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Abstract — DC-free run-length limited codes have been the
cornerstone of all three generations of optical recording, CD,
DVD and BD. Research into very efficient coding methods is
paramount for the upcoming fourth generation. Guided
Scrambling (GS) is an efficient coding method that has been
reported in the literature. Under GS rules, a user word is
translated into a plurality of possible candidate words, and
among the candidate words the encoder selects the codeword
with the least low-frequency spectral content. In our paper, we
will present results of our attempts to improve the performance
of GS-based codes. We will present new selection criteria and
evaluate their performance and complexity. Specifically, we
will evaluate the new selection criteria to the 2/3(1,7) parity
preserving code used in Blu-Ray Disc.

Index Terms — Selection Criterion, GS, DC-free RLL code

L. INTRODUCTION

The design of codes for optical recording is essentially the
design of the combined DC-free and runlength-limited
(DCRLL) codes. An RLL constraint in optical recording plays a
crucial role for the reduction of channel impairments and clock
recovery. The DC-free property is for circumventing or reducing
interaction between data written on disk and the servo systems
that follow the track. In literatures [1][2], the design of DCRLL
codes can be accomplished by several design techniques and
has been mostly concentrated on byte-oriented DCRLL code
with the small codeword length. The data recording industry has
been moving towards detection scheme that can function well at
high code rate such as 16/17, 24/25 and 32/33. For certain
application, it is desirable that the code rate and codeword
length of a modulation code for optical recording are even
higher. However, unfortunately, the design of high-rate DCRLL
code satisfying all of two constraints is far from obvious, and
severely hampered by the large number of states of the finite-
state machine (FSM) which models the channel constraints
[31[4]-

One possible solution for achieving high capacity adopts a
weakly constrained code, instead of perfectly RLL constrained
code, for designing recording code. Recently, multimode coding
scheme is issued for next-generation optical recording [4][5].
The coding scheme is one of methods for constructing weakly
constrained code with DC-free property. In multimode codes,
each source word is translated into codewords of a selection set
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consisting of L > 3 codewords. The encoder evaluates the
quality of each codeword in the selection set, and then transmits
the codeword with the least DC-contribution. There are two key
elements for multimode code design with DC-free property.
One is a scrambler for translating source words into their
corresponding selection sets, and the other is a good criterion for
evaluating the quality of the candidate codewords. The spectral
performance of the code greatly depends on both issues.

The best multimode coding scheme reported is guided
scramble (GS) [6]. Originally, GS scheme is designed for fiber
optic communication system required to DC-suppression, and
its application is limited to the transmission system over fiber
cables. In recent, its application is moving toward optical
recording system requiring DC-free property. GS scheme
exploits the linear shift feedback register as scrambler and

augmenting step for generating the distinct candidate codewords.

The DC-control of GS scheme can be achieved by developing
selection criterion, which is one of the key elements of
multimode code. The criteria developed can also be extended to
any multimode coding scheme. Immink and Patrovics [4]
assessed the spectral performance of the GS scheme under
conventional criteria. With the same redundancy, the simulation
results show that the performance of GS scheme with short
codeword length is almost the same irrespective the selection
criteria, while that with long codeword length is very sensitive
to the selection criteria. This fact reveals that the selection
criterion is indispensable for multimode code design with DC-
free property and certain application.

