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Abstract

Ezisting built-in self test (BIST) strategies require
the use of specialized test pattern generation hardware
which introduces significant area overhead and perfor-
mance degradation. In this paper, we propose a novel
method for implementing test pattern generators based
on adders widely available in data-path architectures
and digital signal processing circuits. Test patterns
are generated by continuously accumulating a constant
value and thewr quality is evaluated in terms of the
pseudo-exrhaustive state coverage on subspaces of con-
tiguous bits. This new test generation scheme, along
with the recently introduced accumulator-based com-
paction scheme facilitates a BIST strategy for high per-
formance datapath architectures that uses the function-
ality of existing hardware, is entirely integrated with
the circutt under test, and results in at-speed testing
with no performance degradation and area overhead.

1 Introduction

The increasing complexity of VLSI circuits in the
absence of a corresponding increase in the number of
input and output pins, has made Built-in Self Test
(BIST) an extremely successful test strategy in the
last decade. The fundamental idea in BIST is to in-
tegrate the test pattern generation and test response
compaction functions for the circuit-under-test (CUT)
on the chip itself [1].

To guarantee a high quality of testing, the test pat-
tern generators used for BIST must be able to exer-
cise most of the faults in the CUT, and the compactor
should be able to preserve this coverage. These func-
tions till now have been performed by specialized ded-
icated hardware. Even though, as in BILBO [2] this
hardware may share registers from the CUT, it re-
sults in substantial hardware overhead and significant
performance degradation due to the addition of mul-
tiplexors in the signal paths.
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General purpose computing structures based on
data-path architectures, as well as specialized dig-
ital signal processing circuits can perform powerful
arithmetical and logical operations which can be ex-
ploited for test pattern generation and response com-
paction. A novel scheme for parallel compaction of test
responses using existing accumulators with minimal
area overhead, no performance degradation and simi-
lar aliasing probability to that of LFSRs has been pro-
posed in [3]. If such existing arithmetical and logical
structures could also be used to generate test patterns,
then the need for additional hardware to implement
a BIST strategy on such circuits would almost com-
pletely be eliminated. These vectors can then be dis-
tributed to different modules of the system since arith-
metic and logic units (ALUs) or even simple adders
usually constitute the core of such systems (Fig. 1).
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Figure 1: Typical Data-path Core

Extensive studies have been performed to analyze
the testing properties of sequences generated by LF-
SRs and cellular automata [1], [4]. In contrast, though
sequences generated using arithmetic and logical oper-
ations have been widely studied as sources of random
numbers for Monte-Carlo simulation [5], their proper-
ties with respect to testing are largely unknown.

In this paper we propose a new test generation
scheme that uses existing accumulators to generate
parallel test patterns with no area overhead or per-
formance degradation. In this scheme, the accumu-
lator with an n-bit adder is used to generate a se-
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quence of binary patterns by continuously accumu-
lating a constant value. The patterns produced are
pseudo-exhaustive [6], [7] in nature and can be used to
test modules with physically adjacent input lines. The
pseudo-exhaustive state coverage of such a scheme is
analyzed and the best generators are identified.

2 Preliminaries

An n-bit ALU or accumulator featuring a binary
adder can be used to implement a scheme in which
a constant binary vector is successively transferred to
the adder and added to the previous contents of the
register R3 (Fig. 1). The state X; of the register after
t external vectors have been applied is given by

X; = X;-1 +a (mod 27) (1)

The contents of the register R3 can now be used as a
source of test patterns to test the accumulator itself or
other modules in the circuit. The generation scheme
(1) is described completely by its width n, initial state
Xy and the constant increment value a and can be
compactly denoted by the triple (a, Xy, n).

An attractive method of evaluating the quality of
the test pattern generator is to examine the state cov-
erage that it provides. The state coverage gives the
number of different patterns that can be produced and
is an indication of the real capacity of the signals that
appear on the output of the generator.

For an n-bit generator whose output bits are
denoted as b,_1b,_o...b1bg, consider the subspace
formed by the k contiguous bits bipr_1bi4k-_2...
biy1b;, denoted as S¥. Clearly, there are n — k+1 such
subspaces of size k, for ¢ = 0, 1, ....n — k (Fig. 2).
The state coverage analysis will be with respect to
such contiguous subspaces. Such an analysis is jus-
tified since data-path architectures have a strongly bit
organized character and contain internal busses that
are partitioned into physically adjacent lines.
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Figure 2: 4 bit contiguous subspaces for an 8 bit space

We say a sequence of n-bit vectors, Q =
{Xo0,X1,...,Xp_1}, produced by the generator A =
(a, Xo,n) under the scheme (1), exhaustively cov-
ers a specified k-bit contiguous subspace S¥, if all
2% different patterns appear on the bit positions
bi+k—1bi+k—2 .. .bi+1bi deﬁning Slk

Fig. 3 shows how the state coverage for 12 and 14 bit
subspaces increases with the number of patterns pro-
duced by the generator A = (13264529, 0, 32). The fig-

ure clearly shows how some subspaces are exhaustively

covered fairly quickly while others (of the same size)
require substantially more patterns. Note for instance
that for k = 14, the subspaces Si* Si* Si4 Si* and
S&* get covered exhaustively within 32768 patterns
while the subspace Si# requires as many as 1021199
patterns i.e. more than 30 times as many patterns.

