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Thesis Title LFSR Reseeding with Selection Register for Mixed-mode BIST
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ABSTRACT

This research presents a new method in order to generate test patterns generator
for testing electronic circuit in Mixed-mode BIST with Parallel Linear Feedback Shift Register
(LFSR) Reseeding. The dynamic seeds were injected in parallel form through the LFSR, phase
shifter, and scan chains, respectively. The research not only proposed the Parallel LFSR
Reseeding, but also adds the selection register for improving the efficiency of encoding test data.
For seed computing, after the equations were formed, they were solved by Gauss-Jordan
elimination. The experimental results for ISCAS 89 benchmark circuits indicate the significant
improvement in terms of test data. There are several main advantages of proposed approach such
as 100% test coverage, low test data, low test application time, high fault coverage as intended by

the deterministic patterns, etc.
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“ 1010000000 | 0000010000 | 0000000000 | 0000001000 | 0010000001 00000
0000000000 | 1000000101 | 0001010000 | 0000000000 | 0000100000
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+ 0000000000 | 0001000000 | 0000000000 | 0000100000 | 1000000000 00000
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§eu | dafi1-10 | Gefi 1120 | Gafi 2130 | Gafi 3140 | fiadi41-50 | e 51-60 finfi 61-75
1 | 1000000000 | 1010001000 | 0000000000 | 0000000000 | 0000000000 | 0000000000 | 000000000000001
2 | 0000001100 | 0000000101 | 0001000000 | 0000000000 | 0000000000 | 0000000000 | 000000000000000
3 | 0000000000 | 0001100000 | 0000101000 | 1000000000 | 0000000000 | 0000000000 | 000000000000000




§wu | dafi1-10 | Safi 1120 | Safi 2130 | Gafi 31-40 | fiadi41-50 | Tadi 51-60 finfi 61-75
4 | 0000000000 | 0000000000 | 1100000000 | 0101000100 | 0000000000 | 0000000000 | 000000000000000
6 | 0000000000 | 0000000000 | 0000000000 | 0000110000 | 0000010100 | 0100000000 | 000000000000000
7 | 0000000000 | 0000000000 | 0000000000 | 0000000000 | 0110000000 | 0010100010 | 000000000000000
8 | 1100000000 | 0000000000 | 0000000000 | 0000000000 | 0000000011 | 0000000001 | 010001000000000
9 | 0111100110 | 0000000000 | 0000000000 | 0000000000 | 0000000000 | 0000011000 | 000000101000100
10 | 1100110011 | 1100110000 | 0000000000 | 0000000000 | 0000000000 | 6000000000 | 001100000000010
11 | 0000110110 | 0110011110 | 0110000000 | 0000000000 | 0000000000 | 0000000000 | 000000000110000
12 | 0101000000 | 0110110011 | 0011110011 | 0000000000 | 0000000000 | 0000000000 | 000000000000000
13 | 0000000010 | 1000000011 | 0110011001 | 1110011000 | 0000000000 | 0000000000 | 000000000000000
14 | 0000000000 | 0000010100 | 0000011011 | 0011001111 | 0011000000 | 0000000000 | 000000000000000
15 | 0000000000 | 0000000000 | 0010100000 | 0011011001 | 1001111001 | 1000000000 | 000000000000000
16 | 0000000000 | 0000000000 | 0000000001 | 0100000001 | 1011001100 | 1111001100 | 000000000000000
17 | 1000000000 | 0000000000 | 0000000000 | 0000001010 | 0000001101 | 1001100111 | 100110000000000
18 | 0001010100 | 0000000000 | 0000000000 | 0000000000 | 0001010000 | 0001101100 | 110011110011000
19 | 0000001000 | 1010100000 | 0000000000 | 0000000000 | 0000000000 | 1010000000 | 110110011001111
20 | 0111110000 | 0001000101 | 0100000000 | 0000000000 | 0000000000 | 0000000101 | 000000011011001
21 | 1000101011 | 1110000000 | 1000101010 | 0000000000 | 0000000000 | 0000000000 | 000010100000001
22 | 0000000100 | 0101011111 | 0000000100 | 0101010000 | 0000000000 | 0000000000 | 000000000001010
23 | 0001111000 | 0000100010 | 1011111000 | 0000100010 | 1010000000 | 0000000000 | 000000000000000
24 | 0000000000 | 1111000000 | 0100010101 | 1111000000 | 0100010101 | 0000000000 | 000000000000000
25 | 0000000000 | 0000000111 | 1000000010 | 0010101111 | 1000000010 | 0010101000 | 000000000000000
26 | 0000000000 | 0000000000 | 0000111100 | 0000010001 | 0101111100 | 0000010001 | 010100000000000
27 | 0100000100 | 0000000000 | 0000001100 | 1100000101 | 0100000100 | 0000000000 | 010001000001110
28 | 0000101010 | 0000100000 | 0000000000 | 0001100110 | 0000101010 | 0000100000 | 000000001000100
29 | 1100110000 | 0101010000 | 0100000000 | 0000000000 | 1100110000 | 0101010000 | 010000000000000
30 | 0001100110 | 0110000010 | 1010000010 | 0000000000 | 0000000110 | 0110000010 | 101000001000000
31 | 0000110010 | 1000010000 | 0000100010 | 1011100000 | 0000001000 | 0000001000 | 000001000010111
32 | 0011100000 | 0110010100 | 0010000000 | 0100010101 | 1100000000 | 0001000000 | 000100000000100
33 | 0000101001 | 1100000011 | 0010100001 | 0000000010 | 0010101110 | 0000000000 | 100000000010000
34 | 0000000000 | 0101001110 | 0000011001 | 0100001000 | 0000010001 | 0101110000 | 000000010000000
35 | 1000000000 | 0000000010 | 1001110000 | 0011001010 | 0001000000 | 0010001010 | 111000000000001
36 | 1101100000 | 0100000000 | 0000000100 | 0000001101 | 1011100000 | 1000001000 | 11000000000001 1
37 | 0000101000 | 0001001000 | 0010000000 | 0000101001 | 0110000100 | 0100000000 | 111010100101000




§eu | dafi1-10 | Gafi 1120 | Gafi 2130 | Gafi 3140 | fiafi41-50 | fadi 51-60 finfi 61-75
38 | 0000000100 | 1110100000 | 0000001000 | 0001100000 | 1010100000 | 0000001110 | 000000011100011
39 | 0110010000 | 0000100111 | 0100000000 | 0001000000 | 1100000101 | 0100000000 | 000111000000001
40 | 0100000010 | 0000000001 | 0000000010 | 0001100010 | 1000010010 | 0100001010 | 010000000110111
41 | 0000011100 | 0000010000 | 0010000000 | 0001000000 | 0010000110 | 0010100001 | 001001000010100
42 | 0101000000 | 0011100000 | 0010000001 | 0000000000 | 1000000001 | 0000110001 | 010000100100100
43 | 0001010010 | 1000000001 | 1100000001 | 0000001000 | 0000000100 | 0000001000 | 011000101000010
44 | 0100000001 | 0100101000 | 0110100100 | 0101001010 | 0000000111 | 0000000100 | 000010000000000
45 | 0001000001 | 0000110000 | 1001000000 | 0100100100 | 1001000001 | 0000100001 | 100110010100000
46 | 1000010100 | 0000000101 | 1000000000 | 0000000001 | 0010010000 | 0001000001 | 100010001011011
47 | 1011111100 | 0010100000 | 0000101100 | 0000000000 | 0000001001 | 0010000000 | 100000110001000
48 | 0010100000 | 0100000100 | 1000000100 | 1000010001 | 0100010001 | 0000011010 | 000000000010011
49 | 0001000000 | 0000101000 | 0000011000 | 0110000010 | 0000000101 | 0100101101 | 000010010010001
50 | 0000000110 | 0010000010 | 0001000100 | 1000000000 | 1000110000 | 0000010000 | 101110011100100
51 | 0001010000 | 0000110001 | 0000010000 | 1000100100 | 0000000100 | 0110000000 | 001000010111001
52 | 1100001110 | 0011000101 | 0000000011 | 0001000001 | 0000100010 | 0100000000 | 010001100000000
53 | 0100100000 | 0100000100 | 0100001000 | 0010000010 | 1000110000 | 1110010011 | 010000000000010
54 | 0001010011 | 1000000000 | 0000000100 | 0010000000 | 1001111011 | 0000000001 | 111000000000001
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Abstract- In this paper, a novel parallel LFSR reseeding
technique for mixed-mode BIST that is suitable and applicable to
a multiple scan chain design. This approach can be applied to
generate test cubes that detect Random Pattern Resistant (RPR)
faults. A multiple test vector is used to guide the LFSR in order
to generate target test cube at the application time. The encoded
test seed is solved by using a system linear equation.
Experimental results have been discussed by performing the
largest ISCAS 89 benchmark circuits. Advantages: 100% test
coverage, reduction of test application, reduction of test data
storage, requiring few additional hardware, high fault coverage
as intended by the deterministic test, and capability to generate
any deterministic test cubes without proportional to the largest
number of specified bits.

