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Abstract

This project deals with a method, suitable for computer

use, which calculates the best encoding scheme for a 4B3T code,

A 4B3T code is a code used in the transmi;sion of signals
over cable, The original message is a string of binary blocks
consisting of four digits each and the coded message consists.
of blocks of three digits from a ternary alphabet (-, +, O in

our case).

The ternary words are divided into five groups according
to their disparity (=sum of signs in a ternary word), the fifth
group consisting of the word 000,

Since there are 16 bipary and 27 ternary words it is
obvious that we cannot have an one—to-gne mapping, but some
binary words would have to be mapped onto more than one terna-
ry word, |
Advantage is taken of this fact so that the accumulated dis-

parity in the transmitted signal is contained near zero.

The requirements for a best encoding scheme are two:
(1) Let two equivalent words be:
a1aéa3a4= X X,%E5 OF & =X
b1b2b3b4= Y4Y Y3 or b =y, where
ay, by € {0,1} 1=1,2,3, 4
X, ¥ e{+,-,o} 1=1,2 .

o/oo



Then, if x and y differ in one place, we want a and b to differ

in at most two places,

(ii) Mean probability of error in a recovered binary digit :
minimum, ’
This is given by :

P ;%ijnij / 64

probability of error

where p
j = Hamming distance of the binary translatioms of two

neighbouring ternary words (error weighting)

=
]

probability weighting
number of neighbours with probability weighting i and

]

error weighting jJ.

The problem was tackled geometrically and a certain grouping:
of the ternary words was considered as best., A program was then
written to calculafe the best mapping of the binary set onto the
ternary set, and a multiplicity of solutions was obtained with
best mean probability 79/64 = 1.234.
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CHAPTER I

Preliminaries

1. Definition of problem and conditions

The problem is one of the many arising in modern telecom~-
munication theory. It is concerned with the best encoding
scheme (subject to the conditions) for binary pulse-code-

modulation signals over cable.

The original messages consist of blocks of 4 binary digits
each. Therefore, the set of the original codewords consists of
the 16 binary 4-tuples., It is of general appreciation that the
use of alphabets consisting of more than two letters in the en-
coding procedure can offer certain advantages such as a lower
signalling rate and control over the spectral distribution of
the energy contained in the line signal. Also redundant words
may be used for menitoring line errors [2]. A ternary alphabet
consisting of -, + and O was chosen for this particular problem,
The messages are encoded into messages consisting of ternary -
blocks of three digits each, All the combinations of the terna-
-ry.3-digit words form a set of 27 membérs.

We define disparity as the sum of the digits of each
ternary word expressed in units (e.g. disparity of +-+ =1,

of +++ = 3, of +-0 = 0, e.t.c.:).

0/.0
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Since there are only 16 binary words and 27 ternary, 11 binary
words will be mapped onto two ternary words and we choose these

to be one of positive disparity and one of negative disparity.

As mentioned in the abstract, we cannot have an one-to=-one map-
ping from the binary  words onto the ternary, and therefore some
binéry words will have to be mapped onto more than one ternary
word, There exists a nice structure in the ternary words which
makes it possible to separate them into two sets, one of which
contains the non-positive disparity ones (the word 000 is never
transmitted)., Fach set contains 16 words., Since we want to keep
the accumulative disparity of the signal as low as possible, it
looks reasonable to group the ternary words into sets containing
the corresponding positive and negative disparities. Then we will
have 6 binary words mapped onto 6 zero disparity ternary words and
10 binary words mapped onto 10 pairs of ternary words. The choice
of the apprbpriate encoding ternary wbrd depends on the accumula-
tive disparity of the signal, since we want to keep it as near as
O as possible. Therefore, if at a certain stage the accumulative
disparity is greater than O we will choose the negative disparity
word for encoding the binary word, and if it is negative, we will
choose the positive. That is, if we can choose, which will not be
the case if the encoding termary word is of O disparity.

