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ABST'RACT

Numerous printed documents, sllch as passport, paper money, lottery tickets, carr;r

sensitive and valuable information. This thesis uses techniques from the communications,

cryptography, and image processing d.omains to detect alterations to the printed document

and prevent the creation of forged documents.

The security of the document is achieved by overlaying a pattern that contains

information about the underlying document using a special ink such as fluorescent ink.

The resilience of the pattem against random and compound errors in the paper channel is

achieved by using a double interleaved concatenation of a Reed-Solomon (RS) code with

a self-orthogonal majority decodable convolutional code. A security system design is pro-

vided which is scalable according to the value of the document. The pattem is read using a

gray level scanner, and located using an edge filter and a line detection algorithm.

The theoretical perfoûnance of the concatenated code is tested under Gaussian

noise showing that the higher constraint length convolutional codes, larger block length

RS codes, and symbol interleaver perform up to a bit error rate of 10-6'5 at 2 dB. The

demodulation technique locates the pattern with an SNR as low as 2 dF.. Under burst

noise, the concatenated pattern handled up to 15% erasure and the pattem with RS alone

up to 34o/o for RS on the Galois field of characteristic 6 and with input block length 26.

1V
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CrueprER N

TxrnouUCTIoN

1.1 Motivation

Even in a digital age, some valuable information is still printed on paper.

Documents such as paper money, passports, ID, scratch lottery tickets, checks, contracts,

are examples of valuable information printed and transmitted on paper. Forgery of printed

documents is an increasing concem as people have access to low-cost, high quality

reproduction methods (such as color laser printing); over 99.6Yo of checks can be readily

reproduced on laser printers. Check fraud is to the 90s what credit card fraud was to the

80s. In 1998, bounced checks totaled US$9.9 billion, while in 1999, there were 612

million bounced personal checks written in the U.S., totaling US$19.9 billion IACAIOO].

Attempted check fraud losses exceeded $2.2 billion in 7999, actual dollar losses were

$679 million for the banks alone (not including businesses losses), up from the $512

million in 1997, according to American Bankers Association study IABAsOO]. The

increase from one year to another and the losses incurred to companies and banks show

that printed document security against fraud is a contemporary and important matter.

1.2 Printed Ðocuments Security

Current paper document security is based on techniques that make the documents

more expensive to reproduce than the value of the printed document itself unless the
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document is produced in large quantities. The security techniques are aimed ro prevenr

forgery with easily accessible reproduction processes (such as laser printing and

photocopying). The techniques involve special paper, inks, pattems or extra material

added to the document. Some of the techniques are illustrated in Fig. 1.1., and are

described in the following paragraphs lBenbggl[Rene98].

Ghost printing technology is used to create a substantial level of tamper-resistance

by adding a lighter reproduction of an image on an identity document, typically in the

same area of the document as personalized data. The second image appears as a light

background to text data, significantly increasing the difficulty of altering the photo image

or the data.

Embossed and indent-printed characters on cards require specialized equipment to

make characters either protrude from or recess into the substrate of a plastic card. These

characteristics provide a tactile feature.

Iridescent inks consist of either metallic or pearlescent inks that cannot be

mimicked by color copiers or reproduced by scanning and reprinting. These inks change

appearance when viewed at different angles.
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(a)

Fig. 1.1. Traditional security techniques: (a) ghost printing; (b) embossmenq (c) iridescent
inks; (d) holograms; (e) trv printing; (f) rainbow printing; and (g) microprinting.

Hologram security results from an image that shifts position when viewed from

different angles. Holograms are not receptive to photography, photocopying or scanning,



Valid. Syst. for Printed Docs Ch. I : lntroduction

and they require highly specialized equipment to replicate designs. Metallized holograms

can be added to a pre-printed document. Transparent holograms can be placed over the

photo and date to provide a high level of security.

Ultraviolet (UV) ink is a commonly accepted security feature for identity

documents, This invisible printing can be viewed under a long-wave UV light source, and

can be produced in a range of colors. tfV text or images can be printed on a document,

Rainbor.v printing enhances document security with an extremely subtle shift in

color across an identity document. This color shift cannot be produced accurately by a

color copier or scanner.