I.  INTRODUCTION

Most of the improvement trends have resulted principally
from the industry’s ability to exponentially decrease the
minimum feature sizes used to fabricate integrated circuits.
The most frequently cited trend is in integration level, which
is usually expressed as Moore’s Law [1]. Continued scaling
feature sizes has made the integration of several cores in a
single monolithic integrated circuit possible, called system on
a chip (SOC). As the number of cores integrated in a SOC
increased rapidly. both the test data storage requirements on
the tester and the test bandwidth requirements between the
tester and the chip have grown dramatically [2]. One of the
most effective methods is to use a Built-In Self-Test (BIST).
whose main purpose is to reduce the complexity. the test
application time, and the number of automatic test equipment
(ATE) channels. The most economical BIST schemes are
based on pseudorandom pattern generation which usually
yields low fault coverage due to the presence of Random
Pattern Resistant (RPR) faults.

A large body of research has been dedicated to increasing
the probability of randomly generated test pattern detecting
RPR faults. This includes three main categories:

1) Modification of the Circuit-Under-Test (CUT) [3-5] in
order to improve fault coverage by redesigning or by inserting
test points. This approach degrades system performance,
causes elongation of the design cycle. but is not always
possible because of performance restriction or intellectual
property reasons.

2) Use of Weighted Random Pattern Generation [6-8] to
increase the probability for test patterns to detect faults. The
weighted random pattern generation is biased by adding extra
logic circuits. This can lead to large area overhead.

3) Mixed-mode on test pattern generation [9-26] to use
STUMPS architecture [27]. There are two phrases of test

pattern generation: pseudorandom patterns to detect the
random pattern testable faults. and deterministic scan vectors
fo detect RPR faults.

For the third category. several techniques for improving the
efficiency of the test pattern generation have been proposed to
compress the amount of test data stored on the tester. These
include using run length code [9]. applying fixed-length code
word [10-11]. encoding test data based on Huffiman coding
[12]. translating the original test data into symbols related to
the frequency of occurrence [13-15]. applying dictionary
coding [16-17]. adding mapping scheme [18]. fixing logic
method [19]. fixing and flipping logic approach [20]. and
developing LFSR reseeding techniques [21-26].

In this paper, we focus on parallel LFSR reseeding in a
mixed-mode BIST. The reseeding technique proposed in this
paper is a dynamic reseeding method in which the parallel
seeds are modified incrementally while the test generation
proceeds. It does not only reduce test data and test application
time, but it is also realistic and applicable. The efficiency of
encoded test data relies on the number of specifies bits and the
number of test patterns. This technique guarantees 100% test
coverage while keeping the fault coverage as high as intended
by the deterministic test.

The rest of this paper is organized as follows. Section 2
describes previous work. In Section 3. we present the
overview and architecture of proposed method. Section 4
discusses forming and solving linear equations for parallel
reseeding. The experimental results are provided in Section 3,
with the conclusion following in Section 6.

II. PrEVIOUS WORK

The original LFSR reseeding method has been proposed in
[21]. The improved methods have been developed in several
ways such as multiple-polynomial LFSR [22]. variable-length
seeds [23] [24]. etc. Note that all of mentioned approaches
have involved static reseeding. An alternative reseeding
approach is a dynamic reseeding. called partial LFSR
reseeding [25] [26]. The results of the partial LFSR reseeding
seem to offer good features, but the assumption and
calculation of seeds are not realistic and applicable in the test
application based on STUMPS architecture. The clarification
will be presented through the rest of this section.

The sentence of “Note that for simplicity, the example
shows an LFSR feeding a single scan chain, however without
loss of generality, the same procedure would apply for an
LFSR feeding multiple scan chains™ has been specified in [25].



In other words, seeds are loaded in serial form which is in
contrast with multiple scan chains and phase shifter structure.
In the real test. seeds have to be calculated in such a way of
association with both the positions of scan cells and shift
cycles that feed through multiple taps of the LFSR and phase
shifter in parallel form.

As an illustration. the architecture of the partial LFSR
reseeding and forming equations proposed in [25] are shown
in Fig. 1. It is unrealistic in several cases:

- All seeds are fed in serial form through only one
tap, X, in Fig.1.

SEEDS From Tester

Test Cubes
XIXXIT [T,
0XOXIX | T,
XIXX10 T

Scan Chains

z,| z,

Test Cube T;

Z, =X ®X, BX, DX,
Z,=X,9X,8X,BX,
Z,=X, 83X, 90X, 8X,
Z,=X,9X,BX, DX,
Zy=X,®X;
Z,=X,BX, DX,
I,=X,0X,0X,

Z, =X, DX,
Z;=X,0X,0X,BX, 6 X,
Z,=x,® Sbx, X,
Z,=X, DX, X, DX, DX,

Test Cube T

Test Cube T

Figure 1. Example of Forming Equations for
Partial Reseeding in [25]

- Some bits of a test cube are formed by consisting
more than one bit of new seeds. for example Z;; contained
both X, and X;. These bits cannot be assigned to a position
related with the first shift cycle because one bit of new seeds
is supposed to shift at once per cycle. otherwise new seeds
have to be fed in parallel form. In the multiple scans design.
these scan cells could be assigned to the position related with
the first shift cycle which will make this method does not
applicable.

- If the number of bits in new seeds is less than the
number of scan chains, no information on how to deal with
additional scan chains, otherwise extra bits of seeds are
supposed to add. For example in test cube #,, if 6 scan cells

are assigned into 3 scan chains, two bits of the new seed are
fed into a couple scan chains, but it is unclear on how to deal
with the seed related to another scan chain. In the worst case,
if the scan cell in that scan chain lied in the first cycle is a
specified bit, there 1s no way to control in order to meet the
target value, for example Z; and Z;,. It is not controllable
because it is not contained any bit of new seeds.

For above reasons, the assumption and calculation of partial
LFSR reseeding [25] are simplicity. In the real test application
based on multiple scans architecture, it is much more
complicated. We propose a novel method to address the stated
problems with parallel LFSR reseeding in mixed-mode BIST
detailed in Section 3 and 4.