In the following definitions, we provide a framework
for evaluating different generators in terms of their
ability to exhaustively cover subspaces consisting of
contiguous bits.

Definition 1 Let P(S¥) denote the size of the small-
est sequence (starting from Xg) that exhaustively cov-
ers the k-bit contiguous subspace, S¥. Then, the nor-
malized number of patterns required to erhaustively

cover SF is defined as P(S¥) = P(SF)/2".

Thus, P provides a means of comparing the effi-
ciency of a generator in covering different subspaces
independently of their size.

Definition 2 The latency of the generator for k-bit
subspaces is defined as

a) wy, = max!=F{P(S¥)}, in the worst case and
b) v, = —n_iHE?;ok P(Sf), on average.

In other words, wy = ¢ guarantees that all k-bit
contiguous subspaces will be exhaustively covered in ¢
normalized number of patterns.

Example Consider the f-bit sequence Q = {0000,
1011, 0110, 0001, 1100, ...} generated by A =
(11,0,4). Here, the subspace S3 consisting of bits bybg
1s exhaustively covered by the first four patterns in the
sequence, while the subspaces S? and S2 consisting of
bits baby and bsby respectively, require five patterns.
Thus, P(S3) = 4/4 = 1.0 and P(S}) = P(S?) =
5/4 = 1.25. This indicates that SZ can be erhaus-
tively covered optimally, but S? and S2 require 25%
more patterns than the optimal. Now the worst case
latency for the 2-bit subspaces is wy = 1.25 while the
average latency is only vo = (14+1.25+1.25)/3 = 1.167.

Theorem 1 Given a generator A, wy < 2wg4+1 and
v < 2041, for al k.

Proof. Follows directly from the fact that P(SF) <
P(SETY) for all s and k. O

Definition 3 We define several metrics to evaluate
the quality of the generator A = (a, Xo,n) for sub-
spaces of size v to s (both inclusive), 1 < r < s < n,
as follows

a) The worst case latency T(r,s), is given by
T(r, ) = nix{ ) )
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Figure 3: State Coverage for the generator, A = (13264529, 0, 32)

b) The average latency in the worst case W(r,s), is

defined as

1 s
W = 3
P ITINC
¢) The average latency in the average case V(r,s),

1s given by
s

Virs) = ——> (4)

k=r

These metrics characterize different aspects of the be-
havior of the generator over the target range of sub-
space sizes. T(r,s) describes the worst case behavior
of the generator while the other metrics describe its
average behavior. T'(r,s) = ¢ implies that when ¢2/
patterns have been produced, all subspaces of size j
(r < j < s) are exhaustively covered thus guarantee-
ing exhaustive coverage of all contiguous subspaces of
size r to s within ¢ times the optimal number of pat-
terns for that size. W (r, s) defines the average number
of normalized patterns that need to be produced to
exhaustively cover all contiguous subspaces of any size
between r and s while V(r,s) describes the average
number of normalized patterns required to cover any
subspace of any size between r and s.

For the metrics defined above, lower numbers im-
ply better generators in the sense that such generators
need to produce less number of patterns to exhaus-
tively cover subspaces of different sizes, thus resulting
in shorter test lengths for the same fault coverage. We
can now state the problem as follows:

Problem Statement: Given the width of the gen-
erator n, and the sizes 7,5 (1 < r < s < n), of the
target subspaces, find values of @ and Xy, for which
the generator A = (a, Xo,n) is optimal under one of
the metrics given in Definition 3. In other words, find

that a, Xy that minimizes the relevant metric. Such
an optimal generator will be denoted as A, ,.

Clearly, no even number a, can make up a satisfac-
tory generator since all subspaces of the form S¥ will
never be exhaustively covered. Also, if n is the width
of the generator, then for all odd a, p(S{}) =1, since
every odd number is relatively prime to 27. Thus, for
r = s = n, every generator consisting of odd a is opti-
mal. The search for optimal values of a can therefore,
be restricted to odd numbers and for subspace sizes r
and s such that 1 <r <s < n.

3 Non-progressive Schemes

Non-progressive generators exhaustively cover only
the k-bit contiguous subspaces optimally in 2% steps,
i.e. only wy = 1. In other words, we restrict r =
s = k for the general problem statement above. Such
schemes are called non-progressive since, as shown
later, 21 patterns need to be produced before even
all the 1-bit subspaces are exhaustively covered.

Clearly, exhaustive coverage of k-bit subspaces also
guarantees the exhaustive coverage of all subspaces of
size less than k. However, from Theorem 1 the nor-
malized number of steps required to exhaustively cover
a j-bit subspace (j < k) can, in the worst case, be as
high as 28=7. Thus, for such schemes the optimal gen-
erator is of optimal quality only for the k-bit subspace,
and the quality may deteriorate for other smaller sizes.

