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ABSTRÀCT

High density digital magnetic recording is primarily a

bandwidth limited channel resulting in intersymboi. interfer-
ence. viterbi's algorithm, which is a maximum likerihood
receiver, is sÈudied specialry for channels of this type.
The channer and various coding schemes are modelled by a

trellis representation. The overarJ. system incruding viter-
bi's aJ.gorithm is simulated using a combination of hardware
and software. This is done for NRzr and MFM coding and

three noises, Gaussian, Lapracian and quartic. À nonr.inear
intersymbor interference model is also introduced in the
thesis though no simulation runs were performed.

111



ACKNOT{LEDGEMENTS

I am grateful to lot of peopre without whom this thesis
wourd not have been completed. They are Dr. shwedyk, Dr.
Gurak and Mr. E. Brusse. r would also rike to thank NsERc

for financial support.

1V



TÀBT,E OF CONTENTS

ABSTRÀCT . .

ACKNOWT,EDGEMENTS

TABLE-OF-CONTENTS

LIST-OF-FIGT'RES .

f.,I ST-OF-TABIJES

Chapter

I INTRODUCTION

(p¡rns )

111

.lV

.V

VII

.lX

paqe

26
26
aaJJ
37
41

46

46
48
55
57
59
59
60
67
68

PRELIMI NARY
DIGITÀL MAGNETIC RECORDING SYSTEM
HIGH DENSITY MAGNETIC RECORDING
OUTLTNE OF THE THESTS

1

1

2
7
I

10
11
11
16
21

rI. MAGNETIC CHÀ¡INEL

ïNTRODUCTION.........
ENCODING........o

Inherent Encoding in the Channel
NRZICode....
MFMCode .. ..

INTERSYMBOL INTERFERENCE ÀND VITERBI
RECETVER......

Viterbi's algorithm . . . . . .
Branch metrics for the DMRS with ISI

CONVOLUTIONÀL CODE . . . .
VARIOUS DTSTANEES OF CODES

ITI . D}TRS SIMT'I,ÀTION

10

INTRODUCTION.......
TIME - HARDWARE/SOFTWARE TRADEOFFS
THE MATCHED FILTER IMPLEMENTÀTION
NOTSEGENERATION. .. O 'THESOFTWÀRE.........

High Level or Machine? . . . .
MainProgram.........

SUBRoUTINES . . . . . . . . c . ê

TRUNCÀTION OF ISI TERMS .

Y



rV. RESI'LTS ÀI¡D DISCUSSION

DESCRIPTION OF RUNS
INTERPRETÀTION OF THE
NONLINEÀR INTERSYMBOL
STJMMåRY.O..

71

71
76
77
81

83

aaaaoa

RESULTS . .
INTERFERENCE

V. CONCr.USION AIID RECOMMETTDATIONS

vi



F i qure

1.1.

1.1.

1 .2.

1 .2.

2.1.

¿. ¿.

¿. ¿.

2.2.

¿. ¿.

2.2,

2.3.

2.4.

2.4.

2.4.

2.4.

2.4.

2.5.

2.6.

2.6.

LIST OF FIGT'RES

(a) Basic oigital Magnetic

(b) Readback pulse, h(t).
arbitrary......

Recording System

Àxis scaling

adj acent(a) Resulting signal from two
saturation flux reversals .

tree (c )
the NRZ

Þaqe

Ê

q

6

6

13

14

14

15

15

15

17

19

19

20

20

20

23

24

24

(b)

NRZ

(a)

(b)

(c )

(d)

State machine (

and trellis

An eguivalent PAM system

Coding........
State Machine Representation

State Diagram Representation

Tree Representation . . . .

Trellis Representation

a),
(d)

state diagram (b),
represent,at ions of

codg . . . . . . . . . . . .

NRZICoding.....o...
(a) State Machine Representation .

(b) SLate Diagram Representation
(c)TreeRepresentation....
(d)Trellisrepresentation....

State machine (a), state diagram (b),
and trellis (d) representátions of
codg o . . . . . . . . , . . . .

MFMCoding. o ... o .. . .. o

(a) State Maehine Representation c Õ

(b) State Diagram Representation . . .

tree (c )
the NRZI

v]-1



2.6.

2.6.

2.6.

7

8.

2.8 
"

2.9.

2.9.

2.10 .

2.11.

2.12 ,

2.13,

3.1.

3.¿.

J.J.

3 .4.

3.5.

(c) Tree Representation . . . .

(d)TrellisRepresentation.o..

State machine (a), state diagram (b),
and trellis (d) representátions of

25

25

25

27

31

32

35

36

38

39

40

43

49

s0

52

53

2

2

tree (c )
the MFM

code o . o . . . . . . . . . o

Ternary PÀM system . . . . . . . . . . . .

(a) Trellis of ternary pÀM system with ISI for
L=3 . . . . . . . . . . . . . . . .

(b) TreIIis of DMRS with ISI for NRz and L=3

(a) Trellis of DMRS with NRZI Code and L=3

(b) Trellis of DMRS with MFM Code and L=2 or 3

1/2CCanditstrellis......
Trellis of 1/2 CC with NRZI and L=1 . . .

Trellis of 1/2 Cc with MFM and L=1

Trellis of NRZ, NRZI and MFM for dfree
estimation........

Simulation Block Diagram . . .

Modified Simulation Block Diagram . . . .

FlowchartofsimulationRoutine .... .

Block Diagram of the set-up . o . o

Block Diagram of the matched filter
implementationo.......

Nonlinear transformation block diagram

Nonlinearcircuitimplementation.....
Nonlinear function - Gaussian to guartic
Nonlinear function Gaussian to Laplacian

Probability of error for NRZI , L=4 . . . .

Probabilíty of error for NRZI , L=2
L=4 . . o . . . . . . . . .

and MFM,

3.6.

3.7 .

3.9.

3.9.

4.1 .

4.1.

54

58

61

62

63

74

75

794.3. Bit-erowding showing nonlinear effect of ISI

v1t1



4.4. Model of Magnetic
ISI effect

Channel showing nonlinear
80

.Lx



TabIe

2.1 .

3.1.

3.2.

4.1.

LIST OF TABIJES

Distances of various codes . .

Gaussian, uniform, and guartic transformation .

Gaussian, uniform, and Laplacian transformation

Simulationresults ... ..

Daqe

.45

.64

. 65

. 73

x



Chapter I
INTRODUCTION

1.1 PRELIMINARY

with the invention of the digital computer, magnetic
recording became indispensibre for data storage. core memo-

ries in the earriest computers were built using magnetic ma-

terials. Àlthough magnetic core memories have been replaced
recently by solid state memories, magnetic memories sti1l
have an important role in bulk storage. À great deaÌ of re-
search has been and is being done on magnetic recording sys-
tems to improve data access speed, increase data reliabi).ity
and increase the recording bit density. This thesis is con-
cerned with sbudying methods to achieve higher density mag-

netic recording. For this purpose, the magnetic recording
system is model]ed as a communication channel. communica-

tion theory principtes are then applied to study the chan-
nel.
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1.2 DIGITÀL MAGNETIc nEcoRDING SYsTEM (oms)

Five basic elements can be identified in a DMRS as

shown in Figure 1.1(a). These are:

rnagnet ic read/wr i te head ( s )

magnetic tape/disc

tape/disc transport
r¡rite amplif ier
readback amplifier

The message in binary form is encoded into a wriÈe cur-
rent which is further amprified by the write amplifier. in
order to provide proper drive for the write head. The mag-

netic frux set up by the write current resurts in a magneti-
zation flux pattern being stored on the medium. The magne-

tization pattern is composed of two different pole

directions where the magnetic material is saturated with
equar field strength of opposite intensity to represent the
binary symbols 0 and 1.

Based on the magnetization pattern stored on the medi-

utTr, a vortage signal during the readback process is induced

in the readback head. The relation between the voltage and

the flux is:

1

2

3

4

5

Þr"l '[*le(t¡ =

2

(1.1)



where e(t) is the induced voltage, m(x) is magnetization
pattern with respect to space or distance, and ax/at is the

speed of the tape/disc transport. rf the magnetizatíon pat-
tern is ideal, the received signal wilr be a seguence of im-

purses. Practicalì.y, the received signal is a seguence of
identically shaped purses whose porarity is determined by

the flux transition. A singre flux transition produces an

isolated pulse which is also sometimes known as the charac-

teristic pulse. various functional expressions have been

developed for the isolated pulse 11 ,2 ,31 . Gulak [ 4 ] has

fitted a quartic function to the purse and this is the func-
tional expression used in this thesis. The purse shape is
shown in Figure 1.1(b). over the data rates found in a typ-
ical disc recording system the purse is invariant in both

shape and duration.

The entire recording process from the flux transitions
produced by the input binary data to the read erectronics
output can be modelled as the purse amplitude modulation
(peu) system shown in Figure 1.2(b). unl-ike the typical pÀM

system encountered in communication system, the purse se-

guence received has the special. property of alternating in
porarity. Thus each pulse in the sequence is correrated
with the previous pulses. To properJ.y utirize the channer,

certain encoding methods are reguired 15,G,71. Encoding

methods considered in this thesis include Non-Return-to-zero

rnverse (Hnzl), Modified Frequeney Modulatisn (uru), convo-

3



lutional code of rate 1/2 (1/2 cc) togerher with NRzr or MFM

code. These codes are discussed in chapter z. other codes

such as Frequency Moduration (ru), Non-Return-to-zero (Hnz),

and Milrer's Modified Frequency Moduration (u ru) are not

considered here.

Random noise sources of a DMRS include thermar noise,
erectronic noise, media noiser rìoise due to transport vibra-
tion and others. Though typically this noise, particularry
the thermal. and electronic, can be well moderled as white
and gaussian (wc¡¡), there is evidence that the probability
density function can be otherwise. Gulak [4] tras suggested

that lhe probability density function is better approximated

by a quartic expression. rn this thesis, various noise mod-

eIs are considered.

The recording technique described above is usually
called saturation recording. For nonsaturation recording the
data is modurated with a analog signal which usuarry occu-
pies more space on magnetic medium. Thus saturation record-
ing is widely used in high bit density oMRS.

4
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I.3 TTIGH DENSITY MAGNETIC RECORDING

Às mentioned previously, saturation recording provides
higher bit density storage compared with the nonsaturation
recording technigue. The reason is because in nonsaturation
magnetic recording, the data is modulated by an analog sig-
nal which occupies a certain area on the medium for at reast
a period or half a period of a cycre. In saturation record-
ing, a transition in polarity occupies less area (in the
ideal case) as it is based on properties of the magnetic ma-

ter ials.

A major consideration in a high bit density ouns is in-
tersymbol interference (tsr). This produces distortions such
as peak shifts and amplitude variations in the readback
pulse. within a certain range of separation, rsr can be

analysed by using linear superposition. Two adjacent satu-
ration frux reversals are shown in Figure 1.2(a) to illus-
trate the effect of ISI.

IsI is the dominant factor affecting high bit density
recording. Chu t8l has studied ISI distortion by a compurer
simulation. A great deal of work has been done in reducing
purse width through technigues such as purse srimming fir-
ters [9,10]. Decision feedback equalization (orp) has been

studied as a method of reducing the effect of rsr [4].
These techniques have the common objective of reriably de-
tecting the pulse sequence in the presence of rsI and random

7



noi se.

random

However, none are optimum with respect to ISI and

noi se.

The optinar ðecoðer/receiver for a channel with IsI and

random noise is Viterbi,s algorithm t111. Although the al-
gorithm was first appried to decoding convolutional codes,

it h'as found later by Forney to be applicable for a channel

with rsr 1121. Forney arso showed that this algorithm is in
fact a dynamic programming technique. The algorithm is a

maximum likerihood seguence detector (ur,so) and is optimum

when the noise is white and gaussian. H. Kobayasi t13l
modelled the DMRS as a partiai. response system and appl.ied
viterbi's algorithm. His work however is only applicable to
the channel with no rsI. This thesis is concerned with the
application of viterbi's algorithm in the DMRS to combat rsI
and random noise. Various encoding schemes and random noise
sources are simulated and the algorithm performance is then
studied.

1.4 OUTLINE OF |n{E TI{ESIS

After the introduction in chaptet 1, chapter 2 presents
a detaired descríption of digitar magnetic recording from a

communication theory point of view. various encoding

schemes are discussed, trellises for these codes are devel-
oped and viterbi's algorithm for decoding these codes is
then developed. chapter 3 describes the simulation of both

I



the recording channel and viterbi's receiver. Both hardware

and software aspects of implementation are discussed. Re-

surts and discussions are found in chapter 4. Evaluation of
decoder performance with noise other than gaussian is also
presented in this chapter. The time reguired for the simu-
lation runs are arso discussed here. conclusions are pre-
sented in chapter 5 arong with recommendations for future
research.

9



Chapter II
I,TÀGNETIC CIIÀI{NEL

2.1 INTRODUCTION

À basic DMRS was described in chapter 1. It consisted
of 5 elements; the read/write head, medium, transport, write
and read amplifier. An eguivarence was established between

the DMRS and a pÀM communication model. rn this chapter
this equivalence is further developed. rn particurar atten-
tion is focussed on encoding for the channel.

As mentioned, in a DMRS the output pulse seguence al-
ternates in polarity due to the inherent memory in the read-
back process. rhis property is modelred by a differential
encoder. Àlso to properry utilize the channer various en-
coding schemes such as NRZI, FM, MFM, M2FM and others have

been proposed for the magneÈic channel as mentioned in pre-
vious chapter. The next sectíon of this chapter describes
the trellis representations of two popurar encoding schemes,

NRZI and MFM. The trellis is a graphical represention which

faciliÈates greatly the development of a viterbi receiver.

Next intersymbol interference is considered. À brief
the derivation of the maximum i.ikelihood seguencereview of

10



estimator is presented and viterbi's receiver for rsr chan_
ners is derived. Again it turns out that the natural repre-
sentation to explain the receiver is a trerris.

viterbi's receiver vras originalry developed for decod_
ing convolutional codes. Thus a specific convolutional code
is considered with the aim of providíng error correction.
Trellises for the cascade of the 1/2 cc with NRZI or MFM

codes are developed. These trerlises are used to derive the
distance properties of the code. From these an overal-L
trellis for the DMRS channel is obtained. The viterbi re_
ceiver has a common structure for the different encoding
schemes mentioned abover oÍ various cascade combinations
thereof. only minor changes in the calcuration of the branch
metric are needed.

2.2 ENCODING

2.2.1 Inhercnt Encodino þ the Channel

NRz (Non-Return-to-zero) coding is the símprest
coding that can be used for any binary communication system.
The digits rr0rr and *1'' are simply represented by the two
saturation levels of the magnetic medium which is why some-

times NRZ is called NRZL (LeveL). since the readback pro-
eess responds only to a flux transition the received wave-

11



form in the absence of noise is either a positive purse ¡ ã

negative pulse or no pulse. This coding is shown in Figure
2.1. The output ternary symbors (+1,0,-1) depend not onry
on the present input but also on the previous input. The

channel thus has an inherent memory of length one. The out-
put codeword from the readback head is given by

(2 .1)auk
"k k-1

where c¡ is Èhe ternary output
input symbols and are binary.
ferentiaL encoding.

From equation 2.

there would be an error in
rearrange the eguation as

code symbol; a k and a¡_1

This process is called
are

dif-

There are several possible representations for the
encoding process: sequentiar state machine representation,
state diagram representation, tree representation, and treL-
lis representation as shown in Figure 2.2(a) to 2.2(d).
Trellis representation provides a graphical description for
each codeword of the code. Distances between codewords can

be visuarised so that the code performance can be interpre-
tated and evaluated.

i f an error
determining ak

ak=rk + a k-l

Therefore if c

Ao-, are estimates of ak , ak-l

1 occurs 1n

To see

e¡t

this,

where

, and

c, + n.KKtk Aak

Q.2)

e%-r k-1 + ay-z

12

k-1 1S In error



Input bit seguence

ak 0 1 0 01

Binary
encoded
data a ¡

Ternary
output
s i gnal

ternary
symbols

ck

saturation flux
+ø

-ø

1

1 -1

0 0

01 0 -1 0

Figure 2.1 NRz Coding
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u k-1

(a) state machine representation

input symbol
\

output symbol

'/ staLeo/-t
I

o/0 1/0

(b) state diagram representation
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OutpuEsinput = n0rr

input r1il

Figure 2.2

-1
1

-1
0

(c) tree representation

Cutputs

-1

0--
-1

--0.- -0- -
\

-0---

0
0

1

1
0

0

-1
0

0 a a )

1

0

state 0

state 1

1 aaa

1
11

denotes

denotes

i nput = rr1 tr

i nPut = ilO rr

(d) trellis representation

State machine (a), state diagram (b), treeand trellis (d) representatiõns of Èhe NRz

above notation representing input
ouÈput symbols, and states will be
throughout the thesis.