1L OVERVIEW OF PROPOSED METHOD

The architecture of parallel LFSR reseeding is illustrated in
Fig. 2. Extra XOR gates are added in the LFSR for feeding
seeds. AND gates are inserted between the LFSR and seeds.
One input of each AND gate is connected to a sub-section of
seeds. Another input of AND gate is a control signal. C, which
is used to either enable or disable data from seeds. New seeds
can be fed into the LFSR by controlling C to be “1”, otherwise
the contents of scan cells are received from the combination of
the LFSR through the phase shifter without feeding any data
from new seeds. Seed length. L. is proportional to the average
number of specified bits per test cube, Su,. In the worst case,
L equals to scan length. M. which means the test cubes are not
able to be encoded into a smaller data. Nevertheless, it
guarantees fo generate deterministic test patterns with 100%
test coverage. The number of feeding points of seeds is the
same number of scan chains, but it is usually less than the
number of the LFSR sizes. The minimum value of test vectors,
Tpy. associated with scan chain number are solved by the
system of linear equations. Note that P is the number of test
patterns and N is the number of scan chains. For example, 7} >
is an encoded test vector for targeting test pattern 1 located in
scan chain 2. Tap selection of the phase shifter has been
presented in [28].

| 1
T T 8 [ e e
= {4/ > — Scan Chain 1
T === T | T . T .
P2 2| 12|TH e > = |  ScanChain2
=
o =
v —= T APFcan Chain 3
Toa = i@ —
' 53}
1]
=
=

™ 4—{ Scan Chain N

I T
M

PN

BIST Controller

Figure 2. Architecture of Parallel LFSR Reseeding



IV. FORMING AND SOLVING EQUATION FOR PARALLEL
RESEEDING

After the BIST controller allows pseudorandom patterns
generated to detect the random pattern testable faults, parallel
LFSR reseeding performs the generation of test cubes that
target RPR faults. We propose a new method to inject parallel
seeds through LFSR and phase shifter in order to guide them
to supply the desired test cubes in a multiple scan design. The
seed sequence of test vectors, T'=(Ty;. T2, ..., Tey). 1s fed by
controlling C signal. The C signal is forced to logic ‘1" in
same period as the number of cycles associated with L.
Otherwise, the remaining of test cubes is fed by LFSR without
getting data from seeds which the C signal will hold logic “0°
as M-L cycles.

We illustrate the parallel LFSR reseeding method using the
example of Fig. 3 and assume that there are only three scan
chains injected seeds through three LFSR taps. The outputs of
phase shifter are expressed in terms of the LFSR taps as
follows: outputs for scan chain 1, 2, and 3 are represented by
Xp@ X5, X; @ X, and X; @ X5, respectively. For the next step.
the tap positions of LFSR needed to support for seeds
injection are calculated and selected in such a way that each
test vector fully controls particular part of test cubes of
individual scan chain. For this particular example. the outputs

of phase shifter for scan chain 1. 2. and 3 are chosen from
LFSR tap 0. 2. and 3. respectively.

Each group of seed is contained test vectors as the same
number of scan chains. For example, seed 1 consists of three
test vectors: 77, 752 and T;; Seed 2 consists of three test
vectors: T5;. 5. and T,; and so on. The encoded seed 1 is
injected through LFSR and phase shifter for targeting test
cube 1. The length of encoded seed is normally in between the
maximum number of specified bits. S,y and Spe. For this
example. the minimum seed length is 3 because S, equals to
Sig- thus all equations related to three test cubes are formed in
Fig. 3.

The variables of X, X}, X>. and X5 are actually constant
ralues resulting from last cycle of pseudorandom pattern
generation. They do not affect the determination of solution.
After the linear equations have been formed, they can then be
solved by using Gauss-Jordan elimination. For example in
Fig. 3. test cubes 7. 7>, and T; are X1XX11, 0X0X1X, and
X1XX10, respectively. A solution is obtained by considering
only specified bits of test cubes. One solution is 7;; = 0,
Tg‘g = ]. Tg} = 1 .T;‘; = 0, T}Jz =1. szj: 1 Tj‘} = 0, Tij = 1
and T;;=0.

The experimental results for parallel LFSR reseeding are
shown in Section 5.

Seed 3
Seed 2
Seed 1
BIST
Controller | C
Test Cubes
L XIXX11 [Ty
LFSR X, #4 OXO0X1X [T,
XIXX10 [T,
PHASE
SHIFTER
-
=
‘E
=
&}
=
o
)
wl
Test Cube T, Test Cube T, Test Cube T;

Zy=T,; ® T3 ZEZI.,J@TH@TM

Z, =1, Z;=1, 81,887,
Z=1, Zyg=1, BT, 8T,

Z; =T, Zy=Ty,

Zy=T; Zy=1:91;
Z;=1,®T; Zy =T, 80,80, 8T,

Zp =T 80,81, 8T,

Z; =0, 90,80, 87, 8T,; @1,

Zy =T, 80,97, ®T,, ®T,

Zys =0, @080, 8L, 85,9, @1,
25 =T, 85,90, 8Ty,

Zy =1, 8T 8T, 81 8T, BT

Figure 3. Example of Forming Equations for Parallel Reseeding



V. EXPERIMENTAL RESULTS

The largest ISCAS 89 benchmark circuits [29] have been
performed to demonstrate the effectiveness of the proposed
technique. The set of test cubes targeted the RPR faults is
the same as applied in [25].

In table 1. the first column lists the circuit used in the
experiment. The second column gives the number of the
scan elements. The third column lists the number of test
cubes. The last column shows the LFSR size.

TABLE 1. ISCAS 89 benchmark circuit

Circuit Scan # Test LFSR
Name | Elements | Cubes Size
S5378 214 30 38
$9234 247 138 81
S13207 700 157 44
S15850 611 167 58
S38417 1.664 340 105
S38584 1.464 62 75

Table 2 shows a comparison of parallel LFSR reseeding
with standard LFSR reseeding [21] and partial LFSR
reseeding [25]. For a fair comparison, the exact same set of
test cubes and LFSR sizes are used to encode. For each
reseeding scheme, three main points are shown: the number
of bits per seed. the total number of encoded bits, and the
overall test reduction (7R). In the third. the sixth, and the
ninth columns of the table, the overall TR is compared
between three schemes. The overall 7R is defined by:

_ total test bits — total encoded bits «

TR 100.

total test bits

As can be seen. the proposed parallel LESR reseeding
provides much more 7R than standard LFSR reseeding [21].
Even through the 7R for parallel reseeding is slightly less

than the partial reseeding [25]. the proposed scheme is
clearly realistic and applicable based on multiple scan
chains architecture.

VI. CONCLUSION

Parallel LFSR reseeding is a novel approach for encoding
test data in order to apply in mixed-mode BIST. The
advantages of our techniques include:

o Applicable and suitable for a multiple scan chain
configuration

* 100% test coverage

o The capability to handle with any deterministic test
pattern without proportional to the largest number of
specified bits, S, In any test cube

» High fault coverage as intended by the deterministic
test

* A reduction in the test application time and the test
data storage

» Few additional hardware required beyond the need of

STUMPS architecture (only one 2-input AND and
XOR gates per scan chain at most)

The test application mode decompresses the encoded test
data to guide the LFSR in order to generate the desired test
patterns instead of directly applying the whole deterministic
patterns. The test reduction (7R) over the standard LFSR
reseeding [21] is quife substantial. but slightly under the
partial reseeding [25]. however. if is suitable for a multiple
scan chain architecture. Moreover. this approach guarantees
100% test coverage.

One drawback of parallel LFSR reseeding is that the seed
length is fixed for every test cube in one test set. The
dynamic variable-length reseeding in parallel form might be
one of good approaches to reduce more test storage
requirements, but it might face with the complexity on both
seed computation and mechanism of seed injection. This
leads to our future works.