The criteria reported for evaluating the quality of the
candidate codewords are minimum running digital sum
(MRDS), minimum squared weight (MSW) and minimum
threshold overrun (MTO) [1][4][9]. The MRDS criterion that
selects a codeword with minimum absolute RDS at the end of
each codeword requires the simplest complexity, while its
spectral performance is degraded as the length of codeword is
increased. The MSW criterion that selects a codeword with the
minimum variance of RDS among candidate codewords can
achieve the best performance irrespective of the codeword
length, while its complexity is large because it requires the
squaring operation. The MTO criterion simply counts the
number of times that the absolute value of RDS in the codeword
is larger than the threshold predetermined by trial and error.
Then, it selects the codeword with minimum overrun. The
structure is simple compared to MSW, while it can select
codeword with bad quality because it randomly chooses one if
there are codewords with the same penalty. This paper suggests
the minimum peak RDS (MPRDS) criterion that is simple to
implement while its efficiency approaches that of the MSW
criterion. The scheme does not require the exhaustive search of
optimal threshold unlike MTO, and achieves the reasonable
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performance irrespective of the number of candidate codewords
like MSW, and only requires simple components (adder and
comparator) while MSW requires squaring operator in addition
to that of conventional criteria for implementation. For
improving the performance of criteria, we also propose the sign
change (SC) aided criteria. SC criterion is appended to the
proposed and conventional criteria as sub-criterion, and then SC
aided criteria reduce the probability selecting codewords with
large DC-contribution among codewords with the same penalty.
Thus, SC aided criteria can achieve better DC-suppression than
those without SC. We also suggest the absolute RDS criterion
(ABSRDS). This criterion is the simplified version of MSW
because it uses absolute operation instead of the squaring
operation of MSW for computing RDS variation. The scheme
achieves the best performance among the proposed schemes. In
addition, we introduce the complexity reduction (CR) versions
of new and conventional criteria, which are CRMSW,
CRABSRDS, CRMPRDS and CRMTO. CR criterion sparsely
evaluates each codeword instead of checking at each bit of the
codeword. The scheme requires definitely less complexity than
the conventional schemes, and the performance loss is not
noticeable in the range investigated. For displaying certain
application of the proposed criteria, we apply the proposed
criteria to 2/3(1, 7) parity preserving (PP) code [7], and GS
scheme satisfying RLL constraints. For better DC-control of (1,
7) PP code, its encoding exploits look ahead (LA) algorithm that
looks ahead some codewords. From the simulation results, we
identify that the spectral performance of the proposed criteria
outperforms that of conventional criteria.

This paper is organized as follows. We firstly start with some
preliminaries in Section II. In Section III, we introduce the
conventional and proposed criteria, and analyze their spectral
performance. Section IV applies the proposed criteria to two
DCRLL coding for optical recording systems. Finally, Section V
remarks conclusion.

II. PRELIMINARIES
DC-free codes translate binary source sequences into binary
channel sequences with spectral null at zero frequency. The
amount of DC-content in channel sequences depends on the
range of running digital sum (or digital sum value), in short
RDS, of channel sequences. Letx;= {.. ., X1, X, - - o Xi - - -}, X;
e{-1, 1} be a binary sequence. The RDS z; is defined as

z, = Zx/_ =z +x. 2.1
j=-»

The literatures show that if z; is bounded with small value, its
power spectral density (PSD) vanishes at zero frequency
[1][8]. Let the RDS z; of sequences meet the condition N; <
z; < N, at any instant i, where N, and N, are two (finite)
constants, N, > N;. The digital sum variation (DSV, N) is
defined as N =N, - N; + 1, and then sequences have DC-free
property if N is sufficiently small.

The channel capacity C(N) of maxentropic DC-free code
can be easily computed if N is given [1], and is the important
parameter for computing the efficiency of the implemented
code. The other quantity is sum variance. Sum variance plays
a significant role in the evaluation of the spectral property of
the sequences. The reason is because the smaller the sum
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variance of sequences, the smaller its DC-content at low
frequency.
Code efficiency [1] is given by
2
g T 22)
(1-R)s’

where 1-C(N) and 6%ps are the redundancy and sum variance
of maxentropic DC-free sequences, respectively, and R is the
code rate of the implemented code, and s* is variance of RDS
values obtained at every bit position of sequences produced by
implemented code. It means how redundancy-sum variance
product of implemented code approaches to that of
maxentropic sequence. Maxentropic DC-free sequences
satisfy the following relationship between the sum variance
and the redundancy [1]

0.2326 <(1-C(N)) 6°gps < 0.25. (2.3)

Since the codeword length that we are targeting is very long
(greater than 50 bits), DSV is around 30. For large N, the
redundancy-sum variance product of maxentropic sequences
is approximately constant and equals 0.2326. Thus, E is given
by
P 0.2326 4
(1-R)s” @4
The efficiency in the equation (2.4) is used for discussing the
performance of the proposed criteria.