(c)
code

Note: The
symbols,
f ol Iowed
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then so

encoding

1S

method

uk implying that
which prevents

errors propagate. NRzI is an

this error propagation.

2.2.2 NRZI Code

Unlike NRZ code, NRZI represents the digit ,,1'r by

a transition from a saturation magnetic revel to the oppo-

site saturation magnetic revel and the digit "0" by no tran-
sition. The code is shown in Figure 2,3. The encoder (nig-
ure 2.4(a)) takes an NRZ code and outputs an NRzr code based

on the equation

(2.3)cl
kk-b

k
b

Now the bk 'r are the input seguence to the chan-

neI. Though the encoder has a memory of one and as dis-
cussed above the channel has an inherent memory of one the

overall system memory is stilf one. That is the present

ternary output symbol of the channel stilJ. depends only on

the present and previous input according to the following
equat ion

where a - is the present input digit,k
output bit and bk is the present output
are all binary, and symbol @represents

On_, ir the previous

bit, êk , bk , bf_f

modulo-2 ar ithmetic.

bc
k k

bk-I
akh-rO

tak

16

b r-r
(2,4)



Input
bit

gequence

a¡ o

Coôe e¡rnbol

b¡ o

BÍna.ry
encoded f Ø

bt

(fLux) _ ø

Ternary
Output
si8nal

1

0

0

0

00

1 1 0

1

0

11

ternary
s¡'nbols
ck 0 1 -1 0 0 0 0 01

Figure 2.3 NRZI Coding
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Error propagation is prevented since the output

not effected by the previous input. The previous

termines only the sign for the output.

ck

symbol

i nput

is
de-

Àgain there are different representations for
NRzr as shown in Figure 2.a(a) to 2.4(d). cascading the

inherent channer encoding process with the NRzI encoder re-
sults in the trelris of Figure 2.4(d). The trelLis has two

states corresponding to the memory length of one. compared

to the NRZ code trerris of Figure 2.2(d), one observes that
the structure is the same. This is expected since in both

instances there are two states due to the memory length.of
one. The onry difference is in the output symbols. The out-
put symbol for NRZI code can be expressed as

while the next state is given by,

q a +q
k-]

qk

where g*_f is the present

is the present output and

(2.s)

(2.6)

is the present input, cn

next state.

I r-t

kk

state, 1
qk is the

Both NRZ and NRZI are linear codes which provide

a null sequence for a zero input codeword. since a long

string of zeros leads to no transitions, timing information
is not availabte for these two codes. To imbed timing in-
formation in the code, FM coding h'as developed. It provides

timing synchronization for Èhe receiver but is inferior in

18



ak b ck

b

k

k-l

0/0

(a) state machine representation

1 /-1

1/1

(b) state diagram representation

0/0
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Oubputs

input =,0rr

1

input = rrlrt
_,_[: 

_

0-
1-
0-

1 _1-

1-
1I

(c) tree representation

GuLpu[s
state 0

1

')r<, '
\ -1

Y
-1

state 1

d.enotes

denotes

(d) trellis representation

Figure 2.4 State machine (u), state diagram
and trellis (d) representatiõns o
code

11

i nput - rr1 rr

i nput - rrC rr

(b)
fr , tree (c )

he NRZI
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terms of

vantages

use.

2.2.3 MFM Code

1. If the

is the

2. If rhe

will be

is a "1

the

for
the

of

density. MFM provides both density and timing
over other codes and is the most popular code

ad-

1n

A brief description of the code is as folrows:

present input is a "1", the present

complement of the previous output.
present input is a "0", the present

equal to previous output if the next

". If the next input is again a n0,

present output will be egual to previous
one half of a bit interval and will be

complement of Èhe previous output for
that bit interval.

output

output

i nput

t,hen

output

equal to

the rest

Figure 2.s irlustrates the encoding process. The

encoder has the form as shown in Figure 2.6(a). It accepts
one input symboJ. and outputs two syrnbors. There are two
memory eLements and it has therefore a memory of length 2.

Since the memory length is two, the number of
states equals to 4. The four states correspond to states
{0, 1,2,3} or {00,01, 10, 11} according to the forrowing
convention. The least significant digit is the rightmost
digit and also corresponds to the most recent memory for the

21



input. The

2.6 (b) .

state diagram representation is shown in Figure

The tree f or the encoder i s shown in Figure 2.6(c,)
and the ÈreI1is representation is shown in Figure 2.6(d).
The structure of the trelris for MFM is not regular since
the code is obviously a nonlinear code due to the NoR func-
tion.

The output codeword and

by the following equations

the new states are given

q1k =

q?k =

b1

b2

a¡

r ( q t<-r,
r (ql_r,

b1

ut)

ur)

q2r-re a k

92t-r

(2.7 )

(2.8)

(2.e)

(2.10)

(2.11)

(2.12)

k

k

c

c
2k

where b1 k ,

NOR function
q1t and q2¡

outputs.

bzk-L

k

k
2v

ak

b2

b1

k-t1

b
k

and OtO are the outputs of MFM code, F(.) is
of enclosed variabì.es, ak is the present input,

are next statesr c2k_1 and c¡k are ternary

The difference between MFM and NRZI is that
null input seguence, the MFM output contains digiLs ,,0

rr1rr. However the shortest time interval between digit
is the same for both codes even though the MFM encoder
puts 2 symbols for every input symbol. Thus the rsr
are the same for either code.

for a

t' and

il1rs

out -

terms
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Figure 2.5 MFM Coding
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input = rr0rr

10

-10-[

o-1-[

10-

10_
o oa

0

il I
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_1 0-
0-1 

-01

0-1
10-
01 

-
(c) Tree Representation

10

-10 -10
0-

0-1

0-1

0

input = 1

state 0

state 1

state 2

\ 10

-10
\ o-IQ\

\ 0-1

0
oaa01

\ 0

state 3 b
(d) Trellis Representation

Figure 2.6¿ State machine (a), state diagram (b), tree (c)
and trellis (d) representations of the MFM code

Note: St,ate 0 corresponds to Èhe two memory
elemenÈs in the encoder being zero, state 1

corresponds to memory D'l being 1 and D2 being
0, state 2 corresponds to D1 being 0 and D2
being 1, state 3 corresponds to D1 and D2 being
1.
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2.3 INTERSY¡.ÍBOL INTEnrEneNcE À}¡D VITERBI RECEIT'ER

2.3 .1 Viterbi t s alqorithn

A DMRS is basically a band-rimited channel which re-
surts in Isr that leads to degradation of receiver perform-
ance. This can be minimized by viterbi's argorithm which
provides an optimum sequence estimate. For completeness Vi-
terbi's algorithm is presented here. rt follows very
closely the derivation presented in tl¿1.

The ternary pÀM system is shown in Figure 2.7. This
corresponds to the DMRS channel. Às mentioned the binary to
ternary encoding is due to the inherent differential encoder
in the magnetic channel. The ternary digits ci are modurat-
ed by the channer filter h(t) such that the transmitted sig-
nal ls

N-t

(2 .13)
i=-N

where ci is a ternary syrnbol output from the differential
encoder.

"Ct) =I c, h(t-ir)

symbols are índependent regardless
For message length of 2N, the total

The

encodi ng

terna ry

part.
of the

number
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h(r)

N-1

n(r)

+) "i ô(t-ir)
i =-N

Ternary data c i

+

N-1

)"t h(r-it) + n(t)
i =-N

Rece i ved

signal
Channel/uodulator

Figure 2.7 Ternary pÀM system
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of distinct seguences or signars are 32N. To find the maxi_
mum likelihood seguence the received signal is compared to
all possible seguences. The comparison is based on a set of
sampres y¡ carled sufficíent statistics obtained from the
output of the matched fiLter. The maximum rikelihood deci-
sion is made by computing the rikerihood function when se-
guence, õr, is compared to seguence õn,, i.e., choose õo'
if

Ln( p(yt%)

nçy¡ar, )
)r0

+æ

(2 .14)

for all message m rl m.

For white gaussian noise,
be expressed as

the likelihood function can

2

E t) - qn,(t)J y(r) dt
(2.1s)

1

-N" [qn,(t) - c*,2 ¡t¡]at

f^,

-Õ

which reduces to
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+@

-d,

N-1

N-1

+o
o

T"

2r;

m "u(t)v(t) - T;

T 1 
-lF" L c. kcrnihx-¡

1

,[ f't) 
dt Q .16)

(2 .17 )

^
N-1

lF-N j=-N

r'-
¡¡here h_J= | rr<

J__
r-r,f) h(r-jT) dt

h
1 ; t=k-J

Since hf is symmetric, Ân, becomes

N_l I-1
+" Ð., 

(2cnkvk - .*\ - 2.ok ( t .m.-ihi) )
¡r--IY i=l

1S\
No/- Â¡¡

lF-N

where À * ts called the kth branch metric of message m

and

l-1
2c"kyk.- . fr ho - 2c* Yc.h.-/ mK-t I

À nk

29
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Now consider

I.1
(2.18)

i=1

where subscript m has been dropped.

This expression for the branch metric depends on the
present received sample yk, coefficients h, (i=0,...rL-1)
which are known a priori, the present input ck and L-1 pre-
vious inputs ck-i (i=1,...,L-1). considering these L-1
previous inputs to define a staÈe then as a new input sample
ck+l is received the state changes from {"t ,ck_l
t... rck-L+1 ] to {" t*t ,ck ,... tct-f, }. À11 the possible
paths necessary for the computation of the c k can be visual-
ized by a trellis.

For a ternary pAM system wíth ISr and no encoder,
the trerlis is shown in Figure 2.9(a) and for a DMRS, the
trellis is shown in Figure 2.8(b).

À. =K 2%yr -"u' ho-2% I9r_ihi
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2.3.2 Branch metrics for the DtfRS rith lSl

Àccording to equation 2.19 for Èhe branch metric,
the ternary symbors can be repraced by the encoding func-
tion. The branch metric depends on the source symbols and
in this case are binary. substituting equation 2.1 into
equation 2.18, the equation becomes

À k = z(\*-a*_ r)vu-(fu- k_r)2ho

L-1 (2 "1e)
-2(% k..rr f (k-i-%-i-r)hi

i=1

For the NRZI code, the branch metric can be ob_

tained by substituting equation 2.s into equation 2,1g.

À k = 2(o*-un-r)vn-(ou-ou-r)2ho

I.-1

-z(q¡( o*- r) I (on-r--uu- i-l)hi
Q.20)

i=1

The trellis for NRZI coding and Isr is shown in Figure
2.9(al. The reast significant digit corresponds to the most
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recent input symbol remembered. The most significant digit
is the memory element in the channer which changes according
to equation 2.6.

Similary the branch metric
tained by substituting equations 2.11
2.18. It becomes

for MFM code is ob-

and 2.12 into equation

Àk= À" + Àb Q.21)

where À, = 2(b\-b2k_1)v¡-(b1u.-bzk_1 )2ho

-2(blk-b2k_1) Ð lur ¡I|'-b2r._.#,n,
l=eYJen

+ t (bA.-'å. - of-_ t#r., 
]

À b = 2(b2k-bl)vn-(uzn- bL )2 ho

f sl
-z(bzk-bt) I L (b2x_

L ¡-Ðdr'

Ð (bt-'#-%-

i=odd

l=elen

F:.l

î
bLK-

ri+il
2

)hi

+ l-i+tlT )h']

and rxl denotes the least integer not less than x.

The trerris is shor+n in Figure 2.9(b). The reast
significant digit also represents the most recent input re-
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membered and the

memory element of

digit corresponds

most significant digit corresponds to the

the channel. The next most significant
to the encoder memory element.

z.IL COI{VOLUTIONÀL CODE

since viterbi's algorithm was originalry devised for
convorutionar code, it wourd be natural to apply convolu-
tional coding as a means of error correction for any commu-

nication system using viterbi's algorithm. The compJ-exity

of the algorithm depends on the number of states as s€en

from the system trerris. For a DMRS, the number of states
increases with rsI, inherent magnetic state, encoder memo-

ries and when a convolutionar encoder is in cascade with the

system, the number of states increases with the constraint
length of the code

To investigate the benefits to be gained from error
coding, a simple 1/2 cc was considered. The study was meant

to establish how the easeade of the convorutional encoder

with the previous encoder affected the trerlis; what the fi-
nal algorithm comprexity is and if it is possible to analyze

the overall error performance.

The encoder for a 1/2 CC is shown

its trellis representation is shown in
this encoder is applied to DMRS, the

shown in Figure 2.11 and Figure 2.12.

in Figure 2.10(a) and

Figure 2.1 0 (b) . When

overall trellis is as
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The comprexity of trerlis is seen to increase
exponentially with Isr and number of memory elements of the
encoder. This affects the difficulty of simuration due to
the large increase in computation time.

2.5 VARIOUS DISTANCES OF CODES

The distance measure that is used for brock codes is
usuarly the hamming distance which is simply the number of
bits that tlro codewords differ in. The minimum distance
which is the small.est hamming distance among the hamming

distances of every pair of the codewords determines how werl
the code performs.

The distance measure used for convolutional code is
normally the free distance. For linear convoLutional code,
the free distance is the hamming distance of the shortest
path deviated from the zero codeword. This distance pro-
vides an idea of the bit error performance of the code. The

shortest path can be obtained Bietorial_ry from the trellis.
Thus by looking at the trelris, the code performance can be

establ i shed.

In a DMRS, the combination of arr encoders is in gener-

ar not linear. However using the trelris deveroped for such

a system, it should be possibre to define a distance measure

which would indicate system performance.
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d =Ilt- bil f or i=-N, . . . ,l,l-1 (2.22)

where a and b are elements of two codewords ã and 5.

The mapping from binary to ternary in the DMRS makes

the system nonrinear. rn generar to evaruate the disLance of
a,nonlinear code is very difficurt. For such a code, it is
necessary to do a pairwise distance computation between

each pair of codewords to determíne the minimum distance.of
the code

Similar to the concept of the

binary symbols, the hamming distance

tem can be reasonably defined as

The trellises of NRZ,

again in Figure 2.13. One

codes would be as following:

hamming distance for
for a ternary PAM sys-

NRZI and MFM codes

distance measure for

to eguation

minimum dis-
never merged

be the same,

path but the

are

the

shown

above

( 1 ) corlect the comprete set of paths that reft the zero
path and merged back to zero path; there may be infinite
number of such paths, in this case try to examine a path

that never merged back to the zero path.

Ql Find a1I pairwise distances according

2.22 and sei.ect the min imum di stance; i f the

tance is from the pair which has one path which

back to zeÊo path, the other path ís likely to
that is, it is never merged back to the zero

eguation 2.22 for the pair must converge.
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Another

possibifity of

zero path is as

possible measure

having paths that
follows:

that el iminates the

never merge back to the

two shortest paths lhat
to the same state.

(1)

left the

For each state, find the

same state and merged back

(2)

for aIl
rind also

such pairs
the distance according to equation 2.19

associated wiÈh each state.

(3) Arso find all such distances among all the states,
that is, find the two shortest path that reft one state and

merged to another statei then compute the distance between

these paths. This may be carled inter-state distance.

(4)

mi n imum

ance of

Now compare all the above

distance which will provide

the code.

distance and choose the

measure for the perform-

Comparing the three codes in this
to provide the best distance among the
son is shown by Table 2.1.

chapter,

others.