TABLE 2. Comparison of three schemes

Circuit | Standard LFSR Partial LFSR Reseeding Proposed Parallel LFSR
Name Reseeding [21] [25] Reseeding
Total Bits | TR Bitsper | Total | TR Bitsper | Total | TR
(%) Seed Bits (%) Seed Bits (%)
$537 1.140 | 82.42 16 502 | 92.18 17 510 | 92.05
$9234 11,178 | 67.15 36 5.013 | 85.29 59 8.142 | 76.11
513207 6.908 | 93.71 19 3.008 | 97.26 24 3.768 | 96.57
S15850 9.686 | 90.50 31 5.204 | 94.89 34 5.678 | 94.43
$38417 35.700 | 93.68 72 24,513 | 95.66 83 28.220 | 95.01
$38584 4.650 | 94.87 47 2.942 | 96.75 54 3.348 | 96.31
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Abstract—This paper presents a new parallel LFSR reseeding
with selection register for mixed-mode BIST in order to reduce
the number of test data. The dynamic seeds were injected in
parallel form through the LFSR, phase shifter, and scan
chains, respectively. The selection register was added to
improve the efficiency of encoding test data. For seed
computing, after the equations were formed, they were solved
by Gauss-Jordan elimination. The experimental results for
ISCAS 89 benchmark circuits indicate the significant
improvement in terms of test data. There are several main
advantages of proposed approach such as 100% test coverage,
low test data, low test application time, high fault coverage as
intended by the deterministic patterns, etc.

Keywords: Parallel LFSR Reseeding, Mixed-mode BIST,
Selection Register

L INTRODUCTION

The complexity of integrated circuits is increasing
rapidly with lower feature size and higher components. The
components are integrated in a chip such as processor, /O
interface, memory, etc, called System on Chip (SoC). The
complexity and the large amount of transistors of SoC is
becoming a major problem in order to gain higher yield of
the product, thus attractive test strategies are essential. One
of efficient test strategies is to use Built-in Self-Test (BIST)
embedded in SoC. BIST has several advantages such as
low cost, ease of implementation and low test data storage
1, (2]

One of the BIST schemes is to use pseudo random
patterns for achieving low hardware overhead. However, it
usually yields low fault coverage due to the presence of
random pattern resistant (r.p.r.) faults. Several researches
have been proposed to coverage r.p.r. faults described into 3
categories [3].

1. Modification of the Circuit under Test [4-7] has been
proposed to increase fault coverage by inserting control and
observation points of the circuit under test. These include
using ATPG heuristics [4], describing a method of
identification and insertion register transfer level [5],
presenting reordering scan cells [6], and applying technique
to insert observation points before and afler running
automatic test pattern [7]. However, this category might
reduce performance of the SoC by system restriction and
intellectual property seasons.

2. Weighted Random Pattern Generation (WRPG) [8-
11] has been focused on increasing the frequency of

1081-7735/10 $26.00 © 2010 IEEE
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occurrence of “1” and “0” logic values of Linear Feedback
Shift Register (LFSR) output by adding weighted logic. The
WRPG is used in several ways: the reduction of test data
storage on tester [8], the detection single struck at fault [9],
bit-flipping [10], and column-matching and redesign LFSR
with ‘weighted logic [11]. WRPG approach may increase
probability of detecting fault, but risk for area overhead by
adding extra logic.

3. Mixed-mode BIST architecture [12-21] has been
used to generate both pseudo random patterns and
deterministic test patterns. Pseudo random patterns are
generated to detect normal fault and deterministic test
patterns are developed to detect the r.p.r. faults. The
application to reduce test data storage was proposed
dictionary based to compress test data [12-14], applied four
techniques to compact test data: selection of first vector,
Hamming distance base reordering, columnwise bit stuffing,
and difference vector [15], discussed bit-fixing [16-18] and
described bit-flipping [19]. Dynamic LFSR Reseeding has
been discussed in [20-21]. The main advantages of this
technique are to reduce area overhead and not deteriorate
competency of SoC and cover a certain portion of r.p.r.
faults.

The flexibility LFSR reseeding strategy can be
described in two types; static and dynamic. The static LFSR
reseeding proposed to store seeds instead of the full test
cubes in order to generate test patterns. The published
papers of static LFSR reseeding proposed methods for
conductively of test data compression such as the original of
LFSR reseeding [22], Multi-polynomial LFSR [23-24],
mapping load data [25], LFSR reseeding based on fixing
logic [26], pattern independent design independent seed
compression technique [27], and seed ordering [28]. For the
second type, the dynamic LFSR reseeding [20-21] is an
essential part of test generation procedure that injects free
variables from tester to LFSR through phase shifter for
gathering or scattering output to scan chains.

In this paper, we focus on parallel LFSR reseeding with
selection register for Mixed-mode BIST. The parallel LFSR
reseeding technique proposed in this paper is a dynamic
reseeding method in which the parallel seeds are modified
incrementally while the test generation proceeds. This
approach guarantees 100% test coverage while keeping the
fault coverage as high as intended by the deterministic test.
It provides low test data, low test application time, and
applicable with multiple scan design.
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The rest of this paper is organized as follows. In section
11, we give the previous work of LFSR reseeding. In section
II discusses the overview of proposed method. In section
1V, we describe forming and solving linear equation. In
Section V, the experimental results with benchmark ISCAS
89 circuit are presented and compared with previous work.
Finally, we conclude the paper in section V1.

II. PREVIOUS WORK

This section describes the publications of LFSR
reseeding for mixed-mode BIST with dynamic design. In
[20] and [21] presented dynamic reseeding and partial
reseeding scheme, respectively. The partial reseeding has
been proposed encoding test cubes with Sag Where S, is
the average number of specific bits of test patterns. The
assumption and calculation of seeds in partial LFSR
approach are not realistic and applicable in test application
base on STUMPS architecture. From [20], the sentence of
“Note that for simplicity, the example shows an LFSR
feeding a single scan chain, however without loss of
generality, the same procedure would apply for an LFSR
feeding multiple scan chains” can be implied that seeds are
loaded in serial form which is in contrast with multiple scan
chains and phase shifler structure. In the real test, seeds
which are fed through multiple taps of the LFSR and phase
shifter in parallel form are calculated in association with
both the positions of scan cells and shift cycles. The
clarification of confliction in partial reseeding scheme can
be described in 3 reasons:
1. Unsuitable with STUMPS architecture: All seeds are
fed in serial form to scan cell through only one tap, X,
in Fig. 1, which is unsuitable for multiple scan design
of STUMPS.
Structural dependency in LFSR: The Structural
dependency in output of LFSR is the fact that the
patterns coming from each stage of the LFSR are
identical to those of the previous stage but delayed by
one clock cycle. The structural dependency of LFSR is
reduced by using XOR network called phase shifter. In
Fig. 1, partial LFSR reseeding scheme [20] uses output
of LFSR in serial mode, which is not suitable with
XOR network that shifts in parallel form.
Conflict of equations for STUMPS: Some bits of a test
cube are formed by consisting more than one bit of
new seeds, for example Z;, contained both X, and X in
Fig. 1. These bits cannot be assigned to a position
related with the first shift cycle because one bit of new
seeds is supposed to shift at one per cycle, otherwise
new seeds must be fed in parallel form. In the
STUMPS architecture, these scan cells could be
assigned to the position related with the first shift cycle
which will make this method not applicable.

From above reasons, a novel parallel LFSR reseeding

method in order to reduce the number of test data was
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proposed in this paper. It is not only suitable for multiple
scan chains design based on STUMPS, but also profitable
low test application time. The details of parallel LFSR
reseeding with selection register are described in section 11
and IV.