The paper applies the proposed criteria to GS scheme,
which is a multimode coding scheme, for examining their
performance. Figure 1 represents the operation procedure of
GS algorithm. In Figure 1, symbols 7" and @ denote the shift
register and modulo-2 addition, respectively. The operation
process of GS algorithm is executed as follows. In the first
step, the source word X = {xy,...,x,,}, x; € {0, 1}and i = 1,...,m,
is preceded by all the possible binary sequences of length
(r-1) to generate the L' = 2" vectors of B={b,,....b,}, b, =
{by,....b,} and j = 1,....L" In the second step, each vector of
length n=m+r—1 consisting of B is provided to linear shift
feedback register. Then, set B' ={b',....,b";,} is produced, In the
third step, the vectors in B' are preceded by both a one and a
zero, and are shuffled by the scrambler with polynomial x+1
again. Then, selection set C ={cy,...,¢;}, L=2", is produced.
Each vector of C is composed by modulo-2 addition values
between the current input and previous output of scrambler.
This step embodies the polarity bit principle. In the fourth step,
the given criterion selects and transmits codeword (c,,;) With
the least DC-contribution out of candidate codewords. At
receiver end, the codeword is firstly descrambled by using x+1
polynomial, and then after removing the first bit, it is
descrambled. The original source word X is eventually
reconstructed by removing r-1 bits.

III. SELECTION CRITERIA
There are two key components for multimode code
design with DC-free property. The first one is the scrambler
for converting source words into their corresponding
selection sets, and the second one is the selection criterion,
or metric, for evaluating the quality of the candidate
codewords. The DC-control of multimode code can be
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achieved by developing a better criterion. This section
offers an overview of the conventional criteria, it
introduces new criteria, and evaluates their performance.

A. Conventional Criteria

MRDS: MRDS is often called word-end RDS (WRDS).
MRDS is criterion that selects a codeword with minimum
absolute RDS at the end of each codeword. The scheme
computes the absolute RDS values of candidate codewords
and selects one with the minimum absolute RDS if there is
no other codeword with the same minimum absolute RDS.
Otherwise, it randomly selects one. The scheme requires
the simplest complexity, while its spectral performance is
degraded as the length of codeword is increased.

MSW: MSW is criterion that selects a codeword with
minimum squared weight. The squared weight (w,,) is
defined as the expectation of the squared RDS values at
each bit position of the codeword. The smaller wy,, the
smaller its DC-content at low frequency. MSW criterion
can achieve the optimal performance irrespective of the
codeword length, while its complexity is large because it
requires the squaring operation.

vl

S o

- LGN
{ Source word (X) .
p |
Sowceward(X) [, 1 :
[ — !
e Source word (X) i
b

.

Ty
Fig. 1. The operation procedure of GS algorithm.

MTQ: MTO criterion utilizes the parameter, RDS
threshold, denoted by T > 0, predetermined by trial and
error. MTO criterion counts the number of times that the
absolute value of the RDS is larger than 7. Here, the
counted value is termed as the penalty of the codeword.
Then, it selects the codeword with minimum overrun. If
two or more codewords have the same penalty, one of them
is randomly chosen and transmitted. The scheme is simple
compared to MSW, while it can select codeword with bad
quality because it randomly chooses one if there are
codewords with the same penalty. Besides, the scheme also
needs the exhaustive search for a good optimal threshold.