MFM is found

The compari-
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TÀBLE 2.1

Distances of various codes

d", %, d" denote distance of*

NtlZ, NRZI and Mzu cod e (3 bits)
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Chapter III
DIIRS SIMT'I.ÀTION

3.1 INTRODUCTION

The previous chapter developed trellis representations

for the magnetic recording channel with various encoding

schemes and intersymbol interference. Based on this . it
would be desirable to predict system performance, particu-
larly for the bit error probability. Ideally this pre-

diction shourd be valid for the various encoders or combina-

tions thereof, various noise sources and varying amount of

intersymbol interference. Though anaJ.ytical results are

available for a few special cases, example - Gaussian noise

with no intersymbol interference, there is no general ana-

lytical approach to predict the system performance. Even

for the special cases the analytical resurts are in the form

of bounds. The other alternative is to impJ.ement an actual

system this is not very flexible, êrìd is costly and time

consuming.

For these reasons a system simulation was developed.

It gras first attempted to do the simulation entirely in

software sinee t,his would provide maximum flexibility. The
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intention nas to provide a simulation system not only for

the research in this thesis but also for future research in

magnetic recording. guite a few subroutines were developed

in the Pascal language on an Àmdahl v7 mainframe. These in-
cluded routines for source generation, Gaussian, Laplacian

and Quartic noise generation, various encoder routines, a

matched filter routine and routine for algorithm and system

evaluation. Various parameters such as constraint length,

code rate, memory length, tap assignment for the convofu-

tional code, number of runs and number of errors accumulated

before system halts were aIlowed.

The simulation however was very time consuming and

disappointingly slow. The error probabilities of interest
are in the range of 1O-5 or Less. To obtain a reasonable

statistical estimate of the error probability for a given

system configuration it was decided that at Least ten error
events should occur. Thus an error probability of 10-6

would require approximately 106 input bits. This led to

estimated time of at Least 2 or 3 months (depending on the

coding) to complete the simufation. Thus it was decided to
go to a simulation involving both hardware and software.

The most time consuming aspects of the simulation would be

done by hardware. Though this perhaps reduces the flexibil-
ity somewhat it nas a necessary step. The hardware/sottware

tradeoffs are discussed the next section.

17



3.2 TII{E - HÀRDWÀRE,/SOFT9IÀRE TRÀDEOFFS

Figure 3.1 is a block diagram of the simulation. It is
similar to the channel. brock diagram used in chapter 2 with

each block corresponding to a routine if the simuration is
totally in software.. The most time consuming block is the

passing of the input noise through the matched filter, a

process that invoLves convolution. This is identified in

Figure 3.2 by modifying the system to provide tr¡o paths

one from noise source and other from signal source, to pro-

vide the signal input for Viterbi's algorithm. The convolu-

tion requires 100 or more samples to accurately represênt

the output correlated noise during one input bit interval.
The resultant noise sample is a weighted sum of these 100

samples and requires 100 multiplications and 99 additions.
As a typical example ¡ à floating point multíplication sub-

routine reguires 85 instructions [15] and assuming the aver-

age number of cycles per instruction is 5; it wilt then re-
guire 425 machine cycles. For a machine running at 1 MHz

would reguire over 42.5 milliseconds. This accounts for
only one bit sample. A million t,rials will need 42500 sec-

onds which is over 11 hours of CPU time. This does not in-
clude the time for the other routines.

The other time consuming routine is the Viterbi's al-
gorithm itself. Computation of the branch metric reguires 1

multiplication and 1 addition operation only but the number

of branch metrie amounts to 2 Eimes the number of states.
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As mentioned previousry the number of states groyrs exponen-

tially with the number of rsr terms and the number of memory

eLement in the encoder. This means that the time required

for computation grows exponentially with the comprexity of

the system. For this reason simulation runs for the 1/2

CC with MFM and HRZI were not done.

Based on the available facility at the University of

Manitoba, a hybrid system was deveroped. It consisted of

hardware and software. The system used is a pDp 11/40 which

can run with both compiled high language program and machine

program. Àlthough originally the algorithm was written' in
Pascal, since a Pascar compiler r¡as not avairable on the pDp

11/40, the simuLation was re-r¡ritten in FORTRAN and the as-

sembly language of the PDP 11/40 system.

To optimize the memory usage and speed, only the main

program which makes use of real number manipulation and con-

trol nas written in FORTRÀN, all other subroutines such as

source symbol input routine, noise input routine, source

symbol buffering, encoding, decoding, source symbol/estimate

comparing routines etc., were written in assembly Ìanguage.

The flowchart for the simulation is shown in Figure

3.3. The original Pascal program is listed in Àppendix 1,

the new FORTRÀN program is listed in Àppendix 2, assembly

language subroutines are shown in Àppendix 3 and the memory

allocation listing is shown in Àppendix 4.
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The hardvrare part of the simulation consists of a white

noise generator, a random binary seguence generator (for

source), a nonlinear circuit to transform the noise statis-
tics I a matched filter and clocks for timing. A detailed

description of the matched filter can be found in the next

section, The final system block diagram is shown in Figure

3.4.

3.3 lrHE }TÀTCHED FITJTER IMPLEMENTÀTION

The matched filter is impJ-emented by using a delayed-

line chip TÀD-32. It is an analog shifting device which re-

quires a clock to do the shifting. The clock should run at

a frequency much higher than the highest frequency of the

desired matched filter impulse response. The functional

block is shown in Figure 3.5 while the detailed schematic is

in Àppendix 5.

The chief difficulty with the implementation was the

tap gain adjustment to obtain the desired impulse response.

Two methods were devised. One way of obtainíng a quartie

pulse is to observe the matched filter output in an oscillo-
scope. An assembly program vras written to generate a clock

to drive the circuit as the systen timing. An unipolar
(also a bipolar) pulse train is also generated as the signal

input for the matched filter for at least 127 clock cycles.

The Ímpulse response due to this "impu1se" t,rain ean be ob-
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served through the oscilloscope. Taps are adjusted so that
the desired quartic pulse is obtained. Since adjusting the

taps upsets the dc bias of the amplifier, constant re-bias-
ing of the amplifer is reguired. This procedure was time

consuming and quite tedious.

The oÈher method is simpler but it reguired slight mod-

ification of the hardware. The weights are first determined

by the tap resistors according to the following formula:

500-n
500

(3.1)

where W is the tap yreight and -1<w<+1 and R is the corre-
sponding resistance.

w

However, to obtain the weights the

isolated from each other to prevent

justed simply with an ohmmeter.

Èap resistors have to

loading and are then

be

ad-

There are a few other adjustments for the matched fil-
ter circuit. The filter is made up of gates which have to
be biased in order to operate in the linear region. To do

this a sine wave is applied to the input and the signal out-
put is monitored with an oscilloscope until a symmetrical

signal obtained at the output of the feed forward pin. This

is then followed by adjustíng the input and ouLput dc bias.

Also the two phase clocks have to be adjusted to obtain

identical amplitude at the output.
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3.¿ NOISE GENERÀTION

A HP 3722A white noise generator was used to generate

white Gaussian noise. Since two other noises are required,
a nonlinear circuit lras used to transform a gaussian random

variable to the desired random variable. To explain the

method for obtaining the nonlinear transformation, consider

Figure 3.6.

In general, assuming a monotonic noni.inearity, one can

write the following relationship between input x and output

y as follows t .

p(x)dx p(y )dy (3,2)

If x is uniform over interval (0,1 ), then

p(v )

e" (v)

dx

dy

y=P"

or x=

or (x) (3.3)

where p(y) is the density function of y, p(x) is density

function of x, 
""(.) 

or P(y) is the distribution function of

y vrith variable enclosed in the bracket, or simply distribu-
tion function of y.
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Figure 3.6 Nonlinear transformation block diagram
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From equation 3.3, the transformation that maps one

random variable with a specified density function to a ran-

dom variable with uniform density is the inverse of the dis-
tribution function of the variable itself. Obviously to

transform a Gaussian random variable to Laplacian random

variable, one can find the distribution of the gaussian ran-

dom variable evaluated at x and find the distribution of the

Iaplacian random variable evaluated at y where both x and y

have an identical distribution. The corresponding (x,y)

pairs are tabulated in Table 3.1 and 3.2 for the nonlinear

transformations from gaussian to laplacian and quartic.

A nonlinear circuit based on

h'as implemented as shown in Figure

tions are also shown in Figure 3.8

the above transformation

3.7. The nonl.inear func-

and 3.9.

3.5 TT{E SOFTWÀRE

3.5.1 Hiqh f,cve1 or Machine?

In order to speed up the simulation, machine language

should be used. In the algorithm implementation, the branch

metric computation needs to be done by using real number

represenÈation, actually in float ing point , to e1 iminate

overflow problems" To do this in assembly language requires

tedious re-writing of the reaL number arithmetic routines. À

compromise solution is to write the simulation program in
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both machine and high leve1 languages. The PÐP 11/40's

FORTRAN compiler was used along with the linker program so

lhat the machine and FORTRÀN program could share the same

resources.

3.5.2 Main Prooram

The main program first set up a scale for the signal to

noise ratio. Every 10 times, the scale was reduced by a

constant. The main routine vtas repeated independently 10

times in which all parameters and variables were initÍa1-

ized. The inter-state connections $¡ere determined by calling

a macro subroutine INDn (n = 1, 2, 3, or 4 depending on the

coding ). Fixed branch metric terms erere also calculated for

future look-up (they depend also on the coding). The next

step was to initialize the state metrics by calling subrou-

tine TRÀN2 a 1000 times. The path history depended on the

state metrics. Next the simulation subroutine TRÀN2 was

caIled again, followed by the system evaluation routine.

9Íhen either the accumulated errors exceeded 10 or a million

runs were achieved, the system displayed the probability of

error, input buffer and decoded path buffer and stopped.

One routine worth mentioning is

the fixed term of the branch metric.

tric calculation depends on equation

term of equatíon 2"18¿

that it. pre-calculates

The fixed branch me-

3.4 which is the fixed
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TÀBLE 3.1

Gaussian, unif orm, and quartic transf orrnation

Uni f ormGauss ian quart ic

-3.00
-2. 50
-2.00
-1 .50
-1 .00
-0.50
0.0
0.50
1 .00
1 .50
2.00
2.50

0.001 3
0.0062
o.0228
0.0668
0. 1 587
0.308s
0.5000
0.691 5
0.841 3
0.9332
0.9772
0.9938

-5. 1 094
-3.0234
-1 .891 g

-1 .2129
-0 .7 462
-0.363 1

0.0000
0. 363 1

o .7 462
1.2129
1.8918
3.0234
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TABLE 3.2

Gaussian, uniform, and Laplacian transformation

Gauss ian Uni form Laplac ian

-3.00
-2.50
-2.00
-1 .50
-1 .00
-0.50
0.0
0. 50
1 .00
1 .50
2.00
2. 50

0.0013
0.0062
0.0228
0.0668
0.1 587
0.308s
0. s000
0.691s
0.841 3
0.9332
0.9772
0.9938

-5.91 45
-4.388s
-3.0900
-2.0129
-1.1479
-0.4828

0.0000
0.4828
1 .147 9
2.0128
3.0900
4.388s
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L-L
.u'no- r.nl gr-ihi (3.4)

I-=l

The fixed term of branch metric is different for different
codes since they have different ternary digits cf. Four

routines were developed to calculate the fixed branch metric
term for the 4 different encoding schemes. These were NRZI,

MFM, 1/2 cc with NRzr and 1/zcc with MFM which were named

code 1, code 2, code 3, and code 4 respectively.

The connection of the states (present and next state)
were determined by calling INDn (n = 1 | z, 3 or 4 cor.re-
sponding to code 1, code 2, code g, and code 4) and saved in
memory for look-up. This helped to save computation time.
This was written in machine ranguage. The connectivity of
each individual state yras determined by searching technique.
(see Àppendix 3)

After calling TRÀN2 t ã routine which is discussed in
the next section, the sysLem evaruation routine starts to
compare the input symbor and the decoded symbol. This is
done by first finding the path with maximum state metric. À

macro coMP was calred to compare the most likely path (path

with maximum state metric) at a particular bit position with
the last bit of t,he input buffer. rf an error was detected
it nas passed back to system routine after updating the er-
ror count. rf the error count exceeded 10 the system calcu-
lated the error probabirity and displayed the results. It

Àf
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then went back to the beginning and repeated the simulation

again with another scale factor. Eventualiy the error prob-

ability will be zero for a million trial due to noise reduc-

tion.

3.6 sttBRottrrNEs

The task handled by the main program is primarily the

setting of parameters, the initialization of all variables,
calling the simulating program for the required number of

times, and doing the system performance evaluation, that 'is,

counting errors. Thus it is principally a controller pro-

9ram.

The actual simulation is done by subroutine TRAN2 which

is called by the main program. TRÀN2 calls other subrou-

tines which are all written in assembly language. They in-
clude INPUT, CODEn (n=1,2,3, or 4), GETX, DECODE, EXCHÀNGE,

and PRT. Only one assembly subroutine INDn (n=1 ,2,3, or 4)

is called by the main program TRÀN.

TRAN2 is written in FORTRAN because it does real number

arithmetric for the branch metric. It starts by calling
INPUT which generates a random binary input into the input

buffer U. The INPUT subroutine takes the white gaussian in-
put, converts the sample to binary symbol by simple thresh-

olding and stores the symbol into memory for future eompari-
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son. Based on the data in the input buffer, TRÀN2 calls
CODEI (2,3 or 4) to do the encoding. The encoded symbol(s)

is(are) stored in buffer v. This represents the binary data

on the magnetic medium. Next the subroutine GETX is called.
This generates the ternary digits xi. The digits xi in the

x buffer are taken to generate the signal sample s based on

the matched filter coefficient H( I ) . Received sample y

(Y=s+RNoI, RNOI is a noise sample in real number representa-

tion) is then inputted to the receiver for decoding. TRAN2

continues to do the branch computation and then the add,

compare and select operation. The DECODE subroutine deter-
mines the input by choosing the path with maximum metric.
The estimate is stored in the path buffer pATH. The next

routine for TRÀN2 updates the next state to the present

staÈe and the whole process is repeated. Details of the

program can be found in Àppendix 2 and 3.

3.7 TRT'NCÀTION OF ISI TERITIS

When the Pascal program yras implemented, the decoding

algorithm did not appear to work properly. It was found

that the all 1's sequence with NRZI coding, that is, an aI-
ternating 1 and -1 sequence in ternary form generated exces-

sive errors. To explain this, consider the second term of

eguation 2.15, this term is the fíxed branch metric men-

tioned (also in equation 2.18), If a message {1, -1, i, -1,
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1, -1, 1, -1] was sent, the signal c(t) corresponding

this message has the energy term as follows:

to

l_

c

c2 (t) at ¡¡1¡+4r)

h(t+r) +,o

+ h(t-2T)
o

2

-æ
2

It¡ (t++r) + r,2 (t+3T) 2+h (t+zr)

+h (t+t) + h (t) + ¡2 (t-r)¿

+ r,2(t -zll * h2 (r-3T) l

I+2 1¡1 ¡+4r) t -n( t+3r) +h ( t +21)

h ( t+3t) [h ( t +2T)-h ( t+t)

h(r-2r)h(r-3r) ] dr

(3"4)

(3.s)

dL

+

>/0

and for L=2, the following inequality holds:

or

However, due to the truncation (in fact L >

+

t no 14 ht r 0

h Ì
7

40
h

4

7
hoh1
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Thus

inegual i ty
to prevent errors, the above check on the

should be done to ensure that

L-I

where w
¡.

message

ho >- Y. ti h i (3.7)
Í=1

are constants and to be determined for a particular
(of any length).

On the other hand, even without the mentioned trunca-

!ion error truncating the coefficients hi will possibly 'in-

troduce certain random noise to the system which may account

for a further increase of error probability.
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Chapter IV

REST'LTS À}¡D DISCUSSION

¡.1 DESCRIPTION OF RT'NS

originarly 12 runs were selected for the simulation
which included t,he combinations of 3 different noises and 4

different codes. However the program run time for the con-

volutionar code with intersymbol interference took too rong,

therefore only 2 codes were simulaÈed. These were NRZI and

MFM. The NRZI code was simulated with different ISI to in-
vestigate the deterioration in error probability with in-
creased ISI.