SEEDS From Tester

Test Cubes
XIXX11

Iy

Zu Ly Ly 2, L, Ty

Z,=X,8X,

Z,=X 08X,

Z,=X,9X,
Z,=X,8X,8X,

Z,=X, 98X,

Z,=X,®X,
Z,=X,0X,B8X,0X,

Z, =X, 08X, BX, DX,

Z, =X, 90X, BX,BX,
Z,=X,8X,®X,0X,
Zy=X,@X,BX, DX,
Z,=X,8X,
Z,=X,8X,8X,

Z,=X 8X,0X,

L, =X, DX,

Z, =X, X, 90X, QX BX,
Z,=X,8X,0X, 08X, DX, DX,
Z,=X, DX, DX, DX, DX,
Fig. 1 Partial Reseeding [20]

Test Cube T,

Test Cube T,

Test Cube T,

HI. OVERVIEW OF PROPOSED METHOD

The original parallel reseeding was proposed in [29].
The selection register has been added to the original parallel
reseeding in order to further reduce test data.

Original parallel reseeding: The architecture of the
original scheme is illustrated in Fig. 2. The state of signal C
is determined by BIST controller Extra 2-input AND gates
are added for switching between Pseudo-Random Pattern
Generator (PRPG) and Deterministic Test Pattern Generator
(DTPG). One input of AND gates from BIST controller is 2
control signal, C, which is used to control between enable
mode and disable mode seed injection. For enable mode,
seeds are fed into LFSR through phase shifter to scan
chains. For disable mode, data of scan cells are received
from combination of LFSR through phase shifter. Extra
XOR gates are added in LFSR for feeding seeds in DTPG
mode. Position of tap seeds depends on the tap of phase
shifter. The selection tap of phase shifter is described in



[30]. Variable N is the number of scan chains. Seed length,
L, is proportional to the average number of specified bits per
test cube, S,,;. In the worst case, L equals to scan length, M,
which means the test cubes are not able to be encoded into a
smaller data. Variable P is the number of patterns.

PHASE SHIFTER

BIST Controller ]

Fig. 2 Original parallel LFSR reseeding [29]

Parallel reseeding with selection register: The idea of
selection register was described in [31] providing high
probability of error coverage by X’s canceling in Multiple
Input Shift Register. We apply this idea to the parallel LFSR
reseeding to improve the efficiency of encoded test data.
The architecture of parallel LFSR reseeding with selection
register is shown in Fig. 3. Main parts of the BIST
controller are both N-bits selection register and two
counters. The counter 1 and counter 2 are used to control
signal C/ and signal C2, respectively. Signal C1 is used to
determine the testing mode between PRPG and DTPG.
PRPG is activated when signal C/ is logic “1” but DTPG is
activated when C/ is logic “0”. Signal C2 is used to control
groups of seed feeding into LFSR. There are 2 groups of
seeds: group 1 (GI) is associated with test cubes containing
a lot of numbers of specified bits and group 2 (G2) is related
to the rest of test cubes.

1 =
"' (r} 1 Scan Chain |
—  p——
Sl [ Mo
E
o = +
: gl
. - -
g
=
o+ ol S
8 ]
Scan Chain N
=
L
M

l-g' Counter | i Counter 2

= & | N-bits selcction register

|

Fig. 3 Parallel LFSR reseeding with selection register
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The combination 3-input AND gates is used to enable and
disable seeds in G2. The subset of extra XOR gates is used
to support feeding mechanism in DTPG mode. Seed length,
L, is 1 in the best case and equals to M in the worst case,
The signal C2 is forced to “1” for full feeding (7, T}z, ...
T;x) to LFSR, otherwise C2 is set to “0” for partial feeding
(Ty1, T’.-” Ty3, ... T1x). The number of seeds in G2, R, is a
number of seeds for encoding test cubes when R is less than
P. The number of encoding bits is calculated
byK*L*P+(N-K)*L*R.

IV. FORMING AND SOLVING LINEAR EQUATIONS

In this work, a new design for injection seeds to LFSR
and phase shifter in order to target the r.p.r. faults is
proposed in a parallel LFSR reseeding.

This section describes how to form and solve the
equations for selection register and how to calculate group
size of seeds. The number of encoding bits to store on tester
is calculated by K*L*P+(N-K)*L*R.

Seed 4

= -,
Ty | XeXXX110
;: | X xt <5 -\7 v
XXIXX0IX o
r: ook | 2] zJ [z] ] r
[z] [z 3] =
% LA 651 1,
151 4] iag 40
T2l 2y Zy! Iy
s A Tl Zy
7y iZy 12! iz
il [ 12! Er

Fig. 4 Example of forming equations for parallel reseeding
with selection register

The example of forming equations for parallel
reseeding with selection register is illustrated in Fig. 4. The
8-bit flip-flop of LFSR is used to generate four test cubes
(T, T3, T3 and Ty). With the seed condition of L=1, k=2,
N=4, P=4 and R=2, gives the number of encoding bits of 12.
And the four test cubes are encoded with twelve bits of data
represented from seed] through seed4. The linear equations
of each scan cells are described by Z;, Z;, Z,, Z;, ..., Zs;.
These linear equations are calculated by the Boolean matrix
of tap seed, matrix(T) of the LFSR, matrix(PS) of phase
shifter and variables of seeds, seed! to seed4. Forming
linear equations is defined by two modes: enable and disable
mode. Seeds are loaded to LFSR circuit in enable mode.



To describe the mechanism of LFSR with polynomial
term of X’ @ X°® X*@® X*+1 in Fig. 4, the Boolean matrix,
matrix(T), shown in Fig. 5 (a) is used. Values of each
column in matrix(T) are associated with variables from X, to
X;. The Boolean matrix of phase shifter, matrix(PS), is
shown in Fig. 5 (b), where each column of matrix shows the

result of tap Xz;@X,@KX,, X;@X, X,0X;PX;, and

X;® X, ® X, respectively.
00000001 0101
10000000 1000
01000001 0000

7= 00100001 PS= 0011
00010001 0010
00001000 1000
00000100 1001
00000010 | Lo110]
(a) (b)
Fig. 5 (a) Boolean matrix of LFSR (b) Boolean matrix of
phase shifter

Fig. 6 (a) shows the Boolean matrix of seed variables,
seedl, seed2, seed3, and seed4. seedl and seed? are 4-bit
seed which is described by variables from T;, to 7;, and
T3, to T4, respectively. seed3 and seed4 are 2-bit seed from
T3;to T3, and Ty, to Ty Tap position for seed feeding is
shown in Fig. 6 (b). The number “1” in each row is
represented the position for seed feeding that is X5, Xp, X
and X7. Tap positions of Xy, X, X, and X; are depended on
taps of phase shifter such as X is depended on X;® X, ® X;.

seed1=|T,, T,, T,, T, 01000000
seed2 = Tu T3 Ty Tz,l] tabseed = 00000001
seed3=[0 0 T, T, 00010000
seedd=[0 0 T, T,,] 10000000

(2) (b)

Fig. 6 (a) Matrix of seed variables (b) Boolean matrix of tap
position for seed feeding

For enable mode, equations are from the dot product of
the matrix of LFSR, seed variables, tap position for seed and
last state of output matrix, O(t-1); Z, = [seed * tap seed *
O(t-1) * PS]. For disable mode, equations are computed by
the operation of matrix of LFSR, phase shifter and last state
of output matrix; Z, = [O(t-1)* T * PS].