B. Proposed Criteria
B.1. Two Main Criteria and One Sub-Criterion

MPRDS: In optical recording system, the width of the
spectral notch region from the zero frequency must be as
large as possible for servo signal, and the DSV value is
inversely proportioned to the notch width [1]. Thus, for
minimizing the DSV, MPRDS criterion selects the
codeword having minimum peak RDS. The peak RDS is
the maximum absolute RDS value in a codeword. This
scheme achieves good performance irrespective of the
length of candidate codewords like MSW and requires

simple operation (compare and update MPRDS value) for
implementation unlike MSW (square RDS value at each bit
position and calculate average).

ABSRDS: This criterion is the simplified version of MSW.
It exploits the absolute operation instead of the squaring
operation of MSW. Firstly, this criterion calculates the integral
of absolute RDS of bipolar recording sequence up to a given
position. As a result, the codeword with minimum absolute
RDS variation is selected. The scheme achieves better
performance that is close to that of MSW than MPRDS, and
its complexity is definitely simple compared to MSW.

SC: The (conventional and proposed) main criteria
randomly select and transmit one codeword if there are two
or more codewords satisfying the given criterion. The
random selection has the possibility that the codeword with
larger DC-content out of codewords with the same penalty
is chosen. If a criterion reducing this possibility is
collaborated with the main criteria, the performance
improvement of conventional criteria is obvious.

Frequent sign change of RDS in a codeword means that
the RDS values are near from the zero, in other words, the
DSV is small with high probability compared to the case of
less sign change. Thus, if the SC criterion is applied to main
criteria for investigating the quality of candidate codewords,
the criteria with SC can control DC content better than those
without SC. Figure 2 shows the operation procedure of
MPRDS/SC as an example. This criterion can be performed
by two steps. Firstly, the scheme computes the PRDS and
counts the number of SC of candidate codewords. Secondly,
the criterion selects one with large SC if there are codewords
with the same MPRDS, otherwise, it selects codeword with
MPRDS. The reason that SC is selected as a sub-criterion is
because it cannot guarantee that the DSV value is small
without the main criteria. The reasonable thought is
supported by simulation results.

B.2. Complexity Reduction Method

We introduce the complexity reduction (CR) versions of the
proposed and conventional criteria, which are CRMSW,
CRABSRDS, CRMPRDS and CRMTO. The CR criterion
evaluates the selection metric at regular intervals instead of
each bit position in the candidate codewords. If the interval is
equal to one, then it is just the criterion without CR. Thus, we
can save the computation time for selecting codeword using
the CR. The performance loss is not noticeable at the surveyed
intervals. The CR criterion is developed for reducing the
complexity of main criteria, and can be also applied to others
with SC. Let us simply overview CRMTO/SC explaining the
concept of CR. The scheme observes MTO penalty at regular
intervals, while it counts the number of SC at every bit
position. Then, it selects the codeword with minimum penalty.
If the penalty of two or more codewords is equal, one with the
largest SC is selected and transmitted.

C. Simulation Results

This section evaluates the performance of the proposed
criteria. Figure 3 shows the efficiency comparison among
the proposed and conventional criteria as the number of
redundancy bits changes.
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In Figure 3, the connected points have the same
redundancy (1-R), codeword length r/(1-R), and selection
set of size 2". From Figure 3, we can notice the following.

1. The MRDS/SC criterion is not efficient for long-term
low frequency minimization like MRDS even if it
outperforms MRDS irrespective of the number of
redundancy bits. The MTO/SC criterion is efficient for
long-term low frequency suppression, and its efficiency
outperforms the MTO criterion. In addition, the efficiency

Cadidate codewords

Compute PRDS
Count SC

!