Theorem 2 Given positive integers n and k (k < n),
the generator Ak i = (a,0,n) ezhaustively covers all
k-bit contiguous subspaces in exactly 2% steps, i.e.
P(Sf) =1, for all i, where a is given by

[n/k]—1

a= Z ok (5)



Proof. The n-bit generator can be divided into [n/k]
disjoint subspaces (DS), each of which is k-bits wide,
except for the last one. The constant a, has ones on
bits 0,%,2k,... i.e. on the least significant position
of each DS. Thus each step of the generation process
is equivalent to adding 1 to each of the DSs. Since
Xy = 0, there is no carry out from bit position ¢k — 1
to bit position ¢k before all 2% patterns have been pro-
duced. Now consider a subspace that overlaps two
adjacent DSs. It can easily be shown that this sub-
space consists of bits weighted from 0 to £ —1 (Fig. 4),
though the order depends on the relative position of
the subspace with respect to the two adjacent DSs.
Thus, the generator produces all 2% patterns on the
bits constituting the subspace in exactly 2* steps. [J

n ik+1 ik ik-1 ik-2 k+l k k-1 k-2 1 0 Bit
Positions
.o o|1|0 0 .. 0|1 0|0 .. 0 |1
1 0 ki1 k2 1 0 ki1 k2 1 0 Weights

Figure 4: Non-progressive scheme

Theorem 3 For the generator defined in Theorem 2,
the worst case latency for i-bit subspaces s given by
w; = 27282 — 1) + 1], if 1 <i < k.

Proof. When 1 < i < k, it can easily be shown that
the z-bit subspace whose most significant bit is at po-
sition jk — 1, for any j, requires the most patterns
before it is exhaustively covered. These subspaces are
exhaustively covered as soon as the all 1s pattern ap-
pears on the ¢ bits. Since no carries are generated from
position jk — 1 to jk before 2% steps, these subspaces
are exhaustively covered (except for the initial pattern
Xy) after Z;;E 2k=1-J = 9k=i(21 _ 1) patterns, which
concludes the proof. [

4 Progressive Schemes

In this section we will discuss generators which ef-
ficiently cover exhaustively all subspaces within a cer-
tain range of sizes. The selection of the required range
of sizes depends, in general, on the width of the cones
of logic that drive the outputs of the network under
test. The upper limit of the range depends on the
width of the widest cone of logic that needs to be tested
and the lower limit depends on the minimum absolute
number of test patterns that should be applied.

Using k generators, a scheme for which w; < 2 (1 <
i < k), can be defined as shown in the following theo-
rem. An optimal (i.e. T(1, k) = 1) pseudo-exhaustive
scheme was previously developed in [8]. That scheme,
however, uses linear operations in GF(2).

Theorem 4 Given n and k (k < n), the multi-
ple generation scheme consisting of the k genera-
tors, A11,As2,... , Ais, ..., App used successively,

requires at most 2 times the optimal number of pat-
terns to exhaustively cover all subspaces of size 1 to
k. The generators A; ; are the optimal non-progressive
generators as defined in Theorem 2 and are each used
to generate the next 21 patterns.

Proof. From Theorem 2, it follows that the generator
A; i, exhaustively covers all ¢ bit subspaces in exactly
2! patterns. Since the i — 1 previous generators have
each generated 2,22, ..., 217! patterns respectively, a
total of 2(2° — 1) patterns have been generated when
the 7 bit subspace is exhaustively covered. Thus, w; <

2, foralli. O

For schemes using single generators, we will use
the worst case latency T'(r, s) to evaluate the good-
ness of the generator. Clearly, this is the strongest
criterion, in that for a generator with T'(r,s) = ¢, we
guarantee that all possible subspaces of size r to s
will be exhaustively covered in at most ¢ times the
optimal number of patterns. Also, experimental data
reveals that all the three metrics are very strongly cor-
related. Fig. 5 shows the values of the three metrics
T(1,n),W(1,n) and V(1,n), for all generators of size
6 and 8 bits. Table 1 lists the correlation coefficients
for p(T(1,n),W(1,n)) and p(W(1,n),V(1,n)) for all
generators A = (a,0,n) (a is odd and 8 < n < 16).
This data indicates that the goodness of a generator is

| n || p(T'(1,n), W(L,n)) | p(W(l,n), V(1,n)) ||

8 0.995207 0.987386

9 0.996179 0.985447
10 0.996674 0.983677
11 0.997054 0.982201
12 0.997299 0.980939
13 0.997480 0.979949
14 0.997645 0.979151
15 0.997755 0.978613
16 0.997836 0.978277

Table 1: Correlation coefficients for T, W and V'

virtually independent of the specific metric used and
leads to the following conjecture.

Conjecture 1 The goodness of a generator A,, =
(a, Xo,n), relative to other generators (with the same
value of n, Xy), as determined by the worst case la-
tency T'(r, s) is virtually similar to that determined by
the average latency in the worst case W (r,s), and the
average latency in the average case V(r,s).

Thus, the search for good generators can be made with
respect to any of the metrics.