‘A transmitted signal is subjected to noise and other factors
which can cause an error in it. The total error rate depends not
only in the efror rate of the ternary digit, but on the mapping
also, because one ternary error may result in more than oné bina~-
ry errors, For example, if the translat}on table has the follow=-

ing two entries :

. o/oo
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0000 = 00+

0111 = -0+
then a change in one ternary digit (1st) results in change in
3 binary digits (2nd, 3rd, 4th). Therefore the rate of binary
errors can be quite higher than the rate for the ternary errors.
(We assume that the occurence of a single ternary error is highly
improbable, which makes it possible for us to ignore the possi=-

bility of two or three errors occuring in one ternary word).

The ternary words can be divided into 4 groups according
to their disparity. The 000 word is not generated but can occur

as a result of error,

We define the neighbours of any code word as the set of
codewords (valid or not) into which it can be converted by a
single ternary error in which : |
(a) only one digit is in error, Y
(b)) it is changed into an adjacent value, e.g. + to O but not

to - .

In this paper only these codes are considered for which:

A single ternary error produces at most a double binary error,

- This is a very severe restriction to our problem since it is
exéected that "better" codes can be found by removing the above
restriction., But unless this is imposed the binary error rate
will sometimes be much higher than the ternary error rate and
this will have serious effects in circumstances , such as the
digital coding of a TV signal , where the signals transmifted
appear as dots of different intensity o% the screen and errors

in the transmitted signal may result in "blots"., In this case,

./..
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our aim is to minimise the possibility of errors occurring at
one place of the TV screen, However, the above would not have
the same bad effect in a multiplexing situation, such as serial
telephone lines, where our aim is to minimise the overall error

probability.

Referring to table 2 and 6, we define the probability weighs
for neighbouring words (ternary words.in this context are thought
of as being composed from two modes, positive and negative ;
zero disparity words contain both modes) as :

(1) 1/2 between words meighbouring in one mode only;

(i1) 1 between words for which both modes of one are neighbour
to one mode of the other or v.v,;

(111)2 between words for which both modes of oné are neighbour
to both modes of the other. ,

This follows the assumption that all ﬁodes aie equiprobable and
therefore relationship (ii) is half as probable than (iii). and

(i) half as probable than (ii).

Let p denote the probability of a single error in a ternary
word. Suppose there are, n, neighbours of probability weighting
2, n, neighbours of probability weighting 1 and Ny neighbours
of probability weighting 1/2. Then,

Mean probability of .
t p/16 (2n44ny405/2) eiiiniinnea(1)

ternary error in a word

For the probability of binary error we must consider the number

of binary errors generated by one ternary error. If the binary

translations of two ternary neighbours differ in J digits, we

./"
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Let.nij be the number of neighbours with probability weighting i
and error weighting 3, where i = 1/2, 1, 25 3 =1, 2, 3, 4.

Then, |
Mean probability of error in

T VLY DD IV ¢
a decoded binary digit Zi 37y

2. Previous_attempts_and results

o e I W S G ) S )

Previous attempts for the problem were made by K.W.Cattermole,
R.R,Ellis and P.W.Wallace at the Department of Electrical Engineer-
ing Science, University of Essex. First attempts did not aim at
optimisation and the mapping was arbitrary for easy instrumentation
(quadraple errors occurring as well)., Later attempts aimed at
improvement of the binary error rate and they were concentrated
on three main ways of doing it : ,

() Different mapping for reduction of multiple errors;
(b) Different grouping of ternary words;
(¢) Optimal interpretation of received words which have been

rendered invalid.

The original set of ternary words appears in table 1, type I.

In this case ,
n, = 0, n, = 51, ny = 24

... mean probability .
1 p/16(51+424/2)~ 4p
of ternary error

For the binary error rate, we note that j ranges from 1 to 4,

We have,
n1,1 = 14, n1’2 = 24-, n1,3 = 11, n1,4 =?