Select codewords with MPRDS ‘

no Find one with
the largest SC

yes ¢
Recording (or transmitting)
the codeword

Fig. 2. Codeword selection procedure for MPRDS/SC criterion.
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Fig. 3. The efficiency of the proposed criteria at (1-R)=1/56.
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difference between MTO and MPRDS is clearly
noticeable, but the efficiency of MTO/SC really
approaches to that of MPRDS/SC. The results imply that
MTO can select a lot of codewords with large DC-
contribution if we do not add SC criterion, and SC
definitely prohibits the random selection among
codewords with the same penalty.

2. The efficiency of MPRDS/SC outperforms that of
conventional criteria except for MSW, and the
efficiency difference between MPRDS and MPRDS/SC
is small. Thus, the difference of spectral performance
between them is not distinguished. The fact can be
identified through the power spectral density of Figure 4.
It infers that MPRDS itself can achieve better DC-
control unlike MTO criterion.

3. The ABSRDS criterion almost perfectly uses the chance
provided by broader selection sets. Thus, its efficiency
approaches to that of MSW. The fact implies that
ABSRDS well confine the upper bound of absolute RDS
like MSW. The efficiency difference between ABSRDS
(or MSW) and ABSRDS/SC (or MSW/SC) is much
smaller than that between MPRDS and MPRDS/SC.
Thus, the difference of spectral performance between
them is not noticeable. Here, we note that criteria with
SC clearly have the spectral gain even if its difference is
small.

Figure 4 illustrates the power spectral density (PSD) of

codewords generated by each criterion when the number
of redundancy bits is 6. Figure 4 has a horizontal axis f;
(dB) and a vertical axis H(f.) (dB), where dB is defined
by 10log f. and 10logH(f;), respectively, and f; is channel
sequence frequency. Here, the channel sequence denotes
the sequence encoded by GS algorithm. The results in
Figure 4 show that the proposed main criteria can
independently control DC-content in sequences, but the
conventional main criteria except for MSW need the
support of SC. The suggested main criteria clearly reduce
the possibility that two or more codewords in a selection
set have the same penalty value. As a result the
performance of the proposed main criteria is not
deteriorated compared to that of the proposed main
criteria with SC.
Figure 5 presents the sum variance of codewords selected
by GS scheme with the efficiency corresponding to each
point of Figure 3. The results indirectly supports why the
proposed criteria achieve larger efficiency, and MTO/SC
obtains the efficiency better than MTO, and the efficiency
difference between MTO/SC and MPRDS/SC is not
noticeable.

Table 1 shows the spectral performance of CR criteria
at regular intervals /=5, 10, 15 and 20. From Table 1 and
Figure 4, we can identify that CR criteria have the
performance loss at critical frequency (H(10™%)) compared
to criteria without CR, but the loss is not noticeable. As a
result, the CR criteria achieve the reliable DC-suppression
at critical frequency for optical recording system. The fact
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infers the possibility that GS scheme with CR criteria can
be applied to optical recording system with less

complexity.
TABLE 1
The spectral performance of CR criteria at /=6 and H (10™)

I | CRMSW | CRABSRDS | CRMPRDS/SC | CRMTO/SC
5 | -33.42dB -34.17dB -33.53dB -33.45dB
10 | -32.82dB -34.08dB -33.48dB -32.82dB
15 | -32.75dB -33.99dB -32.62dB -32.75dB
20 | -32.48dB -33.60dB -32.55dB -32.48dB
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Fig. 4. The spectral performance of the proposed criteria when r=6.
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Fig. 5. The sum variance of the proposed criteria at (1-R)=1/56.

IV. APPLICATIONS

This section introduces two applications exploiting the
proposed criteria applying to GS scheme with RLL
constraints and the 2/3 (1, 7) PP code.

A. GS scheme with Runlength-Limited (RLL) Code

The scheme can be implemented by inserting RLL code
encoder between the second scrambler and selection
criterion in Figure 1. As a result, the whole transmitted
sequence satisfies RLL constraints. In the scheme, the RLL
code is the fixed-length code because GS scheme
accomplishes the block based encoding and decoding. The
RLL code used in this work is the 2/3 (1,7) code, and its
DC-content is large.