The Xy, X), Xo, X3, Xy X5, X5 and X; are actually
constant values of last cycle in PRPG mode, which do not
effect to the determination of solution in the first state
output Boolean output matrix, O(1). The LFSR matrix is not
applied in O(1) matrix because the set of seed is added in
between LFSR flip-flop. So, the O(1) is generated between
seedl and Boolean output matrix of tap seed. The equation
for describing scan cells Z; to Z, is from the dot product of
O(1) and PS. The second test clock cycle of output Boolean
matrix calculation, O(2) is computed by the operation
between the first clock cycle of O(1) and T. The equations
of Z; to Z, are computed by the operation between the O(2)
and PS. The complete matrix is achieved by running 8
cycles as shown in Fig. 7.

test clrlock O(1)= seed! * tab seed Z,-Z, =0()*PS
test ;lDCk 0(2)=0(1)*T 27 _24 =0(2)*PS
test gluck O(3)=seed2*tabseed*0(2) | Z,,—Z, =0(3)*PS
test :lm:k 0(4)=003)*T Z-Z,=04)*PS
test ;lock O@®)=0(T)*T Zy—Z, =0(@8)*PS

Fig. 7 The linear equation of each scan cells

The linear equations shown in Fig. 8 are solved by
using Gauss-Jordan elimination technique. Only specified
bits of test cubes are considered to be solved. One example
of solution is shown in Fig. 9.

Test Cube | Test Cube 2 Test Cube 3 Test Cube 4
Z,=T), Z,=1,,9T,8T, Z=T,®T,®7,®8T,, Z,,=T,,®T,,®T,,0T,, 8T,
Z,=T,@T, Z,=T,,9T,8T, &7, Z,=T,9T,8T,,®T,,®T, Z=T,87,8T,, @7, 8T,, 87,87,
Z,=T,®T, Z,=T,,87,8T,, &7, Z,=T1,8T,,0T,,8T, ®T,, | Z,=7,97,07,8T,, 87,87, 87T,
2,=1,,8T, Z,=T1,9T,®7T,,8T,, Z,=1,,97,,07,,8T,, Zy=1,8T,8T,8T, 8T, 8T,
Z,=T, Z,=T,,8T,0T, Z,=T,®T,8T,,8T,,0T,, | Za=T,07,8L,®7%,8T,
Z;=T,®T1,®8T, | 2,=T,,8T,,8T,,®7T,, Z,=T, ®T,87T,,8T,,8T,, | Z=T,9%,87%,8%, 8%,,8T,, 6T, 8T,
Z=T,®T, Z,=T, ®T,,®T,, Z,=T,®T,8T,8T, 67, 2y =T, @7, T, 8T, 8T, ®T,, ®T,, BT, BT,
Z,=1,01, Z,=1,8T, O, Z,=T,,8T,, 8T, 0T, B =T AT, 90, 85, 8T,

Fig. 8 The summary of equation for describing scan cells Z)-Z;;

T, =1 T.=0 T,,=0 T,=0
T, =0 T, =1 L=l TI,,=0
T, =0 L,,=0 T =0 T,,=1

Fig. 9 One of solution of equation.
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V. EXPERIMENTAL RESULTS

The experimental results of parallel reseeding were
performed with ISCAS 89 benchmark circuits. The
information details of ISCAS 89 benchmark circuits are
shown in Table 1. First column lists the circuits used in
the experiment. The second column shows the number of
scan cells, The third column lists the number of test
cubes. The last column gives the LFSR size. The LFSR
size is relied on last published of partial LFSR reseeding

in [20-21].

Table 1. ISCAS 89 benchmark circuit

§5378 214 30 38
S9234 247 138 81
$13207 700 157 44
S15850 611 167 58
S38417 1,664 340 105
S$38584 1,464 62 75

Table 2. shows the experimental results of parallel
LFSR reseeding. The first column gives the circuit name.
The second column shows total specific bits. In the result
of original parallel reseeding [29], bits per seed are shown
in the third column and total encoding bits are shown in
the fourth column. The results of parallel reseeding with
selection register give in fifth, sixth, and seventh column.
For the fifth column, G is the total number of bits in the
first group. In the sixth column, G2 is the total number of
bits in the second group. The seventh column shows the
total number of seeds. The parallel LFSR reseeding with
selection register achieves higher efficiency for encoding
than the original design.

Table 2. Experimental result of propose method

S5378 493 17 510 | 11 6 492
59234 4,674 59 8,142 | 27 | 32 5,742
$13207 2,824 24 3,768 | 14 | 10 2,898
S15850 5,092 34 5678 | 27 7 5,181
S38417 23,984 83 28,220 | 68 | 15 25325
$38584 2,848 54 3,348 | 45 9 2,889

Table 3. shows comparison of three schemes of
previous LFSR reseeding: original LFSR reseeding [22],
pertial reseeding [20], and parallel LFSR reseeding with
selection register. From three schemes, the parallel LFSR

reseeding

with

selection register

achieves

highest

efficiency than others in most of circuits except $9234
and S38417.
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§5378

Table 3. Encoded test data comparison

1,140 5 492
59234 11,178 5,013 5,742
S13207 6,908 3,008 2,898
S15850 9,686 5,204 5,181
$38417 35,700 24,513 25,325
538584 4,650 2,942 2,889

The comparisons of test clock cycles are shown in
Table 4. First column gives circuit name. Second column
shows the number of test clock cycles in LFSR reseeding
with seed ordering [28]. In the last column shows the total
test clock cycles of proposed method. Our approach
provides lower test clock cycles than LFSR reseeding with
seed ordering in all circuits, but S13207.

Table 4. Test clock cycles comparison

$5378

$9234 4992 690

$13207 2688 4710

S15850 3904 3006

$38417 N/A 7140

S38584 2624 1736
VI. CONCLUSION

The experimental results for ISCAS 89 benchmark
circuits indicate the significant improvement in terms of
test data. Moreover, there are several advantages of our
proposed technique:

100% test coverage

- High fault coverage as

deterministic test

- Low test data

- Suitable for multi scan design or STUMPS

- Low structural dependency

- Low test application time

High efficiency for encoding

Therefore, the design of parallel reseeding with
selection register is an attractive approach for encoding
test data in order to apply for mixed-mode BIST.

intended by the
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k: 3 5 7

52 3|17 18 22 1 16 25 5O
53 200 41 50 4 20 T 5l
hd 20 49 53 g 23 24 M
B || 24 [ 19 38 50 | 16 44 45 51
hi 20 3 41 5 28 38 45
5T T 1 16 42 4 5 31 40 50
hE 19 4 T 52| 23 a2 T 54 55
50 260 46 54 ) 21 22 34 45 53
60 1127y 28 34 (12 13 19 31 48
61 15 19 44 | 33 38 47 52 59
62 3 26 57 2 9 16 18 48
6.3 1] 20 44 54 5 5 18 22 60
64 9 34 61|23 28 31 55 61
65 15 | 10 18 38 5 10 15 43 80
66 30 48 55 4 T 8 23 50
67 3 33 61|25 26 28 44 o4
65 9120 47 62 (14 20 35 41 63
69 20 27 63 )21 22 39 44 5O
i 3 57T 69| 30 34 43 58 63
T 648 53 50 (21 30 34 45 40
T 2 14 23 6 10 11 14 22
T3 [ 25 | 11 B0 58 2 12 35 48 66
7 T 43 68 4 17 23 28 69
Th 14 18 33 2 21 29 60 T
T 14 28 52 1 17 27 28 34
v 2 36 52|13 25 62 68 T
= 16 20 47 5 20 40 53 0T
79 9124 28 44 (28 33 30 56 5T
v 27¥ 75 | 10 37 &0 51 7
- 9 34 43 1 27 28 48 63