Bi/2,0 = 6 Byyp,2 = 12, Byyp 5= 6

o/oo



\.'. mean probability
: p/64(1442,2443,11+2,4+1/2(642.12+3.6))

of binary error
= 127p/64 ~ 2p

The above results are easily seen from tables 2 and 3,
where the entries in the matrices are 1 and j respectively,
In this example we note that nearly three quart;rs of the errors
are multiple.,
Better codes were found by noticing structural properties and
the best one found is type II in table 1. The total error weight
is 100 and therefore mean probability of binary error is reduced
to 1,56, and the maximum error weight j is 2 (teble 4). Choosing
a set of codewords with fewer neighbours produced code III in
table 5.
It can be seen from table 6 and 7 that the number of ternary
neighbours was reduced from 75 to 63 and the mean probability of
error from 1.56p to 1.32p.
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Table 6
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CHAPTER II

Theoretical Considerations of the program

1. Number of mappings

It.was noticed right from the beginning that the number of
different mappings possible for the two sets was too big. If
we define "difference" as merely any difference in a digit of a
word, then the number of diffefent combinations is :

6! x 3! x 16!

(since the number of different permutations of the 16 binary
digits is 16!, Now suppose we consider a certain mapping of the
positive ternary set onto the binary set; there are 16! such map?
pings. But now we can also find different mappings if we fix a
mapping of the above 16! ones, and permuye either the =1 dispa-
rity words in 6! ways or the -2 disparity words in 3! ways - henee

the above result).
12

16

Now, 16! is approximately 21 x 10 “ and the total number of com-

binations is approximately 8 x 10°~, large enough for any computer
not to handle, Of course not all of the above codes are different
in a mathematical sense, since, two codes can be said to be equiva.
lent if by a finite number of the following operatipns, one can

be transformed into the other :

(1) the interchange of any two positions in the code symbols,
This is equivalent to the permulation of the digits of the

words of the code symbols. The so obtained equivalent codes,

form the permutation group S,, with 24 members; -

(i1i) the complementing of the values of any positiog in the code

symbols, : oS
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The above operations are applied to each word of the code,
The number of different codes is therefore reduced by a factor
of 24.15fV3x102 , which leaves the number of different combinatioms

still very large., A complete scan is therefore quite impossible,

2. The binary and ternary sets_as_groups

and_their geometrical representation

It is noted that the set of 16 binary words forms a group
under the operation addition mod2, with identity element 0000

and inverse of an element the element'itself.

This group can be represented geometrically by a 4-D

hypercﬁbe, as shown in figure 2.
The set of the ternary words also forms a group wunder
the operation addition mod3. It is eadier to think of this

group, if we change -, O, + into O, 1, 2, respectively.

This group can also be represented geometrically by a 3-D

cube as shown in figure 1.

3. Intuitive attempis

It was noticed that a change in a single digit of a ternary
word changes this word 1ﬂto a word of adjacent disparity.. There-
fore, it seems logical to try and inelude in the sets of dif—
ferent disparities Dbinary words as farsapart as bossible.

We can begin by assigning to the words of gzero disparity binary

.o/oo
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WOrds which differ in 4 or 2 places, as follows:

+-0 0101
O-+ 1111
-0+ 1001
-+0 1010
O+~ 0110 |
+0= 0000

We now find all the binary neighbours of the above binary words:
for 0101 : 1101, 1001 : 0001, 1010.: 1011, 0110 : 0111

0001 1101 1000 0100
0111 1011 1110 0010
0100 1000 0010 1110

for 1111 : 1110, 0000 : 0001

1101 0010 p
1011 0100
0111 1000

The union of these sets is :

1101, 0001, 0111, 0100, 1011, 1000, 1110, 0010,

We would like to distribute 6 of these words between the ternary
words of disparity +]1 and -1, and the remaining 4 between the

+2, -2 and +3, =3 disparity words, After meny trials it was
impossible to match the two sets without the induction of multiple

errors (more than in 2 places) and this methond was discontinued,
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onto a group G’, satisfying ,

(a) for every g in G there exists a unique gt in G}

(b) (a.b)t = at x bt for every a,b in G (. is the operation
of G, x is the operation of G’).