Till now, it has been assumed that the initial value
Xy is equal to 0. This assumption is reasonable; since
the impact of Xy on the quality of the generator has
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Figure 5: T(1,n), W(1,n) and V(1,n) vs. A= (a,0,n)

been observed to be greatest for the smallest size sub-
spaces and diminishes rapidly for larger sizes. Also,
experimental data reveals that the worst case latency
T of a generator for the optimal value of X 1s only
marginally better than when Xy = 0. In particular,
Fig. 6 shows the impact of X on the worst case la-
tency, T'(1,n), of the generators A = (91, Xy, 8) and
A = (467, Xy, 10).

Thus, we have the following conjecture.

Conjecture 2 The goodness of the generator A, , =
(a, Xo,n) for the optimal value of Xy is only
marginally better than for the value Xy = 0.

Corollary Given n, the search for the optimum value
of a and X 1s orthogonal. Thus, the best generator can
be located by first searching for the optimum value of
a with Xo = 0 and then using that value of a to search
for the optimum value of Xg.

The non-linearity of the addition operation makes
a theoretical study of this generation scheme complex.
Therefore, the next section presents the results ob-
tained from extensive experiments to identify the best
generators for a variety of generator widths.

5 Experimental Results

Extensive experiments have been conducted to
identify the best generators for different widths and
for different ranges of subspace sizes.

For 4 < n < 16 the best generators A, ; = (a,0,n)
have been identified for all subspaces of size r to s
by exhaustive search of the entire solution space (i.e.
by examining all odd a < 2"). For 17 < n < 32,
an exhaustive search becomes infeasible. Hence, upto
50,000 values of @ were randomly sampled for each n in
order to identify the good generators. For these cases,
the largest size subspaces that have been considered

are 16 bits wide. In all experiments, it 1s assumed
that the initial value Xy = 0.

The best values of T'(r,s) and the corresponding
values of a for different values of r, s are presented in
Tables 2, 3 and 4. Only selected results are presented
here; further details can be found in [9].

T(r,s) values have been rounded up and are listed
in the tables as [t], while the values of a are listed
in hexadecimal notation. For instance, the value of
T(5,8) for n = 15 is listed in the upper triangular half
of Table 3 in the column labeled 5 and the third row
of the group of rows labeled 8 and is equal to 2.079.
The value of As g is listed below that as 214F (hex).

B
s | o || T 7] 5] 7]
5 7 [1.675] [1.750] [1.688] [1.469]
5B 13 69 31
1 7 [1.675] [1.625] [1.438]
5B 1B 27
6 [1.625] [1.500] [1.438]
1B 25 19
3 7 [1.625] [1.500]
5B 25
6 [1.625] [1.500]
1B 25
5 [1.625] [1.500]
1B 5
Z 7 [1.500]
2D
6 [1.500]
15
5 [1.500]
D
4 [1.500]
5

Table 2: Best generators for 4 <n <7

It should be noted that values of a for r = s are not
listed since these can be synthesized using Theorem 2.
Also, since w, = 1 for all a, T(r,n) = T(r,n —1).
Thus, A, = Ay ,—1. This implies that the the best
generator for any range of subspace sizes can be ob-
tained by only evaluating subspaces upto size n — 1.

From the experimental data for 4 < n < 16, it
was observed that A, ,_1 = A, o, forall r <n —3
1.e. the best generator for subspace sizes r to n — 2
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Figure 6: Impact of X on the quality, T(1,n) of the generators A = (a, Xy, n)

is also the best generator for sizes r to n — 1. It was
also seen that the best generator A,_»,_1, is always
3. Thus in the tables for 4 < n < 16, the values for
Arn, Ar o1, An—an and A, 5,1 are not listed.

The tables for 4 < n < 16 show that the value
of T(1,n) increases from a low of 1.5 (for n = 4) to
a high of 2.688 (for n = 16). The values for T'(r, s)
for any other r,s are lower than these limits. Simi-
larly, the value of T'(5,16) increases to a maximum of
3.829 for n = 32. Thus, for a data-path of width n, if
subspaces of sizes r to s are to be targeted, the best
value of A = (a,0,n) can be located from the rele-
vant tables. The corresponding values of T'(r,s) = ¢
then imply that as the number of patterns produced
increases from ¢ - 2" to t - 2° (subject to a maximum
of 2"), the sizes of the subspaces that are exhaustively
covered increases progressively from r to s. Thus for
a 32-bit data-path, only 3.829 - 2/ patterns have to be
produced to exhaustively cover a subspace of size j,
5 < j < 16, while correspondingly for a 16-bit data-
path only 2.329 - 27 patterns are needed.