As mentioned in Chapter 3, the complexity increases

exponentially with rsI and the number of memory elements in
the code. This further restricted the simulation to esti-
mating error probabilities of 10 -6 or greater. Experimen-

tally it yras found that the software processed one input

bit in about 10 milliseconds for NRZI coding and L=4 ISI

terms. For MFM, since there vras one more memory element and

the whole process had to be done twice for every input bit,
this tine was found to be 14 milliseconds. Time for process-

ing one bit when 1/2 cc nith MFM and IsI grere simulated was

approximately 100 milliseconds.
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For any level of signal to noise ratio the error
probability lras estimated by inputting bits until ten errors

occurred. The error probability was then estimated simply

as the ratio of the number of errors (10) to the number of

bits processed. Thus for a estimated error rate of 10-6 the

number of processed bits is 106 . The simulation run times

are then 28 hours, 39 hours and 280 hours respectively for

NRZI with L=4, MFM, and 1/2 cc with MFM and Isr coding. AIso

when the simulation is repeated again for 10 times, the re-

guired hours will be multiplied as much.

The results of the runs are tabulated in Table 4'.1.

The probability of bit error is plotted in Figure 4.1 for

NRZI with L=4. For MFM and NRZI coding (L=4 for MFM and L=2

for NRZI) it is plotted in Figure 4.2. Interpretation of

the results is in next section.
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TÀBLE 4

Simulation result s

1

NRZI Code, Gaussian noise, L= 4

Signal to noise Probabi 1i t,y of error
16.4 d.b
19.g
23.4
26.9

0.207
3.3 x
4.03 x
2.59 x

1o -2-
10 .'

10 -4

NRZI Code with L= 2

Signal to noise Gauss ian LapIac ian quartic
9
2
4

2
4
0

1

1

1

1

1

-2
0
o-3
0*'

3.45 x
3.34 x
5.85 x

2

-4

0
-l

3.88 x 1

4.2 x 10
6.5 x 10

-o10 -
1 o-3
1 o-4

3.7 x
3.5 x
1.2 x

MFM Code with L= 4

Signal to noise Gaussian LapIac ian quartic
1 3.6 db
15.2
ìb.ö

-25 x 10 '_,
7.75 x 10 '

- - -a

6.4 x
4.95 x

1
-q0-

1 0-r

5.8 x
1 .04

10'
x 10
o-6
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4.2 INTERPRETATION OF TT¡E REST'LTS

In general the results are reasonabLe. Some observa-

tions are worth noting. Consider Figure 4.2, at an error
rate of 10-5. The deterioration is about 3 db for L=2, Con-

sidering Figures 4.1 and 4.2 together, the deterioration is
over 14 db for L=4 (in both cases, NRZI coding was refer-
enced). Different noises do not result in any appreciable

difference of system performance. The reIat,íve performance

of MFM and NRZI depends on the SNR. At lower SNR, NRZI has

a better error probability. With increasing SNR, MFM becomes

better. (The comparision is based on the same input bit
rate and ISI )

To determine the confidence

sults, consider the analytical
For an arbitrariLy small E,

P( ln-ôl.e)'

the simulation re-

described in [16].

Iimit of

approach

I

(or

the

er ror s

(4.1)

k/n) i s

number of

occured,

I
24nE

where p is the actual probability of error,
the experimental probability of error, n is
trials, in this case 107, k is the number of

and e is the confidence arbitrary range.

p
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Since the confidence

should be chosen properly.

of the error probabiJ-ity

rate, the confidence limit

limit cannot be less than 0, E

For example, if e is 10 percent

in inlerest, then at 1d2 erro,
is greater than

I
¿ (ro7)[(o.r)(ro-2)] 2

: 97.5 1[

Thus to have the same confidence limit, the number of tri-
a1s, n should be greater than 1 0 

15 for the range of error
probability 10-6 . This however is not feasible at this
stage of work. The results however provide insight into the

desired estimation of error probability.

4.3 NONLINEÀR INTERSYT{BOL TNTENTENENCE

All the work in the thesis is based on the assumption

that ISI is linear and linear superposition holds. with
higher densities, linear ISI is no longer valid and a dif-
ferent model is required to represent the system. Viterbi's
algorithm however can still be applied provided that the

nonlinear model can be established. À basic nonlinear model

is introduced in this section along with the metric calcula-
tion for it.

t
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Consider a typical bit crowding effect as shown in Fig-

ure 4.3. Two assumptions are made¡ first, the nonlinear ef-
fect only affects the arnplitude and not the shape of neighb-

ouring pulsesi second, only the immediate neighbours are af-
fected.

With the above assumptions, the memory is increased by

one. The branch metric calculation can be iÌlustrated by

the following example. Consider a channel memory L=2 for

the DMRS model as shown in Figure 4.4. The corresponding

branch metric is calculated as follows:

Sbate crc. in linea¡ ISI i¡itI be eqrúvalent to state 
"2"!"C

where c, is the incor¡;ing bit anci is equal to cO of next state;

À 2coyk
"ozho{"r,"r)

2 >- c. h .rv.a IIl

1

k
i=1

v¡here w, is a constant which ciepends on tire neighbor.u's of c. .

cr's are assr¡recÍ teniary synbols.
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The above has illustrated for a

channel how Viterbi's algorithrn can be

the validity of this model is left for

simple nonlinear ISI

applied. The test of

future research.

4.4 SUUMÀRY

À general communication model has been set up for the

DMRS for future research. software simulation for the model

has been implemented on PDP 11/40 and basicarly written in
FORTRAN. Most of the routines have been produced for future
use. Depending on the structure of DMRS to be researched

after, routines in machine language can be added on for the

study. The system is not "user - friendly" but for a user

with sufficient background, there shourd be no difficulty in

adjusting parameters such as different code rate and differ-
ent constraint rength, even different codes may be imple-

mented.

Various routines have been isolated so that depending
!L ^ --- -lon Ene sysEem uRõer research, they are avaÍlabl_e from the

calling program. However some routines such as branch me-

tric carculation for different code would reguire modifica-
tion as they are imbedded inside the main program.

It would be ¡¡orthwhile to make use of the present mod-

el to deverop a "friendly" operating system that would auto-
matically structure the program for the simulation by choos-
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ing different code rate and different code, and other
parameters required. For exampre, if a simulation of the
DMRS with an NRzr code, constraint rength L=3, gaussian

noise, s/N = 10 db, is desired, the program would automati-
cally set this up, run and output the system error probabil-
i tv.

There is another way of doing the simuration with
speed, that is to have rear time simuration. Àll Lhe compo-

nents in the simulation can be implemented wit,h hardware.

This, however, will limit the frexibility of the system.

82



Chapter V

CONCT,USION A}TD RECOMMEìTDÀTIONS

This thesis has considered the performance of a digital
magnetic recording system from a communication theory point

of view. In particular the effect of intersymbo). interfer-
ence and different coding schemes were studied, both analyt-
ically and through simulation. In the author's opinion
there are three major contributions by the thesis. The

first is the model development. previous moders had not

dealt with the intersymbor interference. Most have tried to
equalize the effect of the differentiation process. In high

density oltns this equalizat,ion is redundant. second is the

introduction of inter-state distance concept. previous dis-
tance measures for convol-utional code such as df="" can only

be used to evaluate the performance of a linear code. For a

nonlinear code, such as MFM code, which is widely used in

DMRS, this measure is not applicable. The inÈer-state dis-
tance measure greatly enhances the analysis of nonl.inear

code performance. LastIy the program developed can be used

for future research on DMRS. For example nonlinear ISI or

nonlinear codes can be studied using the developed program.
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There are also some recommendations. Since convolution-
al codes are decoded by Viterbi's algorithm, it would be of

interest to evaLuate the performance when applied to the

DMRS. ÀIthough the time required for the simulation holds

back running the program, there may be another way such as a

hardware simulation to evaluate the system performanc€.

Further for an extremely high density OunS, it is inevitable
that the nonlinear model rnust be used. Future research on

the validity of the model introduced is necessary.
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APPENDIX 1

SIMULÀTION PROGRAM IN PÀSCÀL LÀNGUÀGE
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EGER;

?

T;
ES;
RA GE

BTN

AXTN
S TAT
r ST0
l0F

30t
0.. (0i
ER.0..ll
.I'lA XN OF
r BRTI{ GÉ
T NR, åN GE
..6i

R
A

1Y.0.. li
ARV.-1..1,
GE'1..4iGE'l..l0i
GE.0¡. 6i
R ANGE. 0..
ÁGERÂt{ GE'
TTVETNTEG
ERÂNGE.0.
T 0R. ARRÂY
T 0R. ARR AY
RYRANGE.0

TYP E B TNA
TERN
BRåN
NR.Âr{
KRAII
PATH
STOR
POST
STAT
UVEC
vvEc
TEËO

R
R

t
t

r f,ULE
R rNUll
ESTLA

i*o*orl oF BfNARY;

ETNARY;

B INAF Y;

R( NUËBER rE XP 0NENT: P0S I T I VE INTEGËR I : ¡NTEGER;
a

ON ROUNDUP( NUI{BER.:RE AL': II\TEGER'

THÊN R0UNEUP:' TRUNC (NUl!BERI
I

NT

OUND
<oT
Oll: =ÍHt

OF R,EÂL
t¡GE r PAT

s tcl{A2: REAL;: ARR, AY [, STATERÂÌ{ GE ]
AR,R AY ES TATERâNGE IERA
.9 ] OF REAT;
0.. IOO ] OF B TNARY;
0.. IOO ] OF TERNAR Y'
ANGE ] OF REåL;
NGE; STORÂGE RÂNGE ] OF
NGE J OF BTNARY;
ÑGE;BRANGEIKRÂNGE] OF
F RE^L;
F REAL;
OF REåL;
F ¡NTEGER;
F B INARY;
OF TERNÉRY;

L r llE'll0RY
TVE NUITBE
EROFS TAT
INA RY;
BOOL E ÂN;
NKr SEEDr
TSTATE2
PATH2 :
RÂY [ -9.
RAY f -10
RAY T -IO
RRAY T NR
RAY T 8Rå
R AY T NR.A
RAY C NRA: F¡LE O3 FILE O: FILE: FILE O: FTLI O3 FILE

Nr
FÊ
NUI{

A:B
ON:

,
F
,
Â

VAR B
E
o
D
G
P
s
P
H
D
x
Y
U
v
G
N
S
F.F
F
F

T
o-
ErSKr
TAlE 1
ATHIr:IR: AF.: AR.K: A:ÂR
:ÀR
:AR

OISE
T GI{Â
LREAL
L INT
LBTN
LTERN

r0N P0r{E
I TNTEGTR

FUNCT
VAR ¡
BEGTH

TF
ELS

f N0;

BER I
BERI +

UIIBE R' I
R.OU ND U

FUNCTT
BEGINIF N

ELSE
END'

f NUilB Ef( 
'0.4t{FN y 3rf +ñÂ

Yro.4ó5óóI3
S R,T]UTTNE G

ON
T

FUNCÌ T

VAR Y:
BEGTN

Y: tR
¡F Y
R AND

T ND;

6566 I 3E- C9 lt6i 53 9;
XTNT+1;ç-no!
ivÈ5- ¡ RANoon t{uttBIF. 0<N<t INDEPENDCNT 0F INPUT N
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OU RE GETOATÂ(VAR Y:RE¡L';
RAN00É(Y It
Y)-0. 5 THE N DATA: 'l

PROCE
EEGTN

Y:.
TF

F NO;

RO
YE
NU

K-

.0.0i

.O.0i
0800

0T0
I.I T] :
Lf l:::'l T

E
2o

:.0.,217 352991qLt

1[g:rpOtJ
NUHBEROF

RE AD(INPUTT G L lLtl2t ¡31 t ;
irEnERY- Lt;s-l;

ELSE DÂTA:'0i

SETPAR,AI{ETERS'
T3: TNTEGER;

DO

ËB
R
FO

INTlTALTZE'I3: TNTEGER,,

ftlttl?tl3l:.0i2[Iftl?t[3]:.0

UR
ol

PROCED
VIR TI
BE GTN

S EED
B:.1
N:.2
¡ :.3K:r3
Q:'P
TI PE
E FFE
L ENG
l,l EH0
r{ t0l
H II]
H r-l

P ( ( TåPEI'IE t OR, V- I 
' 'N 

I ;
ER'
+Ki

UNDU
NUI,IB
HB ER

,
t
t
t
OllER Í 2t Bl 3
ffEñoRY: rL+li
CTTYEI{UIIBER:.
TH:.N*E FFECTf
RY:'EFFECTTYE:r1.209i:.0.?3{i Hl211:.¡¡1r' HL-2
EROFTIFES:.19Il:'l T0 N D0
R, l2:'l T0 B
FOR [3:.0 T0

PROCFDURE
VAR I lrt 2r
BEGTN

FOR II:.
BEG TN

S TATEI
S TATE 2
FOR T2
BE GTN

PATH
PåTH

ENO
F NO;
E RR.0R: .0
FOR T1:.
F0R l[:.
F0R ll:'
F0R ll:.

FND;

H!31:.0.057i
Ht-31:.H[3].3

:'0.31ói
l: rH [21 i
00000;NU

FO

0R,
EF

Y
F

t
E CTTYENUi BER

TASTSTÁTE DO

F0R. I3:'t T0 RUtE D0

URE SI{t FTO;
INTEGE R;

I:.LFNGTH OOHNTO -f LENGTH-I.' DO

lD0
ER{Ar
STATE

i
-LENGTH 10 TENGTH DT D
-LENGTH TO LENGTH-I OOI T0 N D0 Vtltl:'O!t T0 B 00 FoR I2:.9 10

NUIIBEROF STA
L ÂS TSTÂT E:.
RULE:c5tt(Efl
LAST:TRULE+

E ND;

,
rQ

.- - ìllLl:rO'xItl]: ,

00 u[It'12]:'o

00r{NT0 I00

RULE+EFFECTTVENUüBER

II:.1,19 B DO FOR I2:.¡g¡g+EF FECTIVENUT.IBER
Lllrt2l:.9[Ilrt2-11

OURE SHT FTU'l¡l2z I NTE GER;
PRT]CE
YÄR I
BEGfN

FOR
U

END;

ÞROCED
VAR T:
BEGIN

FOR
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OOHNTCI -ILENGTII-I I OO

}IP UT ZE RO 
'GE R;

DO|íNTO t DO U [I ' C] :.9

3 INlEGER'
f:.LENGTH:1.

[fl:rXil-ll

CEOURE SHT FT X;
I

IN
OR

x
t

TN
OR

P

[: .8

PRO
VAR
BEG

F

PR,O
VAR
BEG

F

BEGT
OT
FO

E ND;

PROCE
VAR, T
BE GIN

FOP
BEG

v
F

ENO

B.DO

CEDURE SHIFlPATH2( NS:TNTEGgRI ;
I lrI2: INTE GER;

I l:.RUL € DoHNTo I 00 FoF l2: ' ¡ -10
AIH? [Ñs, tz, il]:.PaTH2[NSr t2rf l-l.J

RET
I}TTE

OUP ROCE
VAR, I
BEGTN

FOR
ENO'

€ilo;

PR,OC
VAR

DURE TNPUT-U;
: INTE GE R, ;
l:'B DoHt{10 100

t l'l
ET0ATITSEEOtt
Itr0J :.DAT A

OR :.1 T0 B 00
2t

NARY( P Nr ENl i
l:.1 TCI B D0

: INTEGER;

BI NÂRY(NI: TNTEGER' VAR N2: YVECTORI 
't

CEOURE OlO
I : INTE GER

TN

P R,O CE
VAR I
BEGTN

F OR.
BEG

G
U

END
E T{D;

PRO
VAR
8EG

F
B

E
ENO

PATHzIXS' ItrOJ: =BN Itl]