It seemed logical at first to try and construct a homo-
morphism from the group, say T, of the ternary words, onto the
group, say B, of the binary words, and then find a rule which
would give the best homomorphism for the problem. It was
proved though that a homomorphism is not possible.

For, consider an element a in T, and let the order of a be n,
that is al! = 1p. Let the homomorphism be s. Then,

(as)™ = a®s = 1p8 = 1p |
But as is the image of a, and let /

- (as)® = 13 » where mg&n, n = qu+r, 0 {r{m.

Then, _

(as)? = (as)P™T = (a8)?® 4+ (as)f = 1B+(as)r
but

(as)® = 15 . .+ (a8)T = 13
This is a contradiction since r(m and m is the order of as.
Hence the order of the image of a divides the order of a. But
all the words in T have order 3 (except identity) and the words

in B have order 2,

It was also seen that the two subsets of negative and posi-

»

tive ternary words do not form a group, and this route was dis-

continued as well,
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5. Mappings

Next step was to try and put the binary words onto the
geometrical shape of fig. 1, so as to make the distance between
two adjacent words at most 2,

There exist some theorems related to this fieldysuch as the

one in relation to optimal binary coding of ordered numbers

E{] » which states a method of optimal assigning of binary alpha-
bets on cubes., These theorems are not suitable for encoding in
a situation where the words of the encoding set consist of a

bigger alphabet than the original words, such as the present

case. '

It was then noticed that the geometrical representation of
the ternary words had a point symmetry about the centre of the
cube and therefore it waslpossible té split the cube into two
equal portions not necessarily with all elements distinct.

The elements in common were those of zero disparity. The two

portions are as in fig. 4 and fig., 5.

Each of the two figures has 16 elements., It is possible
therefore to associate a mapping of the positive words with
oné figure and then map the other figure on the first one in an
optimising way. This optimising way should have as many common
edges as possible, because our aim is to have as fewer restrictioms
" to our problem as possible, The number of restrictions is equal
to the number of edges in the final mapping, since along éach
edge the distance of the two words at its ends must be less than

»

or equal to 2,
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When the first figure is mapped:onto thesecond, seven elements
have fixed positions, namely the zero disparity elements and the
+3 disparity element. The rest of tﬂe elements have also a limited
number of places to go to( six for the +1 disparity elements, three
for the +2). So, there are 3!6! different mappings (some of thess

mappings are equivalent, because of symmetry).

Let us suppose that we fix the positive subset of the ternary
group, and then try to put the negative subset on it, trying te
create as less extra edges as possible, It is possible to put the
-1 disparity words onto the +1 disparity words without creating a-
ny extra lines and this was: done as shown in fig.6a.

After some thought it was seen that it is impossible to put the -2
disparity om the +2 words, without creating extra lines. With this
in mind the best position for the -2 words was found to be the one
in fig.6b.

The other possibilities for the -2 words’ were:

o/b.
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As it is seen from the preceding figures, we cannot do better
thén creating three extra edges, and the worst case of creating
six extra lines is seen in the middle figure. If we try and
agsociate the negative words in a different way, so that no
extra lines are produced from the mapping of the ~2 words onto
the +2 words, then this would result in more extra lines pro-

duced after we tried to put the -1 words onto the +1 words.

In trying to do the above a number of agsumptions were made,
which though not proved mathematically, seemed intuitively cor-
rect. These are:

(1) The optimising way of mapping the two figures will produce
the optimum code.

In this case one cannot exclude the possibility of obtaining an
optimum code by not mapping the 2 figures in an optimum way but
in some other manner, | |

(1ii) The optimising mapping is one which produces as few extra
lines as possible,

(1i11)It is better not to consider the error word 000 until a code
has been found and then try and find the "best" word for 000,

With the final mapping of fig. 6C it was decided to write

a program to do an exchaustive search for finding the best code,

o/oo
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Figure 1.
Geometric representation of ternary

aphabet.
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Figure: 2.
Geometric representation

of space of binary 4-tuples. R
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CHAPTER III

1. General

Though a certain mapping of the negative onto the positive
grid was considered the number of different codes is still large
(16! not necessarily not equivalent) and special effort was made

as to the minimisation of time taken by the program.