27 41 68 | 43 B3 66 T
16 33 55 | 25 42 47 T

13 | 45 51 59 | 15 49 62 82

11 36 5O | 17 22 27 44 7

T 10 B0 47 H6 65 T

13 | 21 53 56 52 65 G8& &5
15 53 86 46 51 B4 BB

35 | 34 T 0T 21 3 68 81

10 58 45 62 64 T4 82
20 31 1 4 53 7 83

15 24 42 47 65 T4 T
21687 T 12 66 T 80 B3
21 | 18 29 2 14 18 28 43

11 | 11 77 5 17 40 90 92
15 7 4 10 11 14 BT

6 744 5 6 28 53 82

11 | 26 85 5 34 35 41 T

11 38 4 o 28 43 34
a7 | 36 60 16 22 34 77 83

26 T 33 45 57 86 92




[ 3 5 T

n

102 15 19 27 | 38 a0 52 65 a5
103 9 G0 &0 53 | 22 35 43 67 69
104 G 49 59 | 33 43 80 51 102
105 16 70 T o6 T 15 21 40 101
106 15 19 26 96 | 12 17 34 T 26
107 39 54 59 | 23 29 40 a4 =9
108 (| 31 3 24 59 | 36 43 46 62 GE
109 25 58 102 3 6o T 95 100
110 21 55 o7 T 17 30 7 T
111 10 5 67 T 19 54 T 101 102
112 2 19 68 | 63 7 T w9 111
113 9 25 20 06 | 13 38 45 92 109
114 54 T2 103 2 38 62 74 T
115 b 20 ao | 17 21 47 LE 08
116 24 27 05 -+ 11 12 43 105
117 G4 T3 T4 -+ 53 T T4 104
118 || 33 50 106 117 | 29 T 45 K9 109
119 b 36 52 22 | 20 43 92 111 118
120 9 46 BE |7 7] TT 82 a7
121 1= a3 42 43 8 25 105 115 116
122 35 39 54 | 03 98 100 109 119
123 2 23 51 113 -+ 14 15 21 121
124 || 37 15 31 43 | 48 G0 T T4 107
125 i 90 103 9 24 39 57 108
126 10 T 117 | 51 G4 T T8 a1
127 1 13 45 54 | 31 33 67 63 a7
128 11 35 TT | 36 38 45 57 95
129 5 2 5 10 | 41 43 100 110 114
130 3 19 T o7 | 20 46 84 110 123
131 17 28 85 | 32 85 a7 59 104
132 || 29 22 43 T 5 9 83 91 93
133 28 -+ 50 | 14 21 69 101 120
134 57 34 40 T 12 15 25 69 T4
135 11 10 93 109 | 13 17 80 58 134
136 109 114 134 9 15 39 67 106
137 || 21 42 56 03 1 24 44 51 99
138 26 47 103 | 19 24 105 109 117
139 23 6o 25 | 35 7T 91 112 118
140 || 29 63 o7 112 3 G 39 42 69
141 T 57 125 | BT G4 G5 21 115
142 | 21 67 06 137 | BOD 85 90 104 118
143 110 118 142 | 10 13 17 112 138
144 54 65 129 | 51 53 56 6 T
145 52 23 133 138 | 19 55 111 124 139
146 T 101 115 | 22 38 46 105 116
147 43 20 110 | 50 118 122 141 142
148 || 27 27 57T 124 | 55 98 121 129 145
149 27 G0 132 | 33 34 53 71 148
150 53 17 62 136 | 69 23 &7 bt 94
151 3 25 27 117 T 11 33 53 G4




k 3 5 7
152 35 120 145 | 36 89 90 101 143
153 1 12 T2 137 8 40 54 T4 91
154 119 128 151 | 35 a1 96 102 122
155 TT 129 152 | 19 29 42 116 151
156 10 5 143 | 46 52 63 65 116
157 42 47 110 T 6o T 54 35
158 19 35 151 | 48 52 TH o 107 108
159 || 31 T 20 100 T 92 95 107 137
160 30 56 101 | 28 58 T B8 136
161 1% 25 109 134 | 33 a5 52 T 69
162 123 127 150 2 14 116 133 185
163 G4 115 133 4 40 59 25 153
164 2 111 140 8 48 7 s 117
165 12 T5 137 | a2 55 7 110 152
166 26 77 15T 8 18 a2 93 118
167 6 4 o 103 | 51 T B4 102 125
168 29 32 127 | 13 21 102 104 106
169 || 34 29 100 131 | 21 65 93 103 129
170 || 23 o2 105 145 | 20 A 54 g5 121
171 70O 106 114 [ 25 105 109 142 150
172 T 22 27 o5 | B0 97 103 136 156
173 10 13 123 | a2 44 102 151 169
174 13 41 56 T 12 30 46 67 90
175 & 37 146 173 | 5T 85 90 135 143
176 57 119 129 | 35 103 105 128 137
177 & 122 151 170 | 14 24 50 T2 170
175 || &7 34 159 160 | 84 T 88 117 165
179 39 129 152 | 26 53 123 154 157
150 14 95 149 | 68 T 145 155 178
151 G3 133 164 9 22 35 47 53
152 59 111 155 | 26 45 115 120 175
153 56 11 T 148 | 19 24 96 113 1s81
154 11 148 174 1 81 109 152 182
185 || 24 g 33 120 | 14 39 121 130 134
1586 G2 63 146 | 47 52 65 124 128
187 17 G5 2g | 56 100 105 160 TE
188 21 7170 T 69 113 141 142
159 26 120 171 | 36 45 65 147 180
190 109 145 18T | 32 58 125 150 163
191 9 3 T 1=8 | 30 GE 99 119 166
192 17 103 142 | 50 g4 113 143 181
193 15 19 390 61 | 22 65 113 155 173
194 || 87 51 56 182 | 20 21 T 64 161
195 28 41 G2 | B4 105 106 108 154
196 GO 152 191 | 28 G5 T 133 148
197 11 44 114 | 1T 26 T T 124
198 || 65 o7 144 154 | 82 103 107 108 143
199 || 34 45 24 106 | 27 38 44 104 184
200 GO 134 135 | 13 17 57 106 132
201 14 [ 133 164 200 | 64 119 125 147 156




k 3 5 T

n

202 55 22 63 83 90 105 117 189 195
203 121 123 167 59 85 124 133 142
204 59 95 108 a7 121 140 143 162
205 147 165 197 12 103 124 174 190
206 125 129 155 3 4 55 104 199
207 43 | 114 126 206 28 65 129 136 167
208 63 T T 58 64 124 159 201
209 G T 143 204 50 63 G 958 155
210 35 47 155 13 51 62 110 190
211 52 153 155 51 63 =20 114 138
212 105 29 T 23 g2 127 188 151
213 55 24 112 15 26 64 134 135
214 22 100 133 | 103  1¥6  1=9 191 207
215 23 41 06 124 46 T 106 125 141
216 0% 103 109 a1 96 133 190 207
217 45 a1 51 144 12 25 =1 BT 144
218 11 11 05 128 T 163 165 180 212
219 55 52 143 3 ar 134 190 201
220 23 121 168 39 100 134 160 190
221 142 156 211 32 69 114 154 202
222 45 46 106 44 140 157 171 180D
223 a3 a0 G4 T 44 57 =5 124 169
224 2 a9 116 9 132 135 203 217
225 a2 57 103 205 T 93 147 178 180
226 107 128 162 65 a1 96 108 137
227 11 43 142 65 100 104 189 224
228 20 100 125 44 T 127 181 220
229 -4 66 189 17 55 62 112 157
230 195 212 222 24 49 96 170 201
231 26 99 137 224 13 21 118 138 174
232 35 T 169 &0 150 155 180 222
233 T4 41 145 189 58 65 145 185 2
234 a1 ar a0 113 19 113 124 146 155
235 22 T 124 200 122 160 189 234
236 5 110 117 224 T T 26 127 141
237 54 64 211 26 31 20 144 188
238 T 44 155 T 24 93 140 178
239 36 10 56 66 12 61 207 216 226
240 226 235 238 25 31 138 1680 160
241 70 28 a2z 170 26 100 214 217 219
242 23 01 216 29 46 66 143 70
243 o7 181 191 51 94 199 203 238
244 157 190 220 18 TH o119 127 210
245 193 206 243 17 107 126 137 197
246 26 147 231 55 109 1=4 214 226
247 82 40 o6 214 12 107 151 193 220
245 53 189 199 | 102 107 152 178 221
249 E6 40 116 146 9 65 =2 113 163
250 103 28 107 180 | 127 13% 1v0 175 21A
251 61 75 178 | 1100 124 199 235 240