TITE OO
ATEJ<ST^TE ITI ] THEN

¡ :.Nl r{00.Nl DIV 2

T
NEGT

NZ
HI

ND
t

URE TNPUTPåTH2(NSTPN: TNTEGERI ;
S THTEGER;: VVECTOR.;

EDtr
BN
N
OB
R

DO

i; l:

ll:=1 T0 Ê{ 00
t l,l
f [If ]:.0 j
0R 12!.1 T0 I

FoR I3:'0 foVfItl]:.lVl

t
I

r{00 2

DURE ENC0DE( Ut :UVECT0R;
Lo12¡ I3: INTEGER¡

vAR Vl:VVECT0Rt;

FN

PROCEOURE GETITAXSlATEIYÂR ITAXSTATE: TNTEGERI'

DO
+c It I tl2t t3] +u LLlzr I 3l I

NO
t

E
0

STATF:.0j[:.1 T0 LASTS
F STATE I TTTAXSTËaxSl¡1[::t

RT
GÍN
l'lAX
FOR

t

YA
BE

9L

E NO;



R;

TE GE R,;

FOR [3:.0 T0 K-l D0ll lr I 2rl3ltu tl 2t 13) I fi00 2i
t

ñcrxl -D L- (TENGTH- r tl ;
L-l 00 sK:.sK+HIt2]txLt¿l ;

ATE(NUI¡IBER';
TOBDO

UPD AT E-E R RO
ER: ¡NTEGER'
0D2rAOO3: IN

PROCEDURE
VAR t r NUt{8

lDDlr A
BEGIN

GETIIAXST
FOR I:.I

BEG ¡N
ÂDDT
A002
ADD3
ADD3
ERRO

:'UIITLAST];
:.PÃTHTINUII BER,r I rRULE];
:'ADD1+ADDZt
:'ADD3 H00 2;
R:. ERROR+!,DD3

END
ENO'

URE E XC HÂNGE;

l!.:.P

I
3

II PL

TO

STÂTE 2;
ÀTH 2

Et

P ROC EO
BE GIN

S TAT
P ATH

ENO;

EY K;
INTE GER;

1.¡ O0

r sHt FTXtr0i
:.1 T0 B 00f:-(Ytll.1+G
GTHI: rVf Ill
GTHI: 'D [-LE
0t!¡-(L-ll T0
0fSErNKli
3.S K+ NK

PROCEDURE
VAR Í þl2r
BEGIN

FOR TI:.
BEG IN

SHIFTD
VEIIl:
FoR 12vtl l
O T-LE N
X L-LEN
S K: .0¡r
FOR, T2
REAO( N
YK LT T]

END
E ND;

2)rfl

FUNCTTON BRAN
VÂR lLtl?t l3o

SUIL LI ËDÂ
UN : UVEC
TU : UYECYN: VVEC
ON : IRRA
XN : AR,R,A

EEGIN
FBR ll:r0 T

F0R I l:. I
EEGTN

UN[t lr I
IIUI{ B ER,:

s
I

I

ETRTC (NUf.lBER: INTÊGE R': REAL;
¡ NTEGER;
EAL;
,
t

cHtll(:
K:R
TOR
TOR
TORYfYt
0ll
10

BEGIN
FOR I3:-0 T0 K-l D0 FoR I(:'l

TU il 4r I 3l:'UN [[ 4t 13+l?)t
ENC0DE ( TUr VN I i
FOR [3:.1 T0 N D0
BEGTN-DN[tl]:'VNII3],

I[:'¡¡-1
ENO

Ê ND;

: . fiUl{B
UIIBER

NARY;
RNARY;

2t

0 0t{NT0 I 00

BI
TE

OF
OF

DT

100 1
100l

t0..0..
RY- 1
DO

Et{0
B

ER I{ ODotv 2
€N0;

I I:.LEHGTH'
FOR I2:. ËFFEC TTVE M'}1BER

t0 B 80
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NGII-I_P0_Iil tltli. gN_[l] -DN L¡ rorJ;I 00 FOR [2:.1 T0 I D0
[I2r ll,3;

8e[;¡' 9pr ì Yfi iiiËîi[ i,t6j li ñ ¿6 li'
GTH D0t{NT0 L D0 0Ntl2i3;0NÉ[2-l]
GTH-l 00l,NT0 I 00 x{ [t 272. xNttZ-

t
R;

ER
00

N[r];

0
0
:r
NI

t

LI
t0

T
Al{
EN
EN

FOR Il:.1 T
FOR ll:.0 1TUt.I2rlll
ENCf¡OEl TUr V
I l: .9;
LAñDåx:.0. 0
R EPEåTfl:.tl+lt

DN IOI: .VN
XNtOI:.DN
SUlt:'0.0;
FOR I2:-l
tÅl!0AK:.L
FflR I2:.1
F0R l2:.L

UNTIL ll.N;
8 RÂNC HI{E TR I

Er{o;

PROCEOURE PRINT-V;
YAR II: II{TEGER;
BEGTN

I{RTTELNÍ IREGISTER OF
I l:.?'li
RE PEAl

llR f TE( D L- LE NGTH+I I
Í [:r¡1-1

Ut{TlL ll.0i
¡IRI TETN

E ND;

PROCEDURE PRINT-U
VÁR llt12¿ tÌ{TEcE
BEGfN

YRITELN( 'FEGTSIFOR TI:'I TO B
BEGIN

F0R' I2:'0 T0
YR ITEL N

EilO
E NO;

LE
K-
UN
t

ll;l-o

!01-zrxN[0]+sutr;
trl,

C:.Llil0lK

-¡l: lt;

RULE+EFFECTtYENUIIBER D0 |tRITEfUfltr t2l:lt ;

OUTPUT VECTOR V: TI;

OF INpUT VECT0¡ g:r ti

CEOUBE DT S PLAYPATH'

IllrI2of3: INTEcER;

I:.0 TO TÂSTSTåTE DO

TEt Nl ! PA fX 0F STÂTE : I r I l.:31 i
flzt.t r0 I 00

P8_13! -0 T0 P.ULE D0 t{FITE(PATHI tIf tl2o13l: I t;
RTTEL N

PRO
YAR
BEG

F
I 0Pt

EG fN
IIR I
FORô?FÞErJ

F
H

ND
t

E
D

TÊLN(N:2rr SAilPLES 0F YK:r¡;l:'1 T0 N D0 r{RtrE(YK[I):7¿2,';
TELN

EN

I'R I TETN
ENO;

t{T
NT YK.'
t

PR T

EGER.
OURE:lP ROCE

VAR I
EEGTN

r{R t
FOR
HR,l

5ND;

.l;
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RE PRTNT STÂTEilETRTC 
'INT E GE R,;

Ë0RY- t

SATPLES YKT';
0F rr [:3rSTATEf [tl: ?:2t;

DO

OJ + BRANc HrETR Ic( I2I;

AJ+BRANCHIETRTCÍ SNI'

f
N

lroD o I

TN( TSTATEiETRIC FOR
!.0 10 LåSTSTûTE DO
T€L N( I S TÁT€ iElR,TC
LN

P ROCE DU
VAR I:
EEGTN

I{R I TE
FOR T

HR,I
I'RI T€

E ND;

RTTREILT S;
l{rI5t16:INTEGER;

PROCEDURE STA
VAR lLt12tlSt
BE G TT{

I l:'oi
RE PEATfl:'tl+1;

sHtFTU;
I N PUT-U'
SAIIPLEYK;
FOR I2:.0
BEGfN

srâTE 2 rI5:.fz
PATH2TI
SHTFTPA
TNPUTPA

E ND;
Ê XCHÂN GF;

UNTIL Il'llE

T0 POHERtQrIll-l

ðli'..SrArElII2 oIY
?r=.PâTHll- t5l;
TH¿( t2tt
Tl{21 l2tl2 ll0D A I t

E ND;

PROCEDUR,E 
^DDCOIîPåR 

ESELECT ;vaR t !rf?r !3' t 4r SNrSúnV¡ú0R: tNTCcER ;
I.Â X: RE IL ;

BEGTH
FOB Il!.0 T0 o-l 00

raB_t2:'0 T0 p0HER( Qe t{Eil0Ry-?t- t 00
BEGTN

N$[3
ICrS

Y
Q;
DO
ts
TR

Q;
ILSN DI
sN otv
T0 o-t
STÂTE 1 T
R ANCHÈIE
I 1.1

TÂTET E, T

] + BRANC
OR: -¡ 5¡

SN:'It+[2r
llAX: ' STÂT€
SURV I VB R: -
FOR I 3: 'l PqHER(Qrl{E¡t0RY-ltt

+I3+P0llER (Qel{Et,t0RY-t t I I
St{tl3tPOtrËRl ar ñEF0RY-t I l0I Y
rüETBIç!51¡tt 3! p0rrE R, ( QrHEñ0Ry- t t ¡ ;+I3+PUtì,8R,( er t{Eü0FY-l I I DiV-A

AX;

fI t tsun vr voRJ;
3rll
-På
(sN
( St'l

TF ¡IA X< (OMl+B
THEN BE G

l{AX:. S
a

suR vt v
END;

STATEzI SN]ñ ¡ ?t r t r e rr . -r,lIñ¿LJNI.
SHI F TPA TH 2
fNPUTPATH2

ENO;

0 tsE I
T GI{A ¡
LREAL
LTERN
LETNI
LTNTT

PROCEOURE
BEGfN

RESET(N
RE SET{ S
RESET(F
RESETIF
RESETIF
RESETIF

FNO;

rSN

E XC HÂNGE ;
E ND;

tNI TR EAD;

t
t
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TNTTHRITE;

LåS TSTATE

tr STATGI It
OBOOFOR

TÂCK;
INTEGER,¡

TASTSTATE DO

TSTATEI
OBDI]
NTPATHI
NTPATH2

EDUR€
N

UPINFO;
INTEG€R;

E STA2,t3OURlrI

¡.RTTE(FLREÂLÐ'
}TR TlEI FL T NT I'
TR¡TE( FLBTNI;
YRTTEf FLTERN T;

PR OCE
VAR T
BE G¡N

FOR
BEG

H
F
B

PROCE
VAR T
EEGIN

FOR
BFG

R
FI

E
END
REA
REA
FOR
FOR
F T]R
FOR

PR,OC
BEGI

RE
RE
RE
RE

END'

DO

T1 I' TIRITE (FLREIIrSTÂTE2T.I I1 I;I3:'l T0 RULE E0

lNr PATHI tl I r l2r I3l I i
It{r PATH2 [I I r t 2t l37l 3

IIT] 
'; 

REåD(FLREALTSTAT€2TIT] I'
FUR 13:-t T0 RULE D0

I t lr I 2t l31l;
IItrl2rl3Jl;

CK

0

EA
T

[8
TB

CE,
cn

RR,OR I;NDEXI-ll;
TH T0 LENGTH D0 IIRITE(FL8[NrO LIf] l;
IH- I0 LENÇTH:l -00 Eß tIC ( FL T€RNr x t¡ ll It
N D0 t{RITEIFLB INrVtt Lf li
B 00 F0R I2:.9 T0 RULE+EFFECTIVENUI{BER D0NrUIIlrl2]l

NG
NG
0
0
BT

E
ENO
HRI
t{R I
F OR,
FOR
FOR
FOR

END;

Il:.0 T0
IN
EADIFLREÂL
0R l2:'l 1
EGTN

READ(FLBT
READIFLBI

ND

ðrtr-rNrrERRoRr;
D(FLINTTINDEXIt;
Il:.-LENGTH T0 LENGTH D0 RtAD(F
fl:'-LENGTH T0 LENGTH-l 00 READII:.I TO N DO READ( FLBINTVT.IT] III:'I TO B DO FOR I2:.0 TCI RULË

RE¡Dl FLBINrUIILr l2]I

[[: r0 T
I1{
RTTE( FLR
0R, I2:'l
EGTN

TIRTTEI F
TfRTTEfF

ND
,
TEIF! INT
TEfFL INTIl:'-¡g
ll::iLçIl:'1 T

I{RITE ( FL

R,EAOS
T3 :

DU
lr f

R E
2¡

LBINT0[It]l;(FLTERNTX[11] l;t
+EFFECTTYENUIIEER OO

r ND;
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BEGIN

DO

ETE RS;rTAP G: .liXl3.l T0 1{ D0
DEXZ:.1 T0 B

STGil À21;
S¡GNAL

READ(S
'rSIG

t
RV'

t00

7.8 tXl:.I FOR
LLTS
}TEF O
RUE;
0-0N

EX3:.0 TO K-I 00 t{tGIlN0€Xlr IN0EX2r I
t

RAII
LN
NO

¡
IN
ORt

(
E
N

Ê
T
R
G
F

SElP
¡IRIT
FOR

FO
BE ¡ r INDE Xl: 2r IN0E X 2z 2t lN0E X33 2'

D

T0 N0tSE IN DBrritOExt:¿rl;

TOf AL I{UI{BER OF ERRON I SITERR.ORs{I;
SE NT .r r( tNDE Xt-I t.Bt;+++ *ttt*tt* r I

TE f T G
EX3l:21

TND
¡l

RT
NO

IGT,IAT
l1l ?o '

}IRIfELN

fN I TRE AO'LT0100
S I GIIAZ .

EI{D;
TNTTTTLT
F OP TT{DE
I'R TTELI{(
S TÂR TTRE
INDEXI:.
G0-0N:.7
HHILE IG
BEGTN

S HTFTUIF IND
SÂ I'PL E
A00c 0H
UPDATE
T NDEXI
TF ERR
¡ F EOF

BEG T

GO

(-NUllEER0FTlËES THEN I NPUT-U ELSE INPUTZER0;
,
EXI
YK;
PAR
-ER:.1
0R'
(N0
N

-DN:'FALSEi f NtT¡IR TTE;
ACKUP TNFO;

DEXt-tt+
RITE 'NUilB E R**r+*+ F

G0-0N: . F&t SE i
N

ESELECT,
ROR'
NDEXlll,;IO THEN
TSET THE

ENO'
Pf :-ERR0Rr( f tt{
IIR¡TELNI'ERROR
I{RTTELN( 'TOTALI{RTTELNI TÙTI**

r ND.

ST
ENO

Sj]

BI;
';PEt'OF BtT
TNISH
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C *xx*t*I(X*******fr
C **fr TRANdFOR ¡Í**
c ¡ftx**************

t

(l
C
(:

INTEGER*? SELECT I INOI ( Ë ) I NF r F ATHL (7âA ) I F ATH? (768)
REAL)fi4 AATFEtTRNOI r Bl'l ( 51? ) TSCALE
INTEGER*3 U(3) rV(3) rX( 17) tLF'
INTEGËRX? MAXI TERROFITCOUNT1 TCCIUNT2TCM
INTEGER*? ,I r0rCrJrJL (?5ó) rJ?(?5ó) rhl (?5ó) rN?(?5ó)
INTEGER*? Al rA3rBl tß2tZ(8r512) rR(B ) rRV(8 ) I Ïtl
REAL*4 Y(8) rSrt'fAXrFE
REAL*4 SMl (?5ó) rSH2(?5ó) rEtMt (51?)
INTEGER*? [t¡NTKTQTLTNNTMTRULEvNS¡ ['J

REAL*4 H( 17)

coMMON N5r T rLrSrl{rXyVyLlyYrSMJ. y5M?yBMF rJl. r*l2rl(1. rl(3vZ
C0MMON 

'AA 
r BIr v RNOI I BH r slt[-ECT v INi]T I NF'r F râ'l l{L r l:'ÉrTl{? v MAXI

COMI''l0N SCALE r JIBINrhr0

SCALE=0. O001.
.5CAL-E=SCAI-E*3
[tO 1000 [,J= J. r 1O

Sìß.'f L,Ë' F ARAi'lETËRS FOR TRfINSM I T RtILJT Ï NË

FRTNT*I ,TRTAI... NUMTTIR, IIJT, ftEGIN, I , t,JTTH SCALE'.='I$ÜAI.E
F,R T NT*
F=1
N=1
li-2
tl=?¡ft*cB
L. ='3
NN.=INT ( I . Ofi ( L.*1 ),/N'l-, 9999ç )

H-NN'l'lt
RTJLE==5*i-4
NS=t{**(M*1)
N$?=NS/?