Microprinting is created by high-resolution printing to create extremely fine, small

characters that cannot be replicated with a traditional color copier or scanner. With

microprinting in place, counterfeited documents can easily be detected with a standard

magnifying glass.

Zero-order grating microstructures (ZOGM) are diffractive structures that change

color from red to green as they are rotated about their own axis. Those structures cannot be

replicated with a photocopier. The manufacturing capability for these structures is far

more expensive than the one used to duplicate hologram.

Kinegrams are optically variable graphics (OVG) that animate as the angle of view

to the kinegram changes. This obviously cannot be photographically copied.



\¡alid. Svst. for Printed Docs Ch. I : Introduction

The techniques described in tl-ris section are all static: once forgers find a r.vay to

reproduce the technique for little cost or a way to fake the technique, they can produce

new documents or modify existing ones. Furthernore, a ltew technique has to be used to

secure forthcoming documents reliably.

1.3 Validation System

To complement the classical static techniques, a dynamic system must be

introduced. The system should identify altered documents and be dynamic so that the

compromise of a set of documents does not affect upcoming documents produced with the

same system. The system should also be automated and resilient to the noise produced on

the paper channel.

The validation system developed in this thesis is based on unique document

information encoded and encrypted with the document itself (see Fig. 1.2. for a visual

representation of the procedure). This unique information could be the serial number of a

banknote or a check, the characteristics of a person's fingerprint, a low resolution version

of a person's ID picture, the dollar amount of a contract. The unique information from the

document can be extracted by hand (visualized and keyed in) or by scanning portion of the

document and extracting a unique feature from the scanned portion (e.g., OCR for serial

numbets, edge location for a picture.) The unique information from the document (the

signature of the document) is encrypted and encoded and is overlaid on top of the

document using an ink that cannot be seen under normal lighting (such as fluorescent or
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ultraviolet ink.) The document is validated by scanning the overlay pattern, decrypting it,

and comparing it to the document signature.

Electronic
Document

Printed Received
Document Noise Document

Analysis &
Reconstruction

Verification

Signa'tures Alterations
Watermarks

Fig. 1.2. Proposed document validation system.

Questions of speed, resilience to the noise on the printed document, limitation of

the compromised documents and choice of encryption technique will be dealt with in the

following chapters.

1.4 Thesis Organization

Chapter II provides the necessary background on encryption (confidentiality, data

integrity, authentication), image processing (edge enhancemenr operator and line

transforms), forward error coffecting codes (convolutional, RS, and concatenated codes),

barcodes (lD and 2D), and random number generators (RNG) both linear congruential

generators (LCG) and cryptographic.

The system is designed in Ch. iII with the choice of different levels of security, the

design of code components, and the structure of the pattern.

6-
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Chapter iV describes tl'ìe setup of the experiments performed on the code, the

RNG, and the pattern.

Chapter V presents the results of the performance of the code under the average

white Gaussian noise (AWGN) with dilferent component sizes and types, the performance

of the pattem location algorithm under Gaussian noise, the RNGs randomness test, and the

pattern under burst noise with both RS alone and with the concatenated pattern.

Chapter VI concludes the thesis with recommendations for future work.

-l
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2.1 Introduction

The goal of this thesis is to design a secure and reliable communication system for

the physical paper channel. The first section of this chapter defines the communication

system and its components. Next a background on cryptography is developed as part of

the source encoding. The third section describes forward effor correcting codes used to

protect the information against noise. Since random number generators (RNGs) are used

in both simulation of noise and pseudo-random interleaving, a section describes two kinds

of generators and the tests to evaluate the quality of random number generators. The final

section gives a background on the image processing techniques used during the

demodulation of the oattem.