2. Outline of the program

The basic task of the program was to compare two binary
4-tuples and find the number of corresponding places in which
they differ ~their Hamming distance., This operation should be
performed 24 times for each code. This/is because the figure of
the mapping has 27 lines, Sincé the four centre elements are
fixed, this leaves 24 lines. Therefore the need for a fast
subroutine is obvious., This subroutine was decided to be written
in PLAN (assembly language for ICL). The rest of the program

is relatively ®imple in construction and consists of 12 DO~loops.

3. Data \

With reference to fig. 7, the binary numbers for the verti-
ces 1, 2, 3, 4 were given in as data since a certain symmetry
was noticed around the 2, 3, 4 vertices.” (It does not matter
which number we put for 1, as we cen always transform it to any

pumber).

S
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The different sets of data were determined with the follow-
ing critexria :
(1) The /Hamming-distance of words 2, 3, 4 from word 1,

(1i) The Hamming-distance between words 2-3, 3-4, 4-=2,

This was considered so as transformations of codes to equivalent
ones does not change the Hamming-distance of the_corresponding
words., Also any cyclic permutation of the data words does not
alter the obtainable code as our grid is cyclic symmetric around

the origin,

We let dij

W, the number of 1's in the word i(the weight of word i).

be the Hamming-distance of words i and j and

The different sets of data are given in fig. 9. Referring to it,

we have :
1. d1J =1 This leaves us.no choice for d2,3 ,d3,4,
(3 =1, 2, 3) dy p» Bince di’j=w(word i+wordj)
sanumber of 1's in sum of i,
=2
2e. 3s 4
d = 2 d = 2, since they are both of weight 1.
1,2 3,4
d14’3 = 1 d2,3 =1 or 3
§1’4 = 1 d4’2 =1 or 3

This is because all the binary code words
of weight 2 and 4 (and 0000) form a group
(a subgroup'of the group of the binary
4-tuples) and in this subgroup, call it F,
thé weight of the sum of any two codewords

is 2 or 4, Therefore, if d2’3, d4’2 were

o/oo



- 27 -

2 or 4,it would mean that both 2 and 3,and
4 and 2 (referring to the number of vertex)
would belong to the subgroup F. But this

is not so.

2:.60. Ts 9
d1 5 = 2 Since 2 and 4 are of weight 2, they belong
?
d1 3 = 1 to the already mentioned subgroup F and
?
c11’4 = 1 therefore :
&
d4’2 2 or 4
1f d4’2 = 2, then c12’3 =1 oxr 3, <3.3’4 =1 or3
(from previous result).
If d4 o = 4,then there is only one possibi~
1
lity and that is d2,3 =1, d3’4 = 3 or v.v.
8,190,
/
d 4= 2 2, 3, 4 will belong to the subgroup F and

2, 3, 4) therefore their relative Hamming distances
will be 2 or 4., It is not possible, however,
to have two words having distance 4, since
Eor each codeword i in F, of welight 2, there
is only one other codeword ] of weight 2,
such that,weight (i+j) = 4,

The above 10 cases of input data, were considered to be the
only ones necessary for the solution of our problem. All-other

combinations are essentially equivalent to one of the above.

»
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Since a constant factor of 64 appears in the expression
for the mean probability of error in a recovered binary word,
((2), page 7), this was not included in the exﬁiession for the

calculation of the error in the program.

Since we have a fixed grid we can associate a number, a
weight factor, for each edge according to the respective pro-
bability weights of positive and negafive ternary words. Accord-
ing to the definitions (i), (ii), (iii) in page 6, the weights

of the edges are as shown in fig. 8.