I

F'RIN]'* s'B' t Fr'N'rNr'li'vh t'11 ' t Mr'Cl' vQt' N5'rNfì

FRINT*r
COUNT 1- l. OO0
CtltJN'l-lil* l OOO

[]i'J'= 1000
NF'=.:l*NSì

c
c
c
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C ÏN]:TTAI.-TZA'TTON

H(O),",O.O01
H(J.)*O.OO?
t{(3)=O.OO?
H(3)=0.O0ó
H(4)=0.0J.5
H(5)",O.Q47
H(ó)=O,779
|l(7)=O,âO7
H(B)=1.,O
l{(?)-þl(7)
H(10)=H(ó)
H(11)=H(5)
H(1?)=H(4)
H(13)=H(3)
H(14)=H(2)'
H(15)=H(1)
H(1ó)=l{(O)

ïHïS ROUTINE INTTITâLIZE FATI-'15 CUNTENT

ttC) 4 I-I t7âF)
F'ATI{1(T)=0
t-'ATl-l?(I)=0
CON Ï NUI:

THTS RüUTTNE TNTTTAI*TZF:S I'4[iTRTCS ANII SETI.JI:. SELECTTON TNIIHX

ltCI SirI=1.rN$
Si-'lL(ï)=O
5M3(I)=O
CAI.-L ÏNTIl
JJ.(ï)=AL
J2(ï)=A?
Itl(ï)=[r1
Itil(ï)=B?
FRïNTr(yTyA1rA?
CCIN'T T NLJH
F,F( T N T'T(

F,R T N *

rJHf:' ANTI Z F'RCICESS FOR NIiZ]: ENC:OI]TNtì

trfl 7 f=lrNl:'
ï[t-I-L
trfl âL J== L r Lf l.
R (.., );:þl[J[r ( II] I il )
T.lt:,,:1.1'.t /'.)_
(::C)NT']:NL'I:

Fl;il:NT*v (lt(-J) y,.J:::::1. yl..*J. )
[fC] 6? J,=1. rL.
R (L{'J.-J )=MOlr ( ( R( l-+1-J ) +R ( L-J.}:l ) ) t'.:, )
CONT T NUE
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c
c
c

4
t;
c
{:

lx'
.J

t)
(:

c

(tl.
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c F'RINTt(' (R(Jl t*l-J. rL,{.1)
Bi'4F'( ï ) =H ( I )t( ( Ft ( f. )-R( ? ) )
7(ltI)*R(J.)-t{(?)
nü ó3 ..1= J. r L- I
BMF ( I )=BMF ( I ) +?*l-l(J+8 ) * (R (-J+L ) *[t ( J+? ) )
CONTINUE
FftÏNT'* I [IMIT ( I )
ttMF( T) =Z( 1 r I ) *FMF ( I )
CONT I NUE

NMF ANN Z FROCESS FOR MFM ENCOTIING

[lCI 7 I=lrNF
Ill=I-1 '

/['O ót J=1rH
R(.J)=H0[r(IIrr?)
ï tt- ï It./3
CCJNT ÏNUE
RV(?*(NN+1)+J. )=R(M)
F ITINT'*' <R<*l) r -l=1 r M )

trC) 6? .J=M-? t 1. r -I
RV ( ?*J ) =RV ( ?*,.J+J. )
ïF ( R (J ) .8Q.0. ANfr. R ( J+1 ) . E:{1. O ) RU ( ?l(J ) =l'10[t( ( ].+RV ( Il*J+1 ) )
RV (?*,,-1 ) -Þl0tr ( (RV (?*J) +f( ( J ) ) r2 )

CONT T NUE
FRINTXT (RU(J) r J=1 r?* (NN{'1 ) )
7(?.tT)=RV(J.)-RV(3)
F RINTX ¡7(?.y L)
trHl"' ( 1. )=l'{ (8) *Z(?y I ) *Z (?r l. )
ttû ó3 J=,1. r L- l.
BMF ( I ) =BMF ( I ) +?*ll (..J+S ) X ( RV ( J+1 ) *lTV ( J+? ) ) *Z ( ? r T )
FIIINT*r (liV(J+'J. )-ltv(J+?) )
CONT I NUË
Z(1.tI)"*RV(?)-RV(3)
FRINT* tZ(1"tT.)
FMF( I )=FHl:( T )+l{(8) *Z( I y I )*Z( 1 y I )
trt) â4 J= L y l.-- l.

ËH[:(ï)=FMl:(]:)'ff)+(l-l(..J+tl)¡l((lTU(.J'{".ll)*RV(..J'{":3))87.(1rT)
F l:iïN'rx( r ( IIU (.,+:it ) -l:(v (,J.t"3 ) )
CONT INUE
CCJNTT NUE

tri'4t ANtr 7 F'R0nE5S F'OR L/? CC t^ll:'rH N[iZr

Ir0'7 I*J.vNF'
I f¡:::; l' "- J.

IrO 6J. J*l.rM
li ( .J ) :::;ff[)ft ( .l.Iry lil )
l.11:.::ll't,/ t
CONT'] NUË

ó3
c

7

c
c
c

c
t)
c
(l
C

üóL
(:)

cc
C

c
c
c

c
cc
C
c
C

CC
üc;:.,'
ü
{:C
tl
{l
il

til)

có?
cc

ütl
r.:â4
c'7

c
c
C

t)
(-'

(:)

tl
tl
t.:6t
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CC
C
(l
cc'
f:
CC
c
cc
c
c
cc
có?
cc
c
CC

l-'[t].NT'* r ( lT ( J ) r J=1 r M )
RV (.?I( ( i-.1-3 ) * J. ) =,Fl ( M,)
tit) 6:¿ J=M-3ttt-I
FRïNTX t'J' t JrR(J) rR(J+1. ) rR(J.f?) rRV(?*.J+J. )
RV ( ?8J ) =RV ( ?*.,+ I ) +R ( J ) +R ( ..J+ J. ) +ft ( .J+? )
FRïN1'*rRU(?*J)
RV ( ?*J ) =RV (.?r(J ) - ( RV (3*J ) /?) *?
l-'ltïNT* r RV (3*J ) r' MOfr'
RV ( ?*J-1 ) =RV ( 2*J ) +R ( J ) +R ( J+? )
RV ( ?¡fiJ-1 ) =RV ( ?t(J-1 )- (RV(2*J- t. ) /?)*?
F.RI NT)l( I RV ( 3{<J- T. )
CONTINUE
FITINT*r (RV(J) rJ=1rl*(i',1-3) )
Z(?tI)=RV(1)*RV(3)
FRINT* tZ(?tI)
IrÌ'4F( I )=H (8)*Z(?r I ) tt7(2tI)
n0 63 J=l¡L-l
BMF ( I ) =Bl'lF ( I ) +?xl{ ( J+8 ) * ( RU ( J+ L ) -RV ( J+2 ) ) *Z ( ? t I )
PRINT* r RV ( J*J. ) -RV ( J+3 )
CONTINUE
Z(1.tI)=RV(3)*RV(3)
FRI:NT* t7(!tI)
Iti-'lË ( I )=Bi"fF( I )+H(8,)XZ( I r I )*Z( J. r I )
trO â4 J=lrL-L
E M¡- ( I )=trtlF( l: )+?*l{ ( J+$)ll((RU( J+?)-RV( J+3 ) )*2.( I y T )
F RINTr( ¡ ËlV ( J*? ) -RV ( J+3 )
CONT T Nt'E
CONT ÏNUE

TIMI-- ANII Z F.T{ÜCEsS FOR T/? CC I^JTTH MËM

tl0 7 I=LrNF'
Ill-I-1.
Irt) 61. J:::J. ¡f'{
R (.J ) =ïfl- ( Ttl,/? ) *?
I.n*Irt/2
CT]NT T NUI:
l:'lTl:N'tX r ( li ( J ) r J=1 r l',1 )
RV ( :,1* ( NN.f I ) {. 1 ).=lî ( I'f )
ttO 62.l-NN*Lr1r-J.
RV ( ?XJ) =lt ( J ) +R ( J+1 ) +R ( J+? )
RV ( ?*J ) -RV ( 3*J ) * ( RV ( ?I(J i lZl XZ
RU ( ?*J-L ) =R ( J ) +R ( J+? )
RU(?*J-L )=RV(?*J-1 )-(RV(?ll(J-l ) /?)*"
CCINTTNUE
RV(4I( ( NN+1 )+1 ) =R(M-1 )
IrO 6iI ..1,=Í'l*(NN+1. ) r I r-1.
rlJ.=lTV(?f(-J+.1. )
IF (ITV(..!).HCI.O.ANfr.RV(J+J. ) .Htl.O) AL=,(lll.4,L )-( (AL{.I )./:it).*:il
RV ( ?t(-J ) ::rf¡ J.

[f U ( ?X",-' | ) *:l.i\,t ( :l*.., ) +liv (.1 )
ItV ( ?I(J- L ) "*RV ( :lt(-J-.1. ) - ( RV ( ?H..,* 1. ) /?) *î:i.
C0NT Ï Nt'1.
FRINTT(I (FIV(J) rJ=1I4*(NN+1) )
ttl'fF(ï)=0
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c
c
c
cc
có3
c
cc
c
c
c
CC

Có.1
c,7
c

c
c
c

c:

c
c
C

c
Có1
CC
(l
c
c
c
c
c
(:ó?
ç
c
(l
t:
1::

c
c
Có.3
cc
c



C
c
(:
(:
c
có5
c64
c7

tr0 â4 -l=L t 4
Z(S-Jr I )=RU(.J) -RV( J+t )
Ir¡'tF( I );=FMF ( J: )+t{ (8) *z( 5_J t L ) *L( li_Jr I )n0 ó5 A1*1rt..-.J.
BMF ( r ) =FMt: ( r: ) +?*tJ ( A 1 +B ) x ( RV ( A I +J ) -ñv ( A I {.J.f- t, ) *z( ri-...1 y r )CT]NTTNUI:
CONTINUE
CONTINUE

TR.ANSHTTTIN6 ROUTINE

trCI 50 c=lrcouNTl
CALL TRAN?
CONTINUE

THIS ROUTTNE EtE6INS COUNTING ERRORS

ERR0R=O
nO 90 C=lrCl,l
[rC, 93 0=lrC0UNTl
CALL TRAN?

sYsTEl-,| EVALUATI0N F0R EVERy IrECO rËtr lNt]LJT(s)

|íAX=SMZ ( I )
MAXI=1
nO 80 f=?rNS
IF(i'lAX,6T.Si'4?( I ) )GOT0 BO
I'lAX=Sl-4? ( I )
HAXT=T
CONTTNUE
I =È,,lA X I
CALL F.RT
CALL C0tft-. )

IF(ERROR.GT. J.O)GOTO 99
CONT TNt'F
CONT T NL'I::
O=0.- I
C-C- 1.

C.=C'- 1

F:'l:.* 1 . O*ËRRO|T / ( C*l O00+O )
I=.RINT Ir I 'F.ÑOIIAETILTTY OF ERROR' r FE r 'ERROR' I ERROR
FRINT *r'COUN'IS' rCttlOOO+0
I=HAXI
CALL F.RT
STOF.
ENIt

c
c
c

50
c
c
c

c
c
c

80

93
90

99
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a

c

SUBROUTTNE TRANz
INTEGER*3 SELECT' IN0I (8) TNF TFATHL<768 ) TFATHS (768)
REAL*4 AATBBTRN0I rttl'l(51?) TSCAL.ET Y(8)
INTEGER*? NSTITLTV(3) rU(3) rX(L7) ¡7(8t 51?)
REAL*4 S r Sl'11 ( ?5ó ) r SM? ( 25ó ) r Bl'lF ( 51? ) ¡H(77 )
INTEGËRI(? -,1 ( 356 ) r J2 ( ?5ó ) r Nl. ( ?56, r N? ( ?5ó ) r Jr l( v F r Q r N

COHI'1UN NSr I rL r$rHr Xr Vr Ur Y r SMI TSI'{3r EIMF r J1r J?r N1 r N?r Z
COi-ll{ON AA r BB r RNOI r BMT SELECTr INOI r NF rFATHl I FATI{? rt'lAXÏ
COMMON SCALEr JrBrNrNrQ

CALL INFUT
FRINT*t'U's U(L)

CALL CCITIE1
CALL COTIE?
CALL- C0ttE3
üAt_L COtrE4
f-'RïNT* ¡'V'tV(1")

Tt{IS RCIUTINE CALCUT_ATE THE SAMF,LE FRCTM E:NCC}trEIt SEAUENCE:

IrO Ll .J=Ir.N
S=O
n0 10 I=1r15
CALL GËTX
F'RINT*¡"lrX(ï)
l:F(X(I)) 20v10v30
Sì=S*H ( ï )
G0T0 10
Sì=Si*ll ( ï )
TJONT Ï NL'E:

ItN0I-$CAl-.H* ( TN0I ( J ) -?048 ),/?04tJ
Y(J)=S+liN0l:
FRINT* s' J' t Jt' Y' rY(J)
CONT T NUE

THTS ROT'TINE CALCT'LATE E{RANCH METRTC FOR ALL F'ATI{
TTASETI ON THE 5AI',IF'LE[t YN

Irt) 44 ï=l.rNF'
S=0. O

tlO 43 J*1 v N

S='fì*Y (.., ) I(Z ( "l v l. )
CC}N1'T NIJ[:
nM ( ï ) =?*Sì-Etl'll: ( ï )

CONT I NUË

c
c
(:
(:

c
c
c

c

?0

:30
10

43

c
11

c
c
c
c

44

10,



c
c
c

ATII] cOHF.ARE ANTI SELECT TI{E F,ATI{ t,JITH I'1AX ACCUMULAl.E[t MËT.IT]:CS

nO 70 I=lrNS
AA=SH1. ( J1 ( I ) )+BM(ltl ( Ï ) )
BB=Sl''lL ( J3( I ) ) +EtM (Nl ( I ) )
IF ( AA. GT. B[t ) GCJTO óO
Si'12(I)=BE¡
SELECT=J? ( ï )
MAXI=lt? ( ï )
GO TO 7?
Sl-'1?(ï)=AA
SELECT=J1 ( ï )
MAXI=lt1( ï )
cAt_L trEctlt'E
CCINT T NUE
cAt.-t- Ëxcl{cì
RETLJI1N
ENTI

ó0

'7:¿

7Q
74
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a

rttt
lru

THRESH
AN
rrA
ATISTAT
cCIN

IJ
v
.J

N
l:
Al,
êr?
ßt
11?

NSi?
:tN0ï
$EL.ECT
F.AÏH J.

F..ATH?
f5M1.

$M?
N5
E:RROR
i'4AX Ï
X

ÏNF.UT 3 I

{l$:

9$3
7t, i

#Ll r R?
@+ATISTAT
*?0 r @{,AITSTAT
+4095. r @{,flA
t?o0 r G*AlrsTA'1"
B$
@*Atr r R L

@*[rê
*THRË$IJ r Rl
9{i

7$

(F2)+
(R?)+
(R?){.
{il'll,N r ITO

{,1:N0I v R J.

@{,Atr$'rAT
E*ATtSìTAT

=3
=3

.TI'fLH TITANIO,MAC

1 03ó
1 ?5?

