. ATPG is carried out
on a s-a-0 fault at the output of the AND gate.
The result from here is the vector for the UDL to
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generate 010 on {1, 3, 4}. Now we know the vector
can be justified without 3 scan cells.
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Fig. 3 Partial Isolation Ring with Some Cells Removed
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Fig. 4 Modification for ATPG to Figure Out Whether
a Test Vector can be Justified

3. An Efficient Method for Partial Isolation

Ring Solution

3.1 Reasonable Selecting Order Based On
Testability

This section proposes an efficient sequential

algorithm. When using a sequential algorithm, the
order determined which one is to be tested ahead
of others is very important. This iz bhecause a
certain wire, whose scan cell is eliminated earlier,
might prevent another wire from being set a
desired value whose scan cell is attempted to be
tested next. A desired fault coverage is supposed to
be satisfled when the optimal solution is achieved.
In this paper, to remove scan cells as many as
testability of UDLs is
determine the order of them. Testability consists of

possible, calculated to

controllability and observahbility. But only the
controllability is required for the proposed method.
The wires which need to be analyzed are the input
lines of the core. They are output lines of the UDL
at the same time. So the observability is not
needed since they are treated as POs of the UDL.
If the analysis

controllability procedure  is
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completed, the selecting order can be determined as
follows. The scan cell which is correspeonding to
the easily-controllable wire has a higher priority
than the harder ones. This is because the
previously tried scan cell would be removed easily.
But if the scan cells of harder-controllable wires
are eliminated in advance, the scan cells of
easily-controllable wires would be hardly removed.
It means that if the scan cell of the hardest
controllable wire is kept removed, the probability
that many other scan cells of easilv-controllable
wires could be removed becomes very low. Because
the harder-controllable wire disturbs the other
wires from being set of a desired value.

Controllability consists of O-controllability and
1-controllability. The probability that both 0 and 1
appear on a certain bit position is 0.5 in fact. It
would not be acceptable for investigating all the
test set to count how many times 0 or 1 on that
bit position appears to adopt the proper controlla-
bility. Even if the probabilities of all vectors are
decided, not all core inputs are required to juslily
given test set. It would be waste of time to count
them and even a mistake putting wrong priorities
on the core inputs. Therefore it is the reasonable
method to calculate priorities by the combined
value of 0 and 1 controllability and decide the
sequence in the ascending order of controllahbility in
order to check the easily-controllable wires ahead.

3.2 Controllability Calculation Procedure

O(or 1)-controllability means the degree how
difficult to feed O(or 1) on that wire. In this paper,
a heuristic is used to calculate the controllability as
in[11]. The algorithm is basically based on SCOAP
[12]. Depth influences on the controllability and the
value is shown in Table 1.

Table 1 Depth Value of Cell Type

Number of Inputs Depth
1 or less 0
2 or more 1

The first column of Table 1 represents the
number of input lines of a cell. If the value of a

input line propagates to the output of the cell
without any interference of the other inputs, that
belongs to the third row. The way to calculate
controllability is as follows.
1. Identify how many input lines are required to
set the output line of the gate.
2. Add the corresponding controllabilities to the surm.
3. Add the depth and fanout number of the gate
to the sum.
4, The sumn is the value of controllability of that node.
If only one input line is required to feed a certain
value on the output line of the gate, only the value of
controllability of the most easiest line is required(e.g.
0 at output line of AND gate). In case that every
input line is necessary for setting a certain value on
the output line. all the values of controllability of
those wires are to be added. A simple example
shows the controllability calculation procedure in
Tahle 2 for a sample circuit shown in Fig. b.

@9{*&11 16
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Fig. 5 Example Circuit for Controllability Calculation

Table 2 Controllability Calculation Result

Node 0-Controllability | 1-Controllability
1 0 0
2 0 0
3 0 0
4 0 0
5 1 1
6 0 0
7 0 0
8 1 1
9 1 2

10 3 2
11 2 1
12 2 3
13 4 2
14 4 3
15 1 3
16 5 1
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3.3 Vector Sorting Procedure

Typical sequential algorithm for the partial

isolation ring solution has O(n) complexity.
However the tolal execution time varies in reality
because & counter vector can appear early or late
occasionally if no particular action is taken. The
counter vector is a vector that determines the scan
cell fixed to remain. If the counter vector appears
late, the time spent for justifying previous vectors
becomes useless. Hence the earlier the counter
vector appears, the total execution time can be
reduced hecause no scan cell can be removed
unless all the vectors pass the ATPG process.
Therefore sorting the test vectors in descending
order of the controllability helps the ATPG process
complele earlier and total execution time shorten.
The test sel has hundreds of or thousands of
test vectors. The execution time of ATPG for each
vector i3 not quite short. The point here is that if
any veclor is mnot justified, the cell trying to

climinate can not he removed.  Therefore
considering the counter vector first will be better to
shorten the total execution time as a result
Whether targeted cell remains or not can be known
early if the counler vector is tested ahead of other
vectors. Hence unnecessary time to test a mumber
of remained vectors can be saved giving the
chance to the next cell to be tested earlier at the
same time. On the contrary, if the counter vector is
at the end of the list of the test set, the whole
time consumed to test the vectors is just a waste
of time. To prevent this, the priorities are to be
assigned to vectors of the test set to sort the test
set. The priorities depend on the controllability
calculated before. The test set is sorted just once
at every Ume a new cell is selected. The sorted
test set must rank the counter vector at the top of
the list. To do this, it has to be [ound which
controllability of that wire, whose scan cell is
targeted this time, is measured bigger, 0 or 1. As
an example, if O-controllability of a wire is 12 and
1-controllability is 15, the latter is selected for that
wire as a weight to sort the test set. Then sort
the whole test set to put the vectors ahead which