The formula for the total error sum is :

S (pi x di) + (error due to choice of 000)

all edges
where, Py = probability weight of edge i
di = Hamming distance of binary words at ends of edge i

The word 000 is never transmitted of course but can occur as a
result of error due to noise e.t.c. The best binary choice for
000 is calculated after a complete code has been found as follows:
Let ternary words neighbour to 000 be ti, and the corresponding
(tb ti) binary words by. Then a binary word E is chosen from
the'binary group, which minimises :

.Zd
j=1,6 E,J

where dEj = Hamming distance of E and bj.
It is possible that E is not unique. In this case, both codes,
which only differ in E, are printed by the programme,

Only these codes are considered, for which the error sum is less

than 85, o/
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The subroutine SYG (from SYGrino, greek for compare) is
written in PLAN, as this would make it substantially faster than
a FORTRAN written subroutine. This required the use of a maecro
instruction which could perform the mixed language programming
(main program written in FORTRAN) and such a macro instruction
was fortunately available (called LFORTOPT).
The only problem here was the transfef of the arguments of the
subroutine from‘and to the calling program. This could be achie-
ved either by using two system routines or by locating the core
address of the argument and then retdeving their values. The
first method was considered safer and Jjust as quick as the se-
cond one and so the two routines FPROLOG and FEPILOG were employ=-
ed.

/.
The rest of the subroutine was quite staight forward.
The execution time of the subroutine was approximately 1056x5

seconds.

The call to the subroutinr is :
CALL SYG (KUBE (I), KPERM (F), CO (K))
The'input arguments are:
KUBE (I) : neighbour binary word, already obtained, of vertex I;
KPERM (J) : current trial binary word for vertex J;
The output argument is :

CO(K) : is the Hamming distance of wordg I and J.

The subroutine was tested prior to inclusion in the main

o/oo
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program and both the listing and test sample are shown in Appendix
1,

2e2_Programming details of main program

The main program is written in FORTRAN and&is making.use of
the subroutine SYG,
The input to the program is in the form of cards, The first four
binary words which are allocated to vertices 1, 2, 3, 4 are read
in together‘with the remaining 12 binary words which are put into
the array KPERM (which holds the unused binary words). The error

sum due to the first four words is also read in.

The program does an exchaustive search of all possible ways
of allocating the 12 binary words onto the 12 remaining vertices
(No.5-16) in such a way as not to infringe the restrictions,

This search is done by means of 12 do-l;ops which are nested like
shown in the diagram of fig. 9a.

If a word is found that fits a vertex it is put into the array
KUBE in the position specified by the number of the vertex. That:
word is then taken out from the array KPERM by means of moving the

words after it one place up. For example, if the arrays KUBE and

KPERM are : pos,1 |101Q : Q110
3 | 000Q 0101
4 {1011 1100
__%41%@__ 109
B | 1111
KgER(ie) 7 KPERM(12) | 1101
81 a 0111
91 n 0010
101 ¥ 0001
1M1 % F 0100 |
12| b 7|~ 500
13 | 1
14 n
15| &
16
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before the allocation of a binary word to vertex 6, then they look

like -

pos.1 1010 0110
211110 0011
3 10000 atrQ1
41011 1100
5 11.000 - 11001

. _.610001_ _ QE_B}_‘ILL@I 1111

KUBE(16) 8| = 0111

9l n 0010
10| ¥ _lo1o0) _ _
111 € 1000
127 h 1QQ0.
1% 1
14 n
15| &
16

after the allocation.

If no word from KEPERM can be found to fit a certain vertex I,-
the program goes back to vertex I-1 and finds another word which
will fit 4t and then continues with this new word,

When all 16 vertices have been allocated, the word corresponding

to 000 is found by the method mentiomed in III.4. The total erxrror
sum is then found by adding the already calculated error sum,due

to the obtained codewords (calculated accumulatively), and the
error sum due to the choice of codeword corresponding‘to 000,If the
error sum does not exceed 85, the array KUBE together with the
binéry word corresponding to OO0 and the error sum are printed.
Otherwise, the program goes on.to find another code., When all the
different combinations of a given set of data are considered; the

next card which contains a new set of words for vertices 1, 2, 3, 4

is read in, There are ten such cards followed by a terminator,
which prints the message : "PROGRAM FINISHED",

The total execution time was 993 seconds.