6 Conclusions

In this paper we have demonstrated a completely
original scheme for generating test patterns in data-
path architectures having adders. To the best of our
knowledge, this is the first time arithmetic units have
been considered as sources of pseudo-exhaustive test
patterns. We have shown that the sequence of pat-
terns generated by continuously accumulating a con-
stant value is an effective source of high quality parallel
test patterns in terms of their pseudo-exhaustive state
coverage on subspaces of contiguous bits. Such gen-
erators exhaustively cover all the contiguous bit sub-
spaces in close to the optimal number of patterns. The
selection of the range of sizes of subspaces that must
be exhaustively covered then provides a flexible frame-
work for tradeoffs between test application time and

test quality. Since this test generation technique uses
existing adders 1t has no impact on the area and per-
formance of the circuit. The compaction scheme of
[3] also uses existing accumulators to compact test re-
sponses. Thus, the arithmetic and logic units or even
simple adders found in datapath architectures can be
leveraged as test pattern generators and test response
compactors to provide the key elements of a BIST
strategy that results in at-speed testing with no area
overhead or performance degradation.
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n T ] 2] 7] 7] 5] 5 ] 7] 5] 7] 0 ] T ] 2 ] N
12 | 16 [2.688] | [2.688] | [2.688] | [2.396] | [2.329] | [2.329] | [2.117] | [2.106] | [2.000] | [1.963] | [1.778] | [1.600] | [1.455]
92ED 92ED 92ED AF61 26C1 26C1 A033 ACC9 67FD B509 4009 8005 5559
13 | 16 [2.688] | [2.625] | [2.590] | [2.396] | [2.329] | [2.329] | [2.117] | [2.029] | [2.000] | [1.880] | [1.601] | [1.455]
92ED EC8B 1375 AF61 26C1 26C1 A033 C26B 67FD CDE9 6AA9 4445
15 [2.590] | [2.590] | [2.590] | [2.282] | [2.176] | [2.120] | [2.104] | [1.997] | [1.962] | [1.784] | [1.601] | [1.455]
1375 1375 1375 2F61 26C1 127F 6B6B 3403 E4B 2CCB 6AA9 4445
12 [ 16 [2.688] | [2.625] | [2.590] | [2.396] | [2.329] | [2.288] | [2.042] | [1.997] | [1.882] | [1.601] | [1.489]
92ED 62CB 1375 AF61 26C1 E91 D6E1 3403 155B 1FFB A131
15 [2.590] | [2.590] | [2.590] | [2.282] | [2.176] | [2.120] | [2.042] | [1.997] | [1.882] | [1.601] | [1.455]
1375 1375 1375 2F61 26C1 127F 56E1 3403 155B 1FFB 1D89
14 [2.500] | [2.500] | [2.391] | [2.102] | [2.102] | [2.102] | [2.000] | [1.963] | [1.780] | [1.600] | [1.455]
1375 1375 2BD1 109F 109F 109F 1575 1ED3 1491 2005 1D89 [1,500] 12 2
T | 16 [2.688] | [2.625] | [2.547] | [2.282] | [2.282] | [2.120] | [2.000] | [1.882] | [I.615] | [1.489] 555
92ED 62CB 6791 509F 509F 127F 6603 E927 3AA9 7C59 [1,500] 11
15 [2.590] | [2.590] | [2.547] | [2.172] | [2.172] | [2.120] | [2.000] | [1.882] | [1.601] | [1.489] 2D5
1375 1375 6791 20F5 20F5 127F 19FD 6927 4557 3AT [1.500] 10
14 [2.500] | [2.500] | [2.391] | [2.102] | [2.102] | [2.020] | [2.000] | [1.882] | [1.601] | [1.455] 155
1375 1375 2BD1 109F 109F AT1 1575 2927 557 B [1.500] 9
13 [2.500] | [2.500] | [2.391] | [2.102] | [2.079] | [1.985] | [1.946] | [1.778] | [1.601] | [1.455] B5
1375 1375 BD1 109F 114F Do3 D69 TE7 557 B [1.500] 8
0 | 16 [2.657] | [2.625] | [2.547] | [2.282] | [2.211] | [2.082] | [1.950] | [1.600] | [1.498] 55
AEET7 62CB 6791 509F F64B 8189 3663 8805 AB [1.500] [1.625] 12 3
15 [2.590] | [2.590] | [2.532] | [2.172] | [2.157] | [1.985] | [1.874] | [1.600] | [1.490] 5A5 6DB
1375 1375 6989 20F5 193F 4D03 7663 805 3E5D [1 500] [1.625] 11
14 [2.500] | [2.500] | [2.391] | [2.102] | [2.084] | [1.985] | [1.874] | [1.600] | [1.490] 5A5 2DB
1375 1375 2BD1 109F 314F Do3 3663 805 1A3 [1 500] [1.625] 10
13 [2.500] | [2.500] | [2.391] | [2.102] | [2.079] | [1.985] | [1.874] | [1.600] | [1.457] 1A5 2DB
1375 1375 BD1 109F 114F Do3 1663 805 5A5 [1 500] [1,625] 9
5 [ 16 [2.657] | [2.378] | [2.378] | [2.172] | [2.172] | [1.985] | [L.727] | [1.499] 1A5 DB