2.2 Communication System

The elements of a one-way communication system are illustrated in Figure 2.1,

and are described next.
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Channel
Encoder ModulatorSource

Source
Encoding

Channel
Decoder

Demodulator

Fig. 2.1. Communication system diagram

2.2.1 Source Encodins

The source information can be provided in an analog (continuous) or in a discrete

form (either infinite or quantized). The sollrce encoding deals with the transformation of

the source information into a series of discrete symbols. This stage involves digitization of

the source if it is in analog format, removal of source redundancy through compression

techniques, and securing of the transmitted source with encryption techniques. This thesis

assumes that the digitization and compression are already performed so that the

information processed by the encrypter is already in symbolic form.

2.2.2 Charnel Encodins

The channel encoder transforms the source stream from the source encoder and

adds redundancy through error correcting codes as well as prepares the data in the desired

format for the modulator (e.g., tl-re channel encoder makes groups of eight bits for an 8-ary

PSK modulator).
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2.2.3 Mofulator

The rnoclulator involves converting the encoder output to a format suitable for

transmission on the channel. A binary modulator matches bits to waveforms of equal

duration.

2.2.4 Transmission Channel

The transmission chamel includes the introduction of the modulated waveform

into the channel, the transmission medium, and the receiving operation required to bring

to the point just prior to demodulation.

The characterization of the transmission channel is important as it influences the

design of the components of the communication system. The characteristics of the channel

are power, bandwidth and noise.

2.2.5 Demodulator

The demodulator matches the received waveforms to a set of values to be fed to

the channel decoder. The demodulator can output a definite decision on the received

waveform such as a 0 or a 1 for binary data (this case is referred to as a hard-decision

demodulator) or a decision with a confidence rating (soft-decision demodulator). The

rating associated to the decision can, for example, be output by a matched waveform filter.

In the case of symmetric binary modulation, the matched filter outputs the average of the

received signal over a signal period.

10
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2.2.6 Channel Decoder

Channel decoder transforns the digital demodulator output and uses the

redundancy introduced at the coding stage to ren-ìove the noise from the signal. When

designing the decoder, the main trade-off is between correcting power and speed. The

elror correcting power determines the desired number of errors that the code can conect in

a ceftain frame. However, increased con'ection power means increased bandwidth and

increased decoder complexity (thus slorver decoding speed).

2.2.1 Source Decoder

The final stage reconstructs the original signal from the symbols received from the

channel decoder. The signal might have been altered by digitization errors or noise over

the channel that could not be corrected bv the channel decoder.

2.2.8 Summary

The communication system has been introduced. The following sections give the

necessary theoretical background for each component used in our communication system.

2.3 Cryptography

From the greek crypto ("hidden") and graphein ("writing"), cryptography is the art and

science of transforming information into an intermediate form which secures that

information while in storase or in transit.

lt
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There are four cryptographic goals [MOVa96]:

(i) confidentiality;

(ii) data integrity;

(iii) authentication alld identification; and

(iv) non-repudiation.

This thesis uses the first three goals of cryptography to secure the paper

information. This section on cryptography is based on rlaterial from Schneier [Schn96]

and Menezes et al. [MOVa96].

2.3.1 Confidentiality

The confidentiality of a message is achieved by encrypting a cleartext, m (the

message) into a ciphertext, c, using an encryption scheme that only the intended user can

invert to decrypt the ciphertext into the cleartext. The pair of encryption, decryption

algorithms are called an encryption scheme or cipher. Figure 2.2 provides a simple model

of a two-party confidential communication using encryption.

-12-
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decryption
D(c):m

ITì

plaintext

Fig. 2.2. Confidential (secure) communication system

The class of encryption and decryption transfonnations can be kept secret, but the

security of the entire scheme should not be based on this approach. History has shown that

maintaining the secrecy of the transformations is very difficult indeed. A better approach

is to base the system on algorithms that are functions of akey (i.e., E. for encryption e in

K, key space, and D¿ for decryption d in K). The algorithms are then public but the keys

are kept secure. A fundamental premise in cryptography is that the sets M (message

space); C (ciphertext space); E. (encryption algorith-); D¿ (decryption algorithm), are

public knowledge. 'When two parties wish to communicate securely using an encryption

scheme, the only thing that they keep secret is the particular key pair (e,d) which they are

using, and which they must select. Some of the key based algorithms are described ìn the

remainder of this section.