Figure 6 presents the spectral performance of GS
scheme using conventional and proposed criteria. The
code rate of GS scheme is 330/504 (r=6), and the
redundancy is 1/56. Here, the code rate (R) of the scheme
is given by R=(mxr)/((m+1)xrx3/2). From simulation
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Fig. 6. Spectral performance of the GS scheme with RLL constraints
and R=330/504 using various criteria.

results, we can identify that the proposed criteria can
conduct better DC-control compared to conventional

criteria even if GS scheme satisfies given RLL constraints.

However, compared to GS scheme without RLL code, it
shows the performance loss even if it has the acceptable
performance at critical frequency for optical recording.
We can conclude that GS scheme satisfying RLL
constraints can clearly construct the DC-free code with
small rate loss even if it uses RLL code with large DC-
content, and thus it is a promising candidate for optical
recording.

B. 2/3 (1, 7) PP Code Using Look-Ahead Algorithm

Parity preserving (PP) means that the modulo-2 addition
of a source word (the “parity”) is always equal to that of
the corresponding channel word. The mapping rule of 2/3
(1, 7) PP code used in this paper is based on the second
Table of [7]. This paper uses look ahead (LA) algorithm for
better DC-control of (1, 7) PP code.
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Fig. 7. Spectral performance of (1,7) PP code using » LA algorithm.

Encoding step of (1, 7) PP code using » LA algorithm is
processed as follows. The scheme primarily inserts n+1
DC-control bits in the bitstream of the n+1 source words at
regular interval. Then, it generates the two tree structure
consisting of 2" possible candidate codewords. Finally, the
2""! possible codewords is evaluated by selection criterion,
and the root codeword of the tree with the least DC-
contribution is transmitted. Here, the encoding method with
n = 0 is the normal encoding method of (1, 7) PP code.

Figure 7 represents the spectral performance of (1,7) PP
code using new and conventional criteria when n = 0 and n
= 3, respectively. Here, the redundancy is 1/56. From
results, we can identify that the spectral performance of (1,
7) PP code using LA algorithm is more reliable, and the
proposed criteria contribute to the phenomenon.

V. CONCLUSION
This paper has proposed two new criteria for evaluating
candidate codewords for the multimode coding scheme. Two
main criteria are MPRDS and ABSRDS. The MPRDS
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criterion is very efficient for minimizing long-term low
frequency content, and it has a very simple complexity, while
the performance of ABSRDS is less than that of MSW,
ABSRDS requires less complexity than MSW. The SC
criterion complements the random selection among codewords
with the same penalty. Thus, the criterion contributes to their
efficiency improvement by supporting the main criteria. CR
criteria can be realized by computing penalty at regular
intervals instead of every bit position. Certainly, CR criteria
reduce the computation time for investigating the quality of
codewords, and the performance difference between CR
criteria and criteria without CR is not noticeable.

We have discussed the performance of the proposed criteria
in terms of efficiency, sum variance and spectral performance.
From our simulation results, we have identified that the
proposed criteria achieve a higher efficiency than the
conventional criteria, leading to a smaller sum variance and
improved spectral performance. In two applications, DC-
control using the proposed criteria is compatible with MSW
even if they have much less complexity. Thus, we conclude
that the proposed criteria are promising candidates for the
reliable DC suppression method of multimode codes in the
next generation of optical recording.

REFERENCES

[11 K. A. S. Immink, Codes for Mass Data Storage Systems,
Shannon Foundation Publishers, 1990.

[2] K. A. S. Immink, “A survey of codes for optical disk
recording,” [EEE Journal on Selected Areas in
Communications, vol. 19, no. 4, pp. 756-764, April 2001.

[3]1K. A. S. Immink and W. Y. H. Wilson, “A comparison of two
schemes for generating DC-free RLL sequences,” IEEE
International Symposium on Information Theory, pp. 352,
June 2000.