AEE7 51D3 2E2D 20F5 20F5 4281 6A9 301 [1.500] | [1.625] 8
15 [2.590] | [2.375] | [2.375] | [2.172] | [2.118] | [1.985] | [1.727] | [1.499] A5 5B
1375 51D3 2E2D 20F5 3E0B 3DTF 6A9 301 [T.688] | [1.750] | [2.000] 2 1
14 [2.500] | [2.375] | [2.375] | [2.102] | [2.084] | [1.946] | [1.633] | [1.491] 169 2D3 2D3
1375 11D3 11D3 109F 314F 22D 6A9 7CD [1 625] [1 750] [2.000] 11
13 [2.500] | [2.375] | [2.375] | [2.102] | [2.000] | [1.922] | [1.633] | [1.491] D9 169 1A7
1375 11D3 5E9 109F 1983 34D 6A9 7CD [1 625] [1 750] [2.000] 10
g | 16 [2.265] | [2.250] | [2.125] | [2.125] | [2.118] | [1.891] | [1.602] D9 97 D3
S5AET 3769 3769 3769 41F5 36A5 1E053 [1 625] [1 750] [2.000] 9
15 [2.465] | [2.250] | [2.125] | [2.125] | [2.079] | [1.602] | [1.497] D9 97 5B
1AE7 3769 3769 3769 214F 1E053 3ETF [1 500] [1 625] [1 938] 8
14 [2.465] | [2.250] | [2.125] | [2.102] | [1.891] | [1.602] | [1.497] D9 E5 5B
1AE7 3769 3769 109F 36A5 1E053 181 [1.594] [1.813] [1.813] [2.000] 12 5
13 [2.465] | [2.250] | [2.125] | [2.102] | [1.875] | [1.602] | [1.489] 285 4D9 4D9 9D3
1ABT 1769 1769 109F 1AFT 1FB 1FD5 [1.594] | [1.813] | [t.813] | [2.000] || 11
7 [ 16 [2.438] | [2.250] | [2.125] | [1.938] | [1.922] | [1.524] 85 463 4D9 1D3
5AE7 3769 3769 50A1 50A1 C815 [1.594] | [1.750] | [1.750] | [2.000] 10
15 [2.438] | [2.250] | [2.125] | [1.938] | [1.922] | [1.524] 85 D9 D9 1D3
1AE7 3769 3769 10A1 50A1 4815 [1.500] | [1.750] | [1.750] | [2.000] 9
14 [2.438] | [2.063] | [2.063] | [1.938] | [1.860] | [1.524] D1 D9 D9 5B
1AET7 3727 8D9 10A1 1F3 815 [1.469] | [1.688] | [1.750] | [1.938] 8
13 [2.438] | [2.063] | [2.063] | [1.938] | [1.829] | [1.500] 31 69 69 5B
1AE7 1727 8D9 F5F AF7 F41 [1.594] | [1.594] | [2.000] | [2.000] | [2.188] 2 6
6 | 16 [2.188] | [2.188] | [2.125] | [1.875] | [1.672] 885 885 1D3 1D3 69D
CE9D 51D3 3769 477B 17A1 [1.485] | [1.594] | [2.000] | [2.000] | [2.000] 11
15 [2.188] | [2.188] | [2.125] | [1.875] | [1.672] 39F 85 1D3 1D3 1D3
4E9D 11D3 2E2D 3885 17A1 [1.485] | [1.594] | [1.813] | [1.813] | [2.000] 10
14 [2.188] | [2.063] | [2.063] | [1.594] | [1.594] 61 85 D9 D9 1D3
E9D 3727 8D9 1885 1885 [1.454] | [1.594] | [1.750] | [1.750] | [2.000] 9
13 [2.188] | [2.063] | [2.063] | [1.594] | [1.594] 1F5 85 D9 D9 1D3
69D 1727 8D9 1885 1885 [1.438] | [1.594] | [1.750] | [1.750] | [1.938] 8
5 [ 16 [2.000] | [1.813] | [1.813] | [1.594] F5 85 D9 D9 5B
39D3 64D9 64D9 4285 [1.493] | [1.829] | [1.938] | [2.063] | [2.063] | [2.438] 12 7
15 [2.000] | [1.813] | [1.813] | [1.594] Cc1 3A9 Al 727 727 AE7
39D3 64D9 ce3 1885 [1.493] | [1.610] | [1.938] | [2.063] | [2.063] | [2.375] 11
14 [2.000] | [1.813] | [1.813] | [1.594] c1 457 Al D9 727 1D3
E5B 24D9 4D9 285 [1.461] | [1.610] | [1.813] | [1.813] | [1.813] | [2.000] 10
13 [2.000] | [1.813] | [1.813] | [1.594] 73 57 D9 D9 D9 1D3
E5B 4D9 4D9 285 [1.461] | [1.610] | [1.750] | [1.750] | [1.750] | [2.000] 9
T [ 16 [2.000] | [1.750] | [1.688] 73 57 D9 D9 D9 1D3
39D3 25A7 3769 [T.289] | [1.602] | [1.875] | [2.102] | [2.125] | [2.250] | [2.438] 2 B
15 [2.000] | [1.750] | [1.688] 2B 1IFB AF7 9F 769 769 AE7
1697 12D3 269 [1.458] | [1.602] | [1.829] | [1.938] | [2.125] | [2.125] | [2.375] 11
14 [2.000] | [1.750] | [1.688] 123 1IFB 2F7 343 769 769 1D3
E5B 269 269 [1.454] | [1.594] | [1.750] | [1.938] | [2.000] | [2.000] | [2.000] 10
13 [2.000] | [1.750] | [1.688] 2DD 205 109 343 1D3 1D3 1D3
5A7 5A7 969 [T.254] | [1.606] | [1.868] | [1.954] | [2.102] | [2.188] | [2.375] | [2.500] 2 3
3| 16 [T.625] | [1.500] 559 6A9 22D EOB 9F c87 1D3 375
B6DB ABASB [1.454] | [1.606] | [1.829] | [1.915] | [1.938] | [2.157] | [2.375] | [2.375] 11
15 [1.625] [1.500] 559 6A9 691 6F9 343 631 1D3 1D3
36DB 25A5 [T.257] | [1.600] | [1.774] | [1.926] | [2.000] | [2.102] | [2.188] | [2.500] | [2.500] 2 | 10
14 [1.625] [1.500] 5A5 805 CB 79B 60B 9F C87 375 375
s [11%2;3] [1?:;’)?051 | 5 ] g 7] 5 B I 7] 3] 2] T~ -
16DB 5A5 | ”