encryption
E(m):c

Plaintext

1a
I.]
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2.3.1.1 One-Time Pad Cipher

The only unconditionally secure encryption scheme is the one-time pad scheme

where the message is XORed with a random key string (a string of random characters, or

one-time pad), the receiver has a copy of the one-time pad and XORs it with the received

ciphertext. Each one-time pad can only be used once. The one-tirne pad ciplier can be

shown to be theoretically unbreakable.If a cryptanalyst (person who tries to break the

encryption scheme) has a ciphertext string c1c2...c1 encrypted using a one-time pacl which

has been used only once, the cryptanalyst can do no bettel than guess at the plaintext being

any binary string of length t (i.e., t-bit binary strings are equally likely as plaintext). It has

been proven that fo realize an unbreakable system requires a random key of the same

length as the message. This reduces the practicality of the system in all but a few

specialized situations. Reportedly, until very recently the communication line between

Moscow and Washington was secured by a one-time pad. Transport of the key was done

by trusted courier.

One-time pads are part of a family of algorithms called additive stream cipher. The

next section describes additive stream ciphers with key sizes smaller than the one-time

pad cipher.

2.3.1.2 Additive Stream Ciohers

Stream ciphers encrypt individual characters (usually binary digits or bytes) of a

plaintext message one at a time, using an encryption transformation which varies with

aÀt+
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time. Additive stream ciphers XOR a string of symbols with the message. The variability

comes from a dilferent string every time a message is encrypted. By contrast, block

ciphers encrypt groups of characters of a plaintext message using a fixed encryption

transformation. The additive stream cipher's security depends entirely on the string

generator. If the string is constant or periodic with a period less than the message, the

security of tlie system is negligible, e.9., if the string is constant and an attacker has access

to a cleartext and a ciphertext, the attacker only needs to XOR tlre cleartext and the cipher

text to recover the string and decode any other incoming message. If the string generator

creates a series of random numbers with infinite period, the stream cipher is then a one-

time pad cipher and has perfect security. A realizable string generator that has good

security lies in between those two extremes: it outputs a string that looks random over a

long period but is actually a deterministic string that can be reproduced at decryption time.

The closer the string generator's output is to random, the harder time cryptanalists will

have breaking it.

In situations where transmission errors are highly probable, stream ciphers are

advantageous because they have no error propagation. They can also be used when the

data must be processed one symbol at a time (e.g., ìf the equipment has no memory or

buffering of data is limited). To make stream ciphers more tractable than the one-time pad,

a "pseudo-random" pad is generated using an encryption algorithm and a key. The

receiver only needs the key to generate the whole pad and decrypt the message. Of course

the stream cipher is only as secure as the encryption algorithm that generates the pseudo-

random oad.

15
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2.3.1.2.1 Block Cipher in Output Feedback (OFB) Mode

A block cipher is a function which maps n-bit plaintext blocks to n-bit cipher-text

blocks, where n is called the block length. The function is parameterized by a k-bit key K,

taking values from a subset t< (the key space) of the set of all k-bit vectors V¡. It is

generally.assumed that the key is chosen at random. Use of plaintext and ciphertext blocks

ofequal size avoids data expansion.

If amessage is encrypted rbits at atime, the cipherworks on nbits (i < 
" 

s n), the

outpr-rt feedback (oFB) mode works in the following way (see Fig. 2.3.) [Mova96]:

INPUT: k-bit key K; n-bit IV; r-bit plaintext blocks Xl...Xu 1 < r < n .

Encryption: I, <- IV .For | < j < u, given plaintext block x¡:

(u) O¡ <- E¡(I¡) (Compute the block cipher output.)

(b) Assign t¡ the r leftmost bits of O¡(Assume the left most is identified as bit 1.)

(c) c, <- xr@ tr(Transmit the r-bit ciphertext block c¡.)

(d) Ij + t + Oj(Update the block cipher input for the next block.)