048.
7040?
704?O
70400
7V56á

= oo0Lóó+nu
= 0001óo+r'u
= o4ó303+nu
= O4ó3Oó*trU* oo000?+tru
= 0001 14*t¡t¡
- o0o11ó+rltl
= o001?0+trtr
= 00Ol l?+trtr
= 0ooJ.4ó+Irtl
= 040?5?+tru
- O4O?5o+trLJ
= O40174+trL,
= 043?74+trt,
= oo0?34+nlj
= 00??34+trLJ
= 000000+Iru
= oooJ.0o+tr['
= 046?74+nU
= '0001Ló+tru

' 
$IIATA OFFSET

i . $$$$. CIFFSET

i TNT.UT THRESHOLTI VALUE
îA/Ít INFUT BUFFER
,N/A CIUTF.UT T(UFFER
ìAlÍI STATUS REGISTER

'CONSOLE 
OUTFUT BUFFER

'FETCH 
TNI-.UT BUFFER F'OTNTI:R

; ÏNÏT'ÏALÏZË STATUS REGTSTER
i5[:T A/ÍI STATUS TO SAMF'LE CþIAN I.

i T E.SìT â/Ít STATUS
i t^JI\ ]:T F0R CONVERS T ON COMF.LETE
iFH {.;H $AMI:'LE F'ROM A/T"I

' 
CCIMF.ARE AIJATNST THÑIISHT'LTI

; ïF L0[^,ER r SAMF'LE I S LOtJ
iSAMF'LË IS HIGHr SET TNFUT BIT

;SAHF'LE IS L0tlr CLEAR INFUT BIT
;SHÏFT HE TNT.UT BUFFHR

'FËCìJ:N 
TO T'AI(E: Nü]:$E SAMF.L.Ë:

' 
Ï N Ï T' FOIT F'Ï R$ $f\MF.I-E

i $TART CONVE:ItSJTON

=1
=1
=1
=1

l"'tt)v
CLR
l-,f ov
MOV
trïT
FIITI
MOV
CL.R
cl'f l-'
trt-,L
sEc
EIR

ct_c
ROL
ROL.
RÜI.-
MOU
MÜV
ct_R
I NT;
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1$:

5$t

C0rtElti tfOV
t.ttv
XOR
ROR
¡r,10v
ROL
ROL
ROL
RTS
. [tLKtJ

5$
@*trA
+4?O r @*AItSTf\T
{,4095. r úl*flA
*?00 r @*AltSiTAT
g$
Ë*At'r(R1)*
ROrl$
@*nA
F,C

1?8.

@tU r RO
G*UrRL
ROrRl
R1
*VrRO
(Fo)+
(R0)+
(R0)+
FC
1?8 .

*VrR1
*L r@*LJ
?$
*3 r (?*U
?$.
*1 r G*V
3$

(R1)+
(R1)+
(R1)+
*VyRL
4$

(RL)+
(R1)+
(Rl)+
*UrRl
L$
{'J. r @#U
5$

(F1)+
(R1)+
(R1)+
*V r RJ.

*1. r G.tLI
4$
1$

flil. ) {'
(R1)+
(RL )+

;SET CH X OUTF.UT LOI¡
t$ET A/l.t TO SiAMF,LE tHL

tTE$T A/lt STATUS F0

'I,JATT 
FCIR CONVERSTO

;FETCH â/N SAMI-.LE

'RETUITN 
TO CALLTN

' 
T|UF'FER TO I SOLAT

ONVERSITJN COI:'MF.LETE
OI.IF.LETE

OUTINE
OCAL LAE EL ATITTRESS T NG

trtT

CLR
l''lOV
|,tov
BT
BEC{ .

l.lov
SOEt
CLR
RTS
. BLNtI

RC
NC

GR
EL

C0IrEl t I MOV
BÏT
BNE
FÏT
BNE
NTT
trNt_
SEC
ROt_
ROL
ROL
Èt0v
BR

3$ i clc
ROL
ROr-
R0t_
MNV
BR

?$ i FTT
BNI:
cLc
ROL
ROL
ROL
i-lov
trïT
BNÉ.
FR

:1$ I sEC
R0t_
ROr-
ROL
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4$3

1$3

7gi

conE3 I i

:L$i
3{r !

MCIV

BÏT
TtNE
sËc
RCIL

ROL_

ROL
BR

cLc
ROL
R0t_
ROL
RTS
. BLI\h,

CLR
t"tov
I'r0u
ROR
i'40u
ROR
XOR
XOR
ROR
R0r._

x0rt
T(TT
T'EG
sEc
BR
cLc
ROL
i'lcl v
MOV
MOV

ROR
xoË
ROR
ROL
tî0t_
tï0t*
MC¡V

i\'l0V
XOR
ROR
ROL
RI]L
R0r._
RT5
. t{ l- l{ l¡,

. {'VrR1
l'1. r @{,Ll
1$

(Rl)+
(R1)+
(Rt )+
7g

(R1)+
(Rt )+
(R1)+
F,C
128.

R3
@*U r RO

ROrRl
R1.

RlrR?
R?
R? r RJ.

ROrRI
RJ.
R3
RO v F(?

*J.rR?
1$

3$

,iR3 STORES ENCOtrErt V

'RO 
CONTATNS TNF,UT TIATA

' 
TIUF'L T CATE RO TO R J.

iOL[' ['ATA AT LSB OF Rl
iTIL'F'LICATE R1. TO R?
i SECONTI OLT¡ TIATA AT LSB OF R?

;TtO THE XOR TO GET HNCOT¡E TIATÉ.ì

iSAVE: ËNCottE[t Ul.

t SAVE ENi:0trFtr V?

'RO 
F,OTNTS TO TI{E: ËNCOTIËTI V

;R1 CONTATNS TtUI-.f-TCATH OF V

tR4 CONTAINSì trtJFl-TCAT'H Of UI ANIr V:l

'5AVE 
ENCOTIETI NRZT TIATA ].

'RESìET 
RO TO F'OTN TO V

t tl L c0NTA T N5 rrl",t'L r CATE .OF V

tsAvE tiNcotrEtr Nl:tzÏ trAl'A 2

'BTT 
7 CIF' U AT LSH

t08

c0riË4 t i M0v
MTIV

M0v
ROlr

R3.
*VrRO
@{}U r R J.

lT3 v R4
R4
RlrR4
R4
(RO)+
ilT0)+
(R0)+
*VrR0
G*UrR1
tll rR3
R.T
(R0)+
(RO)+
(RO)+
FC
J.?8.

*1rlT.l
@#Llv Rii

@*UrFiL
R1



1$:

Õ.t t

¡*.10u

ROR
ROR
xotr
ROR
ROL,

l.,lOV

ROR
l,lou
RCIT{

XOR
xoR
ROR
ROL

l.f 0v
ROR
ROR
XOR
ROR
RCIL

it'lOV

BÏT
TINE

XC¡R

ROR
I'l0v
RC}1.

ROL
RCll_

MOV
i',lclv
RCITT

XOR
RÜII
HOV
R0t._
ROL
ll0t_

i-,lclv
BÏT
EINE
XOR
ROR
M0v
FTCIL

RÜL
R0t._

M0u
XCITi
ROft

RLrR?
R?
R?
Rl rR?
R2
RO

@*U r Rl
R1
R1rR2
R?
RSrRl
R? r Rl.
R1
RO

@*UrRl
tl1
R1
R5¡Rl
F1
RO

@*VrR1
*órRO
1$
lI3rFll
R1
*VrRl
(Rl)+
(RL)+
(R1)+

@*VrRl
R0rR?
R2
R1rR"
R?
#V¡Rl
(Rl)+
ilTJ. ) +
(R1)+

@*V r lIl
*3rRO
?q;
R3rRl
RJ.

*VrRJ.
(ft1.)+
ilij. ) +
(Rj. )+

G,ü,V r lI4
lT4 r R0
RO

iT']:T 4 OF U AT. L$B

iRo .:.---- 0Ltr c0ttË

iR0 +i== FïRST C0flE

i RO +i== gf f,[frl[r C0ttE

tFTRST ENCOtrEtr V

iFTT ? OI. RO A1' LSË

í SìËCONTI HI'ICOTIEIJ V

- r0g

íTl{ïRIr ËNC0trEIl V



MCtV

ROL
ROt_
F{OL

RTS
. Bl-l\t\,

tVrRl
(RJ,)+
(RL)+
(R1)+

FC
1?8.

@*IrRO
RO
R1
R?
R3
*lrRO
?$

3$

; FCIT'RTH ENCONEN V

'Rl 
CCIUN S NUMETER OF STATES

'R? 
COUNTS A1 OR A?

tR3 USEIr AS REGISTER,/ACC

'TEST 
FOR INF.UT I. OR O

' 
TNF.UT T/ODN ENTRY

;TNFUT O,/EVËN ENTRY

iTEST HIGI{ ORNER BTT OF STATE

'IF 
O THEN NO CHANGE OF NEXT BT

' 
TESÏ NE:XT HTGI.I ORTIER TITT

tG0 cHANtìË: TT l'CI I
iIT TS 1 I'HEN CþIANGLì T'r TO O

îTT TS O TI{ËN CHANGE T'r TO J.

tCLËAR HIGt-t 0lTfrER f(IT./I-,ROCE$$ ENI¡
iCOMË¡ARI F'ITC}CESSETI STAT'E I^JTTI{ ]:_J.

;NEXT $TAT'H O SEARCH

' 
GO FAC;t\

i SrAVE Ttl[. RETUTTN STATË

'CHECN 
A]. NONE

'GO 
FOR A?

t G0 F0l1 ft 1

iN0t^J 'fHE FItANCH B1 AN[r Er3

'I',IUI.-TTF,LY 
BY ?

iTESì TNI:.L'T 1 OR O

').t I¿fl a

3$i

5$l
ó$:
4$:

:L?$ I

7t, i

10$ t

R3
@*NS r R3
4$
@*NS? r R3
5{i
0*NSl r R3
ó$
@#N5? r R3
@*NS r R3
ROrRJ
7t,
R1
lIJ. r R3
149j
RJ. r R4
Rl.
RI
*2rR?
8S
Rl r 0*41
9{;
lT1 r @JlA?
tTL

R1
*J. r RO
10$
RT.

R1
*3rR?
11$
Rl r@*BJ.
R4 r RJ.

1.?{i
Rl. r @{'82
FC
L?8.

'TEST 
F

tü0 To
iTÏ ]:$
; ltEfiCIVtl

' 
tìO T{A{.'

r l:'r I f;;

$Xi:
9$i

ïNrrl 3 I

14$ 3

1$l

l.l0u
nËc
CLR
CLR
CLR
BIT
EEA
sEc
BR
cLc
ROL
BIT
ETETI

nïT
EEN
BÏC
EtII
BÏ$
BTC
cMt-'
EIECI

ïNC
I'l0v
FR
MOV

ÏNC
ÏNC
[rïT
BNE
i-.10v

trR
MOV
T'EC
ASL
BIT
trEn
ÏNC
INC
trï T
r'NE
l-,f üv
HOV
tttt
MOV
RTS
. ttL..Kt,

OR
ß?
FT
ft
ti
Ij?

FJ. OR F?

RI:TURN S'TATE
l\NIt Sl;:Alî¡;t.t NtxX'r

I.1. $:
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INTI? 3 !

t4$ 3

1$i

?$l
3$3

Ló$ I
1.79t

'7fi i

5$;
é$l

4$l

8$î

15$ r

(t$ !

:Lo$ !
L1$t

MOV
frEc
cLfr
CLR
CLR
trïT
FEA
sEc
ttR
cLc
RCIL
l.l0v
ASL.
BÏT
TINE
BTT
BEA
BTC
EtR

t{ïs
XOR
BÏT
TtNE

trïC
ftR
tr I5
BÏC
BR
E.ÏT
ErNl:
BR
CMF.

t'rEn
INC
HOU
BR
HOV
ïNC
ïNC
BÏÏ
BNË
MOV
Fh'
l''lOV
ttl: C
ASL
trïT
BEN
ï Nt)
ÏNC
trll
BN[i
M0v
HC)V

R*ïrRO
rto
RJ.
R3
R.I
*1rR0
?$

3$

l{3
R3rR5
R5
@#NS2 r R5
4{;
@{'NS r R5
1ó$
@*NSi r R5
t'71'
ûl*NSì r R5
RJ ¡ lt5
G,ll,N$ r R5
5$
@*NS? r liiS
át,
@#NSì2 r R3
@*NS r R3
8$
@,&N!ì r [i3
7t,
5$
R0 r F:-ï
99,i

R1
RJ. r R3
14$
RJ. r R4
F( J.

ñ?
d,ll r lI-?
L o{i
Rlrß*Al
1.1{;
lT 1 r Gd,A?
ItL
Rl.
*1rR0
J. ?{;
Rr.
R1.

{,? r li ll
l.:J$
R :1, r ûf {,tt 1

ñ4rl,t1

'RO 
CONTAÏN5 SI'ATE EIE MÉI CHË:TI

'R1 
COUNI'$ THE STATE TO.MATCI"I

;RlI COLJNT$ A1 OR A?
iR3 ANTI R5 USËN AS REGTSI'HR-$

'CHECN 
INI-.UT 1 OR O

'INF.UT 
SHIFTS ÏNTO COUNTING 5TA'I'Ë

'SAVE 
TN REGISTER 5

'CHECIT 
THE BTT EIEHINT' N5?

' 
TF THIS BTT TS O THEN

' 
INVERT NS? F05ÏTION

;TF TT IS 1 SET TT TO O

âÏF ÏT ÏS O SET ÏT TO 1

iTIÛ THE EXCLUSTVE OR FUNCTION OF
tTl-lE BïT' AT NS /ìNtr NS*2

iRESULT O ÏS STORET¡ ÏN BÏT Nf]?

iRESULT' 1 ÏS STORETI ÏN FÏT NS?
;CLEAR HO$T SÏG BÏT OF OLTI STATI:
i6O TT} COMIlAITÏS{]N ROIJTÏNE

'OTHËRI.JT5E 
IIIiI-'ENTIS ON FTT 41. N{J

iNOT MATCI.,I GO [IACI(

' 
SAVE THE RETLJIîN STATE

r cþlECl{ A J. trLrNr:

'GÜ 
FOR A?

'GO 
FCIR AJ.

íNOI,J THE BIIANCH T']. ANTI B?

' 
MULT T I-,I.-Y BT ?

; TESìT I NF.UT 1. OIî O

iTIL:$ï' F'illi IJ1. 0lî tì?
i Ë'ütilr0 Füt

iïT' ï$ F1,

; RECtIVE:l:i RE;'f L,ltN f:i IA'f E

L?$ I

II1



1.3$ I

INlrSt I

14$ !

1$ 3

rr.t r

:Jt; i

4*i
5$3

L?$ I

7*i

fl$ I
<?1, t

1.0$ I

:t1$;

Ertl
l'ltiv
RTgi
. E{l*NtJ

MOV
nEc
CLH
CLR
cr_R
TIÏT
pEct
sEc
BR
cLc
ROL
MOV
ROL
ROL
XOFT

EÏT
BECI
trïSì
Bn
ErïC
B t:c
cl-4F
FEN
ïNC
i',lclv
Brî
H0v
TNC
ÏNÜ
BTT
TINE
Mtlv
BII
M0u
IrËC
A$t_
BÏT
FEfl
ïNC
ïNC
BIT
TINH
tf ov
MOV
Bl:t

l"lüv
R T'$
. Ul*l{t^J

ü_F(
CLR

L5$
lIl r @*tt?
FC
t?8.

0{,ï r ltO
RO
Itl
R?
R3
*l rRO
3$

3$

R3
R3rR4
R4
R4
R3rR4
.0*NS r R4
4$
@*NSl r R3
5{;
@#NS2 r R3
@fi,NS r R3
ROrRS
71;
Rt.
RJ. r R3
14$
lI1 r R4
RJ.

R?
{,? r R2
Ë{;
Rl r @*AI
9$
R1 r@*A?
RJ.

RJ.

{'J. v RO
10$
RL
R1
*2rR?
LL$
R1 r G*ItJ.
R4¡I-tL
1?g;
Rl. r G*B?
F'C
.t ', cJ

t tìt)
; t:ï

tsA(:)l( f\NIl $ì[:.AIr(:t"t Nt;:.X]
ï s B;.1

;RO CON AÏNS ST'ATË$ TO BE i'4ATCI-IË:TI

iRo
iR3

A{:ì

Atì
ct)uN ì-Ëti
Mütrtf Yl¡t0 ST A'rES

INtt4: 3 RO
R3

1r2



31$ I

1$i
?{; I

L1$:
1:$ I

13S !
1.4$ I

L6$ i

15$ i

4$l

L7t,i

BTT
FEQ
cLc
BR
sËc
ROL

I't0v
ROL
I't0v
ROL
XOR
ROL
x0tr
EtI T
BECI
sEc
t(R
cLc
ROL

*J. r@*ï
1$

2$

R3

R3rR4
R4
R4rR5
F.ÉI\J

R5rR4
F¡Ef\J

RErR4
@#NS2 r R4
1l.$

12$

R1

R3rR4
R4
R4vR5
r¡Er\..,
l-.Fl\.J

It5; lI4
@{lNSl r R4
J.3$

14t;

Rt.