o/oo
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This seems as a rather long time despite the fact that considerable
effort was made in order to minimise it. One way of doing this
was to try and minimise the number of times the subroutine SYG
was called. This could achieved by not allowing the program to
complete a set of codewords for which, the already obtained accu-
mulated error sum made it certain that whatevér the choice for the
remaining codewords, the error sum limit of 85 would be exceeded.
A test Was therefore inserted after do-loop 8 (since whatever the
choice for the first 8 words, it is not impossible not te exceed
85) for the acgumulated erfor sum and if this was greater than
a value (shown in fig. 9a) calculated according to the number of
codewords found, the prdgram was affected in the same way as if
the codeword found at this stage, did not fit the corresponding
vertex.
This test was found to reduce the execution time by a considerable
amount.
y

The 1listing of the program and the results are in Appendix 2.
A program by Mr. Markides [5} was used to draw a detailed flow-
chart in the line printer of the computer, and this is included
in this paper separately.

" All test runs and final run were done at the LPCU, in the

Polytechnic of North London, The computer was an ICL 1900 series.

o/oo
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6. Results

From the computer program outpﬁt, it is easily seen that
the lowest error sum is 79, which makes the mean probability of

error in a recovered binary word

79p/64 = 1,234 p -

Most results (in fact all but two) were obtained with the
first set of data, that is with starting values for vertices
1, 2, 3, 4 1010, 1110, 0000, 1011 respectively.
There were all together 12 codes eith error sum 79 (all obtained
with above set of input data) half of which only differed in the
representation of the error word 000, We are left, therefore,
with only 6 "different" codes, which are thought to be equivalent,
without having been able to establish the operations which would
transform each code into another (referring to the output listing
in Appendix 2, we can clearly see that céde (6) can be produced

deom (1), if we interchange the first and third digits).

Code (1) is shown on the final mapping in fig.10., Tables
8, 9, 10 also show code (1) and its probability weights and error

weights matrices,
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CHAPTER 1V

Conclusion

The results of the computer prbgram were found to be very
satisfactory. Indeed the lowest error mean found, 1.234, is
below the best known results, as presented by Mr. K.W, Cattermole
[4] , and the corresponding translation table does not permit the

occurence of more than 2 errors.

It is regretted by the author that no sufficient theoretical
work was done as for the proof of the statements in IT.4., The
results obtained there were very intuitive and with no mathematical
proof. Unfortunately there is no mathematical theory behind this
type of codes -at least not to the knowledge of the author- and the
limited mathematical knowledge of the author did not allow him to
provide such a theory. The limited period of time also was also
a crucial factor, since the time necessary to equip oneself with
the necessary mathematical background for such proofs is consider=
able,

The overall execution time of the program could bg made less
if, what was aimed to be found, was not every code with total error
sum less than 85, but just the best code that could be found,
Therefbre, the test which was inserted in the program could be mo-
dified, so that it would skip any codes which could not produce a

better error sum than the best already obtained.

A way in which this project could be bettered was to try and
congider all pbssible meppings (4320) of the negative words onto
the positive ones, and for each one obtain a best code. Of course

R
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not all of the 4,320 mappings are different, because of symmetry
etc.,, and the different ones should be considered, In a program
suitable for this task, considerable effort should be made in
inserting checks which would stop the calculation for a certain
mapping if this was sure not to produce a better result than obtain-
ed previously (a similar check as mentioned above). Such a pro-
gram should be quite flexible in the consideration of other codes,
differeht in structure from the one considered in this paper, in
that not many changes would be required for the new problem, Un-

fortunately such a virtue does not exist in the present program,

It is not thought however, that an improvement in the results
obtained in this paper can occur by a different mapping of the posi-
tive and negative ternary words. The final mapping considered in

this paper has also a nice symmetry which intuitively suggest to
be the best. ’

./..



APPENDIX 1

SUBROUPINE SYG
LISTING AND TEST SAMPLE
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APPENDIX 2

MAIN PROGRAM : LISTING AND RESULTS
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