- 16 -
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I1:IV Ir:IV

n

O,,
J-l

n

O,,
J-¡

^j -^j
"j

Fig.2.3. OFB mode for block cipher.

Decryption: I, <- IV.For 1 < j < u, upon receiving c¡:

cj <- xj @ 1 ,where t, Oj, and I¡ are computed as above.

The top part of Fig.2.3. is the string generator whose result gets XORed with the

message. The string is totally independent from the message and the encryption of the

message changes with the IV which is the variability property of stream ciphers. The OFB

mode does not self synchronize after the loss of bits, additional framing information has to

be provided in this mode. If r : n, fhe throughput of the algorithm is the same as the

throughput of the block cipher it is based on.

l7
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2.3.2 Datalntegrity

Data integrity is the property whereby data has not been altered in an unauthorized

manner since the time it was created, transmitted, or stored by an authorized source.

Cryptographic techniques for data integrity rely on specific types of hash functions. A

hash function (in the unrestricted sense) is a function h which has, as a minimum, the

following two properties:

P1. Compression-h maps an input x of arbitrary frnite bitlength, to an output

h(x) of fixed bitlength n.

P2. Ease of computation - given h and an input x, h(x) is easy to compute.

The hash functions can be used as:

C1. modification detection codes (MDCs)

MDCs are a subclass of unkeyed hash functions, with the following additional

properties:

(i) one-way hash functions (OWHFs): for which, finding an input that hashes

to a pre-specified hash-value is difficult; and

(ii) collision resistant hash functions (CRHFs): for which, finding any two

inputs having the same hash-value is difficult.

C2. message authentication codes (MACs)

The purpose of a MAC is (informally) to facilitate, without the use of any

additional mechanisms, assurances regarding both the source of a message and

- ló -
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its integrity. MACs are a subclass of keyed hash functions.

Secret Key

Message MAC
Algorithm

Message MAC
I nsecure

-Þ-
Channel

Encrypted

(b) MDC with encipherment

Fig.2.4. Data integrity with hash functions and ciphers.

It is generally assumed that the algorithmic specif,rcation of a hash function is

public knowledge. Thus in the case of MDCs, given a message as input,

anyone may compute the hash-result; and in the case of MACs, given a

message as input, anyone with knowledge of the key may compute the hash

result. MDCs and MACs used for encryption have the following properties:

(Pi) MDCs and MACs are used for data authentication in several ways, two of

them are described in Fig. 2.4.. The goal is to create additional data based on

(a) MAC only

Secret Key

t9



Valid. Syst. for Printed Docs Clt.2 '. Background

the message that is different if recomputed once the message is altered.

(Pii) The reproduction of the additional data should only be possible rvith the

knowledse of a secret kev.

The MAC has the required properties. The MDC changes with the message and it

is hard to find two messages that compute to the same MDC. However, anybody who

knows the MDC algorithm can change the message, recompute the MDC and send the

changed message with the new MDC. If the MDC and the message are encrypted using a

key cipher, the MDC becomes a MAC.

MACs and MDCs are specially important when using strearn ciphers. As the message is

XORed with the encryption string, if an attacker flips a bit in the transmitted stream, the

same bit will be flipped in the decrypted message as the encryption string is not changed.

V/ithout breaking the cipher, the attacker is capable of modifying the received message. If

the attacker knows the message format, he is able to alter specific data such as the dollar

amount on a check.

2.3.3 Authentication and Identification

Authentication and identification allows two parties to gain assurance of the

identity of the other to prevent impersonation. The techniques are based on the owning of

a secret by the claimant that allows the verifier to identify it. There are two types of

identification schemes: flxed password schemes and challenge-response scheme.

Password schemes are referred to as weak authentication scheme and are not reviewed in

this thesis.

20-
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The idea of cryptographic challenge-response protocols is that one entity (the

claimant) "proves" its identity to another entity (the verifìer) by demonstrating knowledge

of a secret known to be associated with that entity, without revealing the secret itself to the

verifier during the protocol.