Table 3: Best generators for 8 <n < 16




s [ u 9 [ 2 [ s [ 6 [ o1 [ 11 [ [ <1 [ #1 [ a1 |
q0d.LL651 | 6.0948 192,091 99969¢€T 5004V E8 L2EAD9E S0aquAS6 SA8TVF6 A8EHIHLT 170646 LO¥DLEL
62 [6z3 €] [369°¢€] [L¥p¢] [eee €] [zv1-€] [g10°¢€] [198°2] [egg-2] [ove-z] [eg0°2] [318°1]
gad.LL69¢ | 6.0948 194,091 999€9€T 5004V E8 SHEVEDL S0qAAS6 SA8TVF6 269289 269289 azoaasdr
91 ol [6z3 €] [865°¢€] 2% ¢€] [eee €] [ev1-¢€] [830°¢] [198°2] [egg-2] [eoe-2] [oz1°2] [p16°1]
q0d.LL651 | 6.09048 g64£8V41 g64£8V41 5004V E8 LALEAPIT £099AV Il G198 VHET 6VTTLEV T £1HAZ0T
62 [6z3 €] [369°¢€] [vgz €] [vgz €] [zv1-€] [ov6°2] [ppL2] [zop-2] [ec1°2] [v96°1]
gad.LLe9e | 6.09d8 194,091 999€9€T 5004V E8 LALEAPIT £099UV9e | AF96AV 6VZTLEV Ad¥F1£82T
g1 | og [6z8°€] [869-€] [2¥% €] [eee €] [ev1-¢€] [ove-2] [ppr-2] [peb-z] [svz 2] [og6°1]
adLL6ST | 6.09048 g64£8P41T 6H6TOTE 6H6TOTE ALAUBLE Sa10VZT arvibdov | aaooodd
[i14 [6z3 €] [369°¢€] [oez €] [650°¢€] [8g2°2] [o12°2] [122°2] [pr1°2] [o16°1]
daaLLese | 6,048 1924901 G8LV8LFE G66DTAET £FVFOT6E Sd10veZTT SV80SV8E | anoddd aszesdll
v1 | og [6z8°€] [865°€] [ose-€] [281°€] [or8°2] [tzL2] [12z°2] [p¥z2] [o16°1] [696°1] Te
g0800€L d0800¢L d0800¢L g0800€L aroLied LAAAVDS Gd10VZT £92LA1T 2198400¢€
62 [cog7¢] [8z0°¢] [8z0°¢] [8z0°¢] [eg92] [9gg°2] [122°2] [956°T] [#60°2] 43 9
d0800€.LT d0800€.L2 d0800€.L2 d0800€.LT aroLied LAAAVDST Gd10VZZT jagelstaiag:id EPGTEAVY 4LA90VO
e1 | oe || [e9ae] [8z0°¢] [8z0°¢] [8z0°¢] [eeo-z] [9egz] l122°2] [996°1] levie] leor 2] Te
€867 LT €867 LT €867 LT TLA0dE9T aroLied ALGVSGTHT 61000ads EPECEHVD 6V.9684d
6z || [.a8°2] [98°2] [98°2] [ozg'z] lozgz] [reez] log6'1] [ev12] [oo5°2] ce | L
£8A6AF.LE £8.A64F.LE £8.A64F.LE 1LA0dE9€E aroLied JALLAEREe LAE99TOT L96AV6VT 4d166vyl Gd6dodl
et | oe || [r68°¢] [¢8°2] [1e8°2] [ozg°z] [ozs'z] [115°2] [886°1] [696°1] [g8¥2] [o19°2] i
£86dF LT £86AF LT £86AF LT THEESV L 1HHESV L £veLD6d L964V6V6 d166Vyl 69408692
6z || [.a8°2] [98°2] [98°2] [eogz] [881°2] lo66°1] [s861] [g8¥:2] [628°2] ce | 8
£846d%.L€ £846d%.L€ £846d%.L€ asdrLTrl 6J4Ad840€ | €VeLD6A 499491 avvddlidl | eoddcade dgddldee
11 | oe || [ue8°7] [198°2] [198°2] [819°2] [18z°2] [066°1] [1202] lose 2] [1vo°2] [g28°2] Te
€867 LT €867 LT AAVL88T AAVL88T 596800V 1dv.I6189 ivdededd | 21499019 d6de3D4d
62 [Lg8°2] [Lg8°2] [69% 2] [69% 2] [e66°1] [¢20°2] [v19°¢] [z29°2] [er6°2] ze 6
£8A6dFLE £8A6dFLE 1$95.001 qaALdG51D G56800V G96800VY g4.d410% 1davededy g080D¢LT g6d¢8049
01 og [L98°2] [r98°2] [rr2°2] [L17°2] [e66°1] [e66°1] [L1v72] [g08°2] [c06°2] [er6°2] 1€