(o ]
=1

5a 67 167 11 45 145 169 236
19 50 222 ] 27 52 100 158
16 131 189 14 41 133 164 156

4 107 184 a0 82 116 153 166
121 178 241 12 45 115 133 213
61 181 195 59 110 151 199 227
115 118 170 28 46 b8 146 167
17 40 221 66 134 190 191 223
63 211 218 6o 86 91 183 179

6 T 150 23 61 191 203 223
22 117 247 81 123 171 172 182
30 34 181 | 110 122 137 145 154
T 1Ts 217 59 159 168 206 241
43 148 243 18 36 20 129 239
44 133 198 21 24 36 136 148
100 150 165 75 80 90 154 250
23 109 207 17 24 39 69 187
116 133 166 49 114 149% 164 25D
10 196 205 41 142 198 215 235

o 161 187 T 109 111 136 231
150 197 221 28 115 137 141 15D
06 18T 220 9 65 105 130 193
40 201 237 16 52 149 199 267

1 234 250 G 42 106 148 188
15 T 61 18 130 145 149 195
lo= 207 216 12 56 20 130 139
T 15 90 163 217 236 247
90 220 265 | 150 160 187 228 238

=
[+

o
)
=
e}

3
3

175 234 238 19 49 163 246 274
104 1289 134 51 103 105 264 280
16 500 199 40 122 138 161 270
2 52 255 60 130 161 186 234
114 211 247 29 T 147 230 265
T 127 146 | 129 188 222 255 260
99 141 189 3 115 152 165 171
121 155 157 36 T 108 222 259
T4 101 159 13 127 166 175 285
176 228 250 14 T 169 197 279
69 149 266 11 20 81 146 195
218 253 28T 43 54 116 228 270
156 195 255 35 T 143 147 160
93 106 205 T4 114 205 231 268
139 159 187 84 186 191 241 244
o8 122 283 65 102 10 182 210
10 198 235 a1 7 20 195 222
43 160 202 4 14 19 134 260
114 196 251 T4 100 167 168 255
20 113 149 a5 609 133 254 280
=0 122 220 49 107 158 163 205
121 209 215 3 196 210 222 7




[ 3 5 7

n

302 41 | 186 189 281 61 114 182 2086 277
303 43 217 274 17 TT 119 215 244
304 114 145 198 56 59 T4 225 235
305 102 33 63 209 | 140 161 230 245 300
306 119 133 244 20 52 7 26 2b4
307 220 237 273 33 62 81 119 306
308 51 163 229 65 126 237 282 284
309 241 286 289 G 22 146 220 300
310 24 171 211 T 113 147 251 2862
312 181 238 285 | 1T 186 195 225 283
313 79 [ 103 133 180 66 26 119 187 262
314 15 48 64 251 39 60 116 169 207
315 21 166 259 64 113 145 185 263
316 135 42 232 267 18 20 bl T4 265
317 GO 227 232 T 139 166 174 227
318 35 oz 201 44 101 188 303 315
319 36 44 50 144 36 135 152 233 283
320 169 293 319 9 57 233 280 205
321 31 27 T 198 T 126 149 246 209
322 67 31 234 309 48 213 233 251 321
323 T 32 106 | 101 202 234 247 313
324 5% 169 279 56 155 1588 281 321
325 20 17 245 56 T 7H 239 322
326 66 107 289 88 225 258 260 301
327 34 | 100 154 208 9 33 243 244 301
328 10 214 289 | 119 134 166 213 270
329 50 | 219 232 301 66 151 173 175 293
330 o2 247 202 52 63 195 258 267
331 50 219 298 3 25 TG 130 292
332 123 | 227 258 281 | 103 120 185 205 263
333 2 40 43 110 13 21 154 255 257
334 287 325 332 | 132 232 269 296 331
335 193 266 307 | 130 166 177 213 231
336 193 235 330 2 4 19 149 274
337 55 54 137 220 21 102 112 118 258
338 203 250 303 4 7T 120 126 171
339 212 237 246 69 125 219 234 238
340 222 200 317 94 1823 194 267 338
341 22 49 179 [ 103 109 234 2099 333
342 125 | 148 152 253 | 240 273 281 310 318
343 75 28 G2 303 29 32 228 305 340
344 20 153 211 57 g2 131 145 160
345 22 | 241 252 279 | 113 129 161 230 333
3486 T 40 274 T 7 138 247 325
347 3T 267 334 a1 64 162 209 236
348 12 122 161 T 109 123 169 208
350 53 13 238 248 | 103 184 237 265 278
351 34 | 100 147 183 49 159 221 283 308
352 134 153 313 | 152 168 241 285 326
354 156 183 188 11 142 222 231 308




k 3 5 T

n
355 55 59 a0 34 143 185 212 248
356 71 144 303 | 125 144 215 230 311
357 197 302 354 14 T 151 247 262
358 115 120 253 20 TT 50 235 299
359 63 66 201 249 g1 99 155 226 294
360 35 171 250 35 61 6o 125 197
362 63 g T 280 41 191 258 324 353
363 153 255 262 44 188 201 219 335
364 67 | 148 241 349 28 181 233 247 2h5
365 111 220 253 24 93 138 283 313
366 29 5 183 299 32 188 27Y0 349 357
368 121 293 355 | 103 124 162 187 247
369 o1 41 218 344 33 59 7 204 340
a7o 130 12 350 359 16 52 73 T4 263
arl 28T 310 343 30 181 263 322 338
aTz 126 141 248 41 211 212 227 359
a73 T 106 147 33 180 201 233 318
a74 105 181 266 40 49 96 194 253
aTs 16 | 122 200 304 1 29 7T 18R 242
aTe 23 24 25 19 99 254 309 365

7T 41 T 159 209 53 66 108 155 312
aTs 43 36 63 352 25 123 149 243 323
a7o 10 1=6 303 g9 132 173 249 323
3s0 47 T Tl B0 | 103 151 281 282 4T6
as1 190 250 327 10 T 161 190 351
382 =1 =% 193 375 6 T 110 192 194
354 23 51 381 4 185 222 274 375
3385 6 | 215 218 352 | 144 175 222 238 379
356 53 TS 175 299 | 119 128 232 288 346
387 13 106 156 | 115 190 203 303 365
3588 o2 a7 278 66 135 261 293 314
359 250 326 381 6 12 33 211 254
390 &9 5 176 291 | 150 164 171 247 269
392 207 222 365 4 61 52 144 373
393 T G5 204 254 88 201 251 309 373
394 135 1= 142 218 Tl 129 151 174 234
395 106 154 237 29 83 109 145 177
396 25 53 147 348 | 105 142 237 27T 345
398 90 305 331 15 134 221 264 308
399 86 | 337 357 475 46 196 226 345 364
400 g 203 205 13 88 118 16 233
402 T 320 336 77 150 217 243 383
403 12 TS 208 28 252 301 306 346
404 159 | 110 114 315 16 116 160 330 337
405 124 272 307 9 15 181 246 389
406 157 25 2565 397 24 130 229 202 366
408 127 174 345 | 120 1T6 206 235 243
409 BT | 127 157 207 20 99 148 247 401
410 166 227 372 T T 107 165 244
411 3 202 228 31 60 190 195 245