One technique is base on symmetric key algorithm. Both users share a common

secret key. For each message sent from one to another, a timestamp concatenated with the

a Lìser identification token (e.g, its name) is sent on the channel with the message. The

timestamp ptevents replay of the user identifier by a different user. The user token allows

for identification of the message sender. This technique uses symmetric key ciphers which

provide faster encryption. However, both the sender and the receiver have to share a secret

key.

A second technique is based on public-key ciphers. The secret owned by the

claimant is its private key. The verifier uses the claimant's public key to send it some

challenges that can only be answered by someone with the secret. To prove its identity, the

claimant can solve two kind of challenses:

. the claimant decrypts a challenge encrypted under its public key;

. the claimant digitally signs a challenge.

An example of a protocol based on public-key ciphers for identification is a

modified Needham-Schroeder PK protocol:

21



Valid. Syst. for Printed Docs Ch.2 : Backgronnd

1. A -+ B: Ps(r1; A)

2. A <- B: Po(r¡ ; 12)

3. A -+ B'. r.

rvhere Pa and Pg are both public key encryption with A's and B's key respectively

and r1 , rt àte random numbers generated during the protocol. The use of public key is

advantageous when a number of users need to identify each other as each user needs only

his private and a central server can store the public keys of each user. The database can be

pttblicly readable but has to have write access privileges. In the case of private key

algorithm, all users have to have all other user's private keys and can impersonate any user

at any time by just using their private key.

The third and final technique is based on zero-knowledge (ZK) protocols. A zero-

knowledge protocol allows a proof of the truth of an assertion, while conveying no

information (this notion can be quantif,red in a rigorous sense) about the assertion itself

other than its actual truth. In this sense, a zero-knowledge proof is similar to an answer

obtained from a (trusted) oracle. The zero-knowledge property implies that a prover

executing the protocol does not release any information that cannot be computed in

polynomial time from public information alone. Thus, participation does not increase the

chances of subsequent impersonation. A recorded ZK in|eractive proof conveys no

guarantees upon playback (which is a flaw of a basic key based identification that do not

include timestamps to prevent playback). Interactive proofs convey knowledge only to

22
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(interactive) verifiers able to select their own random challenges. The properties of the ZK

protocol makes it interesting compared to other public-key protocols for the following

reasons:

1. no degradation with nsage: protocols proven to have the ZKproperty do not

suffer degradation of security with repeated use, and resist chosen-text attacks. This is

perhaps the ntost appealing practical feature of ZK techniques. AZK technique which is

not provably secure may or may not be viewed as more desirable than a PK technique

which is provably secure (e.g., as difficult as factoring).

2. encryption avoided: many ZK techniques avoid use of explicit encryption

algorithms. This may offer political advantages (e.g., with respect to export controls).

3. efficiency: while some ZK-based techniques are extremely efficient (e.g.,

Fiat-Shamir uses from about 11 to about 30 steps where full exponentiation in

unoptimized RSA takes 768 steps), protocols which formally have the zero-knowledge

property typically have higher communications and/or computational overheads than PK

protocols which do not. The computational efficiency of the more practical ZK-based

schemes arises from their nature as interactive proofs, rather than their zero-knowledge

asoect.

4. unproven assumptions: many ZK protocols ("proofs of knowledge")

themselves rely on the same unproven assumptions as PK techniques (e.g., the

intractability of factoring or quadratic residuosity).

z)
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5. ZK-based vs. ZK: although supported by prudent underlying principles, many

techniques based on zero-knowledge concepts fall short of formally being zero-

knowledge and/or fonnally sound in practice, due to parameter selection for reasons of

efficiency, or for other technical reasons. In fact, many such concepts are asymptotic, and

do not apply directly to practical protocols.

Most practical ZK-based protocols are three-move zero-knowledge protocols:

" A -) B: witness

" A <- B: challense

" A -) B: resoonse

The following Fiat-Shamir protocol is not practically used because of its

communication inefficiency, however it illustrates the ZK protocol concepts very clearly:

1. One-time setup.

(a) A trusted center T selects and publishes an RSA-like modulus n: pq but keeps

primespandqsecret.