€8 A6IFLT GedLER AT 2498200 SYVV88DHT G96800V D 655€0V08 1gdvededD g6d¢804dH g6d¢804dH
6T [232772] [1¥9°7] [¥¥ez] [a10°7] [e66°1] [26% 2] [g08°2] [er6°2] [er6°2] z¢e 0T
c8A6AFLE GEALERAT 2d8¢,042 AASSASET eveLDedry 6440d840¢ dedvicrs g080D¢LT g080D¢LT LTPHHLYY
5 og [L¥2°2] [1%9°2] [Freg] [120°2] [o66°1] [282°2] [s19°2] [e06°2] [e06°2] [ozg €] 1€
STOHPVIL aadvorL0T LG6AVEVI 10800798 6440d840¢ aqedvicvyd 6d10COFV LLAYAATT 6VIDSGder
62 [F65°2] [612°2] [Fs6°1] [000°2] [282°2] [819°2] [g06°2] [pza-€] [2¥g-€] e | 11
ST9HFVIT aavor.Log L66IV6VI LAeSST1OG ALLACTES aroLiedv TLADdE9L g080D¢LT g080D¢LT 6VIDSGder
8 o¢ || [pege] [612°2] [696°1] [886°1] [219°2] [ozge] [ozs 2] [co6°2] [co6°2] [2e57€] e
GLAS0VD 12000281 Le99T0S JALraered aroLiedy 66410Z0%V 66410Z0FV 6VIDSAEE 6VIDSAEk
62 [69%°2] [000°2] [886°1] [219°2] [ozg-z] [g06°2] [g06°2] [299°€] [299°€] e | eI
GLASOVD c8ddadd 61068489 4E002T19 LAAAVOSG9 | avroLledp gD800€ELT gD800€ELT gD800€ELT gD800€ELT
L 0¢ [69% 2] [550°2] [o66°1] [66¢°2] [ogg 2] [eg9-2] [8z0°€] [8z0°€] [8z0°€] [e9g°€] e
8228411 61048484 g€00211Q LAAAVOEG9 | eThedidb aroLiedy aonsdaory 6,09 A8 d19VTT18
62 [696°1] [066°1] [66¢°2] [oeg-2] [v62°2] [eer-€] [ogz-€] [869-€] [z82°€] e | €1
asezed1l aa00044dy | 4049004d$ 40490049 TAFAE8SE £86c1dbg 6q6dvads | 1924901 6,08 A8 AdLLESL
9 og [696°1] [ote°1] [26€°2] [osg-z] [eesz] [got-€] [tze-€] [ose€] [869°€] [6z3 €] 1€
AAA99¥6D g0490040 | d049004d | TJAFAE8IH £86eddrd L50VDdad¥ 19249018 6,09 A8 AdLL6Sd
[000°2] [r68°2] [08g°2] [egs-z] [go1°€] [12e7€] [oge €] [869 €] [623 €] e | v1
deTedd8L 6VTTLEV T 66z1AdEE IVIGASGHT LA LEAV9G 5004V E8 999€(19¢€9 194,091 6,08 A8 AdLLESL
[000°2] [evz-2] [or%°2] [g82°2] [ov6°2] [zv1-€] [eee €] [L¥p¢] [369°¢€] [6z3 €] 1€
geTeddsd | aUeoveeo dZH9DEVY | qg044.0a LALEAV9G asogdaLod | 999£doed 6,06 A8 6,09 A8 AdLL6Sd
[000°2] [g9¢°2] [1v9°2] [3e8°2] [ove-2] [961°¢€] [eee €] [865°¢€] [865°¢€] [6z3 €] g | g1
azoaasds | €04DAP9 12,4644V 68 H99LT S0aquAS6 AdLLESL 5004V E8 999€(19¢€9 196,091 6,06 (A8 AdLLESL
[316°1] [og1-2] [gep-2] [egL-2] [198°2] [630°¢] [zv1-€] [eee €] [L¥p¢] [369°¢€] [6z3 €] 1€
LT1dERTS £0ADdFSH 12,4644V S0qAASG6 S0qAAS6 AdLL6Sd 999ed9ed 999ed9ed 6,06 A8 6,09 A8 AdLL6Sd
[186°1] [og1°2] [ggp-2] [198°2] [198°2] [630°¢€] [eee €] [eee €] [865°¢€] [865°¢€] [6z3 €] ze | 91
g1 [ w1 [ et [zt Tt [ ot [ 6 [ s [ 2 [ o [ g

7 : 7
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Good generators for 29 <
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