[4]1 K. A. S. Immink and L. Patrovics, “Performance assessment
of DC-free multimode codes,” IEEE Trans. on
Communications, vol. 45, no. 3, pp. 293-299, March 1997.

[5] K. A. S. Immink, “Weakly constrained codes,” IEE
Electronics Letters, vol. 33, pp. 1943-1944, no. 23, Now.
1997.

[6] L J. Fair, Q. Wang and V. K. Bhargava, “Polynomial for
guided scrambling line codes,” IEEE Journal on Selected
Areas in Communications, vol. 13, n0.3, pp. 449-509, April
1995.

[7] J. A. H. Kahlman and K. A. S. Immink, “Device for
encoding/decoding  N-bit source words into
corresponding M-bit channel words, and vice versa,”
US Patent 5,477,222, Dec. 1995.

[8] G. L. Pierobon, “Codes for zero spectral density at zero
frequency,” IEEE Trans. on Inform. Theory, vol. 30,
no. 2, pp. 435-439, March 1984.

[9] S. K. Ahn, S. W, Suh and K. A. S. Immink, “Method for
modulation digital data and apparatus therefor,”

US patent 6,603,411, Aug. 2002.

BIOGRAPHY

Jun Lee received his B.S. and M.S. degree from
Dongguk University, Seoul, Korea in 1998 and
2000, respectively. Since March 2000, he has been
a Ph.D. student in Dept. of Electronic Engineering
at Dongguk University. In 2003, he joined the
faculty of Samsung Advanced Institute of
Technology (SAIT), Suwon, Korea, and he is
currently working with LG Electronics. His
research interests are signal processing and coding
for storage systems and communication theory.

Kees Schouhamer Immink received his PhD
degree from the Eindhoven University of
Technology. He was with Philips Research
Labs in Eindhoven from 1968 till 1998. He
founded and became president of Turing
Machines Inc. in 1998. He is, since 1994, an
adjunct professor at the Institute for
Experimental Mathematics, Essen University,
Germany. Immink designed coding techniques
of virtually all consumer-type digital audio and
video recording products, such as Compact Disc, CD-ROM, CD-Video,
Digital Audio Tape recorder, Digital Compact Cassette system, DCC,
Digital Versatile Disc, DVD, Video Disc Recorder, and Blu-ray Disc. He
received widespread recognition for his many contributions to the
technologies of video, audio, and data recording. He received a
Knighthood in 2000, a personal ‘Emmy’ award in 2004, the 1996 IEEE
Masaru Ibuka Consumer Electronics Award, the 1998 IEEE Edison Medal,
1999 AES Gold Medal, and the 2004 SMPTE Progress Medal. He was
named a fellow of the IEEE, AES, and SMPTE, and was inducted into the
Consumer Electronics Hall of Fame, and elected into the Royal
Netherlands Academy of Sciences and the US National Academy of
Engineering. He served the profession as President of the Audio
Engineering Society inc., New York, in 2003.

Authorized licensed use limited to: Kees Immink. Downloaded on August 11, 2009 at 00:48 from IEEE Xplore. Restrictions apply.

559




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Academy
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Alba
    /AlbaMatter
    /AlbaSuper
    /Algerian
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BabyKruffy
    /BaskOldFace
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chick
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Croobie
    /CurlzMT
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Fat
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Freshbot
    /Frosty
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GlooGun
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /Jenkinsv20
    /Jenkinsv20Thik
    /Jokerman-Regular
    /Jokewood
    /JuiceITC-Regular
    /Karat
    /Kartika
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MSOutlook
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /Poornut
    /PoorRichard-Regular
    /Porkys
    /PorkysHeavy
    /Pristina-Regular
    /PussycatSassy
    /PussycatSnickers
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /ScriptMTBold
    /ShowcardGothic-Reg
    /Shruti
    /SnapITC-Regular
    /Square721BT-Roman
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /WeltronUrban
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