£
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have 1 at that bit position. Fig. 6 shows the
sorting process.
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Target Bit Pasdition corresponding to the scan cell
o ility: 13, 1 leys 21

(a) Before Sorting Process (b) After Sorting Process
Targel Bit Position
Fig. 6 Sorting Process for Test Set to Reduce Total

Execution Time

It is enough to perform the sorting process just
once at a time when checking a new scan cell.
The step is as follows.

1. When a cell is started to be checked, perform

the sorting process on that bit position.

. Perform the ATPG process.
. Save and maintain that order of test set if the

[SR I L]

cell successes to be eliminated.
Or, recover the previous order.

4, Move to the next target cell.

Sorting time depends on the number of vectors
in test set. That is treated as a constant when
considering the time complexity. Therefore the time
complexity of the proposed method is still O(n).

4. Experimental Results

ISCAS85 Dbench marking circuit is used to
experiment, and they act as UDLs. The core is a
black box, so there is no need to prepare a circuit
for it. The test vectors for core testing is given
from the vendor. We don’t know a thing about the
core, so in this paper the test set is made by
random function of C language. Important thing is
not what the core is, but what the test vectors are.
The purpose is eliminating scan cells as many as
possible. We extract experimental results from 3
methods, shown in Table 3. They are the random
method, the
considered method, and the opposite of proposed

selecting proposed  controllability
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method to show the worst case. Random means
that the order scan cell is selected is determined by
the random function. It represents the Hill Climbing
method. Table 3 shows the result of the 3 methods
for the partial isolation ring solution. The partial
isolation ring size smaller is the better. Note that
the ring size in table 3 is the partial isolation ring
size at the inputs of a core. The partial isolation
ring size at the outputs of a core is not considered
in this paper.

Table 3 Number of F/Fs in Partial Isolation Rings

Partial Isolaton Ring Size

133?1:; éﬂsefs V:c;:[rs Fugi?éng worst|  Random C?;ﬁ'ﬁ;;iw
Case |(Hill Climbing) \ethod

cd3? | 160 500 7 1 2 0
c499 | 202 | 1000 32 25 24 24
cB30 | 383 | 1000 26 13 1l 7
cl3ss| 546 | 1000 32 5] 25 24
cI908| 830 | 1000 25 19 13 5]
¢301( 1669 | 1000 2 18 16 13
c5315| 2307 | 1000 123 e a1 63
cB288 | 2416 | 1000 32 2% 25 26
¢752| 3b12 | 1000 108 102 80 45

Table 4 shows the enhancement degree of total
processing time at each circuit. The unit of time is
a second. The proposed method in this paper,
giving prorities on selecting the order of scan
cells, is used to extract both the results. There is
no vertical relationship in table 4. The second
column means how many vectors are dealt with for
ATPG process. They are reduced because a counter
vector appears at the higher rank in the test set by
sorting based on controllability. The number of
considered vectors during ATPG is reduced by
about 34% in Moreover, the total
processing time is also reduced because of the
smaller ATPG job amount than unsorted. The
actual time for sorting is nearly nothing as shown

average.,

in the table. In Table 4, the minimum number of
vectors justified through ATPG is n-1, where n is
the number of the core inputs. The maximum is

gzzk. The maximum value is achieved only when

all the F/Fs of the isolation ring can be eliminated.

Table 4 Number of Considered Vectors during ATPG
& Total Processing Time

Total
DL Number of Vectors Tmprove- | Processing Time | Improve-
Name Unsorted| Sorted ment Unsorted| Sorted ment
c499 | 9509 4144 57% 97 40 9%

cB30 | 213050 | 15663 26% €07 166 20%
cl355) 434 2000 33% L 32 35%
c1908| 13099 8626 329 152 108 29%
3540 | 1969 1376 0% 27 20 26%
co315| 3338 | 20678 4% 643 517 20%
cf233| 260 1321 48% 4 21 52%
c7552| 30070 | 3014 23% 7% 631 2%

5. Conclusions

This paper described an efficient sequential
method for the partial isolation ring solution. It
guarantees the same fault coverage for the given
test set relieving the area overhead of the partial
isolation ring solution by determining the selecting
order based on controllability of UDL. Using a
property of the SOC testing, we sorted the test
vectors based on the controllability calculated, and
thus we reduced the total processing time. The
time complexity of the proposed method is O(n).
Experimental results indicate a significant reduction
in the number of F/Fs compared with the previous

method.
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