@#NSì r R3
1.5$
{,?¡Rl
15{; '

ûl{þNSll r RJ
1ó qi

1.7 t,

t7,lt

0{'NS? r R3
4t, \

17$

lî:,Ì

lT J. y lI4
R4

'INF'UTTNG 
TO OLTI STAI.E

tXOE lrl BITs

;XOR i.r?r3 BITS

iSAUE CC COtrEl

tXOR BII' Ly3

t SAUII CC C0ttE?

t TE:ST 0L-tr CC C0tiË ECItJALS C)

iTS TI-IE TNF.UT ALSO O

iTF ÏT TS THEN M[Ti'4 TNTiUT' TS
i OLTI MFM T NVËII]'ETI

;ÏF NOT BOTH O TI-IEN MFM TNË'{.'T
tÏS 0LIt i-lF'M üO[rE

i $AVl:: Mf:M C0trË1

txCIti ïNt:,LJ'r üc ç¡¡trtil tJI'ftt i*,1FM COI:rt;:

M0v
lI0t_
M0v
ROL.
tI0r..
XÛR
F I'T
BEA
sË{:
[rR
cLc
ti0L

BIT
BNË
BÏÏ
EtNE

E( ï'f
[rN[:
SEC
IJII
CLC
FII -

BÏT
t{NE
CLC
IT II
sìtic

R0t...

M0u
ROR

LL'



1?$ !

1B$ i

5$î

?o$:

3L$i
'r''ta* |

:,Ì3gi I
?4$ i

30$ 3

xoft
ROR
RI'L

BIT
tsNE
BIT
BNE
BIT
BNE
sËt;
BR
cLc
BR

i-,lov
ASìR

TlTT
ËrECt

BÏ5
tr tt
Ft:c
FÏT
HEN
trïSì
Ht
ü l:c
trI{)
I NC:

CHF'
EETI
INC
ÏNC
M0v
ASR
Rri

HOU
ASìIT

FCS
ïNC

BÏT
BNE
cLc
BR
sEc

ROL R?

i-'10v
XOR
RCIFt
ROL

lt? ¡ lT4
R4
R?

*3rRl
J.8$
tL rlIl
18$
*1rR?
19$

?0$

?o$

*1rR?
5$

?o$

RJ. r R4
R?rR4
R4
R2

@#NS? r R4
l{4

*1rR1
?1$
@*NS2 r R3
??$
@*N$2 y R3
{,1 r R2
?3$
R4rR3
:¿4t,
It4 r R.3
0{,NS r R3
R3

@*TrR3
?5$
RO
RO

R0vR3
R:3
3t{;

llO r lt4
lT4
ló$
R4

; sAUË l,tFM cCI[r[::l

tf¡EE IF NEXT Ct CUtrË t.'IT't{ Ot..tr 0N[: O

;ÏF. ÏT TS THEN TNUERTEI.I OI.-TI MFH

' 
ÏF NOT THEN NEt^' |'IFM EQUALS OLü

i $AVE tlFl't cotrE3

; sAUE i.tFM CtltrE4

;NEt,J STATE TìIiN[.ItATIlTI

?5$ å
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3ó$ ¡

?7*l

?8$ I

39$ !

MC)U

Erft

TNC
I'lou
trF-t:
ASL
BIT
BNË
INC
INC
BIÏ
EtNE
t"f ov
INC
EtR

I'tov
RTS
. BLt(lrl

RTSi
. t{Ll(t^l

trECOrrE ! 3 t40V
TIEC
HOV
ASH
ATITI

A5H

HOV
t'Ec
I'f üv
ASH
Afrn
ASH

A[IT¡
M0v
AttIt

iNclv
l',10V

MC)U

M0v
trHil
ROR

ROL
ROr._
ROt_

R4 r ûl*A I
?'7 qi

R4
R4 r @*A?
R4
R4
*1r@*I
28$
R4
R4
#1rRO
29$
R4 r @*Et1
RO
30$
R4 r @*Et?
FC
1?8 .

@*IrR0
RO
ROrRI
*1rR1
R0rRL
d'1rR1

@*SELECT r RO

tro
R0rR?
*LrR?
R0vR?
*1rR2

*F ATH? v RL
R1rR4
+FATH1 rR?

(lt?)+r(Rl)'f
( R? )'{'r ( RJ. ) *
(lt?)+r(11J.)*

@*MAXT r RO
RO'
RO

(R4)+
(R4)+
( R4 ).1'

t'' t)
J. :,1 sl .

*l:.ÂT l'J.1. r Rl.
*l-'A'l'l-l? r R?
@*NS r FtO

; FETCH T NTIHX Ï
;ATIJLJST FOR O OFFSET
iRl ':i-* ï
iR1 .:i.- ï*.?
t RL ':i-- IX?+I=I*3
iRJ. .:i-_ OFFSËTX? TO G]:VE: BYTIT OFFSE]'

'SAI.IE 
AS FOR T USTNG SELEÜT' TNTIHX

i R2 .::.-- BYTE OFFSET 01tr SELECT

t Rl ':r.- F ATH2+OF F SET ( ï )

i sAvE l-'A'rt{? ( I ) l:N R4
; R? .:i.- F ATH l +0FFSET ( SEI-EC1' )

tFATt{?(I) .:i.- F'ATHl(SELE:CT)

; FE'TCH }4AX Ï
iAtr-JUS'r Folt o 0FFSET

'SHTFT 
LOI^, CIRTIER I]TT IN].O CAIIftY

' 
SHTFT CARRY INTO F'ATH? ( Ï )

iITHT'I.'ITN TN CAI...L,TNT RNUTTNI:

i F Ë: t'{:: t{ F'c} :t N T'[. l:t ] c] l-'A r þl l.

iFETCþI T..O1N'I'ER O F'A H:1

'SI]T' 
NTJMBE:R OF' S'TATE:5 COUNTER

EXCHG I : iI4OV
l.l0v
I'f ov

r15 -



?$3

3$t

GETX i !

1$ I

?{i î
3$:

4$r

5$t

cCIHF S I

f,tov
I'l0v
I'f 0v
i\'l0V
SiCItt

t"r0v
l''lClv
MOV

I'tou
s0B
RTS
. ELt\tl

R0rR3
(R?)+r(Ítl)*
(lT:l)+r(R1)*
(R?)+r(Rl){'
ROr?$

*SiM J. r lt 1
*St'l3 r R?
(R?)+r (Rl )*
(Rf )+r (R1)*
R3r3$
FC
138.

; SAVE NT; F'C}

t Ë'ATHl. ',i.--
AT'ER I-'$I;:
t{2

tT t_.

T¡A'I'

r.l0v
rrEc
A5H
A['rl
l-l0u
SL'Et

EtEQ
MOV
MCIU

l',10v

MOV
Ã'rR
R0lr
ROR
SOB
[rR
I'f 0V
CLR
I'f 0v
ïNC
NEË
ASTJ

BÏT
ETETI

FCS
trEc
t(R
FCC
TNC
È10v

RTS
. EtLNt^J

@*IrR0
RO
*l rRO
*XrRO
@#NrR1
@*J r RJ.

3$
*VrR5
(R5)*rR?
(Rfi)*rIt3
(R5)*rR4
R4
R3
R3
R1.'r 1$
3$
0*V r R?
It3
ü*ïrRll
R5
rr t't\ -,
Rli y R2
*1rR?
4$
5$
R3
s$
5$
It3
R3r (RO)
F,C

t?8.

'REF.EAT 
UNTTL AI...I.- F.AI'HT. .'i- I..AT'}{?

'T. 
ETCH FOTNTER TO Si\,I1

'FETCH 
FOTNTE[T TO SII,f?

i SMI *"-- SM?
i ( TRANFER ? I^.IORTIS FOR EACH REALT(4 )
i REF'EAT UNTTL , rìLL StlL .:i.- SMI

'RO 
HOLTIS AIITIRESS OF X(T)

iRl COUNTS THI: SHIFT FOR J
t ïo RËAn NEU' t'rtTA ENCOtTEt'

'TT 
HOLTIS N-J NORI',IAL.LY TF O THEN

' 
OTHERIdTSH TtO SHTFTTNG

iFÏRST GE'Í' ENCOTIETI TIAT'A

' 
llCI THË CYCL. T C SH T FT

'Ttr\
tß

ENCOTIE
C]BEC
STCIG

FN
3H
Flr
JL¿

=f THEN R2 H{]L.TIS
OL.TIs THÉ. TIATA X T
OUN'TS THE T SIJTFT

[r trÉ\Ì'ê'
ALCULATI:I]
ET X(T)

HOV
trEc
HÜU
AEìH
A[r[l
ASìH

Arrn
Alltt

@+MAXl. r R0
RO
R0rRJ.
{,1. r lI1.
lI0rRJ.
#J. y ltJ.

*FATHJ.rRL
*4 r RJ. i GE't L.A$T' RhG T $'rË:li

- 1L6



1$i

2S:
3$r

FRT: T

OUTI}UT:

1.$:

adi.

3$3

l,tCIv
A[¡tl

BTT
FI.,L
E ÏT
FECI
BIT
E(TT
BEN
TNC
MOU

RTS
. BLK|¡J

M0v
JSR
H0v
[IEC
M0v
A5H
Alrlt
ASt{
A[t r

JSR
J$R
RTSì

MC]U

H0v
i.î0v
MT}V

ROR
R0rt
ROR
BCC
-,sR
HOV
Blt
JSR
MOV

S0tt
JSR
RTS

M0v @{,ERROR r R3

*U r Ril
*4 r Rí.1

+lOOOOOv0lTll
1$
+?00 r QR1
3$
3$
*?O0 r 0Rl
3$
R3
R3 r @*ERR0R

FC
1?8 .

*UrR0
F C r OUTF'LlT
@*ïrRO
RO
R0rRl
*1rR0
Rl. v RO
*J. rRO
*F ATIJ? ¡ R0
FCrOLITFUT
FC I RETLIRN
FC

*481. v R4
4(RO) rR3
?(R0)rR?
(R0) rR1.
ñ3
R?
R1
?$
FCytIAIT
tó1 r @+CON
3$
FCTtIAIT
{,ó0 v @+C0N
R4r1.$
F C r RETLJTIN
FC

FCrt^JAïT
* 15 r e{,CCIN
F'ü r [,JA I'l'
#l.i.lv Gl{,CL)N
[:'Cyl¡JA] I'

F'[;

+:l0O tQ4,1"77564
U.'A Ï
FC

1U

t 0[::l' L.fl$'f ftE:tiIf:i'fEl;t

RETURNs J$R
HOV
JSilî
HOV
,.J $ì [i
t( ï'sì

FÏT
BE:A

RTgi

tJflITi
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l-'fll;tTF{f{N IV Sì t',nr;;r#r:.1 Ì'li:¡r' fc¡r l::'¡'cl*{r'i:lnr l.ltii.t .MAl: l,l .

l-c¡c¡¿l. U¡¡ri.uir.l.ti.rl;;v .F'fiìlii,C'[ $Ilfil.qr $i.::rir OO0::il;1 < '/'3 r t^,(.) I'r.:li:t )

C0¡"li'f t)N H l. c¡cl,:. i

Nanre
ôL
[r3
couN'r:t
ïn
HAX
o
t

I'!.1rti.l
r *:ìt
ï *;J
ïxT
ï I(;ì
ñt(4
ï *:l
I f,r?

f.lf f'ç;rilt
000 t:ló
000L 34
000L 1.4

oo01:{ó
0001.4o
0001. :t;l
0001.';ió

Ni:rnc.l

'q:l0
c0t"JN'r:l
ïF'
NN
[¡ li::

I t,t,rc,t

ï *:il
ï 8;l
ï l(l:f
ï x:?
l: f( :;Ì

R)k4

{.1 {' f'ç ar 1,

0O013()
000 i.:14
0001.1.ó
oo01. 10
000l. i:ïO

0001.44

0f I'ser{:,
00000:l
oo00 J.1;Ì

O00 L *{¡
oo:;::;l:!4
0 J. t.:t::T4
0.1.41ì:54
0:T4:t 4.4
O40:;llt::l
(J4:5;1'7 4
o4ó:Íû:,Ì
04ó31.o

N¿lltrti.l

IfL
CM

[:lTl:tüH
l,i

Nfl1;l
ütr.,t...H:

'ï 
l,i tt. (,.1

1. *:;Ì
ï Ì(:,i
:t Í( :iÌ

ï *:iÌ
ï *(:i
t:x:il

'l' 
h, l" ti.]

l: )lr:i

l:x:t
li:)+r4

It )l( /t

l: *(:ü

It * /.$

l:t )+r ./+

'| 'Jt ''t
'l {/ '.}
T \k r'ì

1. ){r:il

fi ['f' g r:.: {,
0ö0 t.:r:it
000 J.1;lo

o0ö t. :t:it
000 t. tii;i
000 J. ó0
00ö f. i:i4

(-l f' f'ç; til t,
000004
0001. t. ó
000J.74
0ü^1:ll:I4
o l.:;ì:ll;ì4
(i*{ 4:il:T4
ù:?;.4:ili:iö
ti.4t:;i.r:ri
fl4r1lil74
û4,l.5i)¡+
04$:ì r.;,t

I l,ii'rl
li:¡t:4

/ t S i:,:c.l O46:1L4 ( 9830. worrj::; )

N"lnre
f'lS
$
V
fïi"il.
., t.
Lr,1

ätf
{ï Ë l-. Í:: f:l T'

i:.fl'l l-l 1.

iïilrlt,.. H

N

ï tirt el

r *:ìl
R*4
Ï t(1
R*4
ï *:l
i: Í(:l
Fi*4
ï tÍ:l
ï *:iì
lT f( /i
ï *:r

flf'{'s;t:lt
000000
00000ó
OOO J. C'0
0i)0;t:J4
0 J.0:l:ï4
o t. :f :::i 4
034:;i40
0/r01i*ii)
040:i;/4
ö 4 $?.'7 (t

04ó.T0¡i

l:

l-l

[,
$l,i:l

t¿)

7.

tit.ril l:
ïN0ï
F A-t'l-l:t
.',

lr.

[]f f se'L
034?lii)
004?.34
0000J.î
040:üi:;;;l
0101134
o 1. 1. ?34
oJ.:1?.I4
01.:3::l:T4
ç4Q:].'7 4
o4:5:i'7 4
000000
0000:¿0
ooo:1134
oo?:t34
000 J. óú
0001. $0
0O0l.1d;
ooo1..74
01 4l;t:54

T$t",c'l
l:*?
RÍ(4
T *:lf
lT)ft4
1:)$:.?

ï Í(1;ì

lt*4
l: f( :iÌ

l:t.1l
ï 

'ß;fï ht;.1

N i; r¡ c.lNarro

l...oc"*.1. alid llCIMi"illi'l l-t r r'¡ilrs; I

- -'-- * -.'- Si i. ;,r e --'- - * *
oô4000 ( l. o:14 " )
00400ö ( 1. o:il4 . )
o001.04 ( 14,)
0000:;Ìo ( ü-)
001.0ü0 ( i:.ii:;ri. )

ooj.ooo ( ?3ió. )

001.00C' ( :?liC).)
001.O0ô ( lill:i(,. )

0ü:TOO(] i 7óf:ì. )

0û;5000 ( 76ii!, i
00û0:;iû ( i:i. ]
000ûil0 ( {-t. )
00:i1000 ( 'ri1.:1. )
rJ0?000 ( ::;1.;il. )
00000ó ( .{. )

00000ó ( :T")
00004? ( 1.7. )
00004() ( 1.ri. )

i):iOO0i) ( 4ü'i/¡, )

t..

L
Y

IÍMI::'
ri l.
rl rt
IIM
¡.1[j

M/.lX l.

ït
t;t
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