(b) Each claimant A selects a secret s coprime to n, 1<s< n-1, compuTes

, : s2rnocln, and.registers v with T as its public key.

2. Protocol actions. The following steps are iterated t times (sequentially and

independently). B accepts the proof if all t rounds succeed.

1A
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(a) Commitment: A chooses a random r,

2-x : r tnodn to 13.

1 < r < n - l, and sends (the witness)

(b) Challenge: B randomly selects abit e:0 or e: l, and sends e to A.

(c) Response:

y: r.sntodtt (ife:

computes and sends y to B, either y : r (if e : 0) or

(d) B rejects the proof if y : 0, and otherwise accepts upon verifying that y' : x

(if e:0) or 1,2 : xvtnocln (if e: 1), since v : sZrrrochz. Note that checking for y:0

precludes the case r : 0.

The claimant proves his knowledge of the secret s without ever revealing the value

of the secret. This protocol security is based on the assumption that it is hard to find a

square root modulo n: an adversary can send , : ,2*ocln with an r of his choice,

however, he is not able to answer the challenge when e : \ as it is equivalent to finding

the square root of v. Or he could send x : _l-. andanswer the challenge for e : \ but he
V

could not answer e : 0 as it is equivalent to finding the square root of x . So every time

the adversary receives a challenge, he has a probability of I to being able to answer it. In

one case r is revealed but no information about the square ,-oot of * is disclosed and in the

other case the square root of x is sent but the r used in the witness is unknown to the

attacker. If t rounds are performed, the probability that the adversary answers all the

cl-rallenges right without knowing the secret is 2-t which decreases exponentially with t.

The data that was exchanged in previous identifications does not give the adversary any

A

1).

25
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more information to guess subsequent challenges. The adversary cannot replay the

protocol as it is based on the random interactive choice by the verifier of a series of bits

and the claimant (here the attacker) has no control over the choice which changes every

time a new identification is performed.

Zero-knowledge interactive protocols thus combine the ideas of cut-and-choose

protocoìs (this tenninology results from the standard method by which two children share

a piece ofcake: one cltts, the other chooses) and challenge-response protocols. A responds

to at most one challenge (question) for a given witness, and should not reuse any witness;

itr many protocols, security (possibly of long-term keying material) may be compromised

if either of these conditions is violated: as there is only two possible answers for a given

witness, if a witness is reused and both possible answers are given, the adversary can go

through a round with a 100% chance of success.

[MOVa96] describes the Feige-Fiat-Shamir, Guillou-Quisquater, and Schnorr ZK-

based protocols.

2.3.4 Summary

Cryptographic techniques are used in a large number of secure transaction and

applications. The techniques described in this section allow for:

. confidentiality through additive stream ciphers,

. data integrity using MAC and MDC with encryption,
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" and identification with private key, public key, and zero-knowledge protocols.

The nse of each technique is described in the design section which gives

recommendations on rvhich techniques to use according to the level of security and the

lifetime of the printed material.

2.4 Forward Error Correcting Codes

2.4.1 Intoduction

Error correcting codes (ECCs) involves the addition of redundancy to the

transmitted data to provide the means for detecting and correcting errors. Forward error

correcting codes (FEC) are ECC that assume no retransinission of the data. The channel is

unidirectional: no feedback can be transmitted from the sink back to the source.

A word is a group of consecutive symbols from a specific alphabet going through

the communication system. It can be of finite length (e.g., 1011, abinary word of lengtha)

or semi-infinite length (e.g., ABAB...., a semi-infinite length hexadecimal word). ECC

take a source word and map it to a longer codeword (thus adding redundancy) so that if

elTors occur in the limit of the error correction capacity of the code, the original source

word can be reconstructed using the introduced redundancy. A geometrical interpretation

of how an ECC works can be developed using Hamming distance. The Hamming distance

between two codewords of same length is the number of positions in which they differ.

For example: the Hamming distance between 100i I and 01011 is d¡¡(l0011,01011):1.

27
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Table 2.1 Three repetition code mapping.

Source
word

Codeword

0 000

I 111

The goal of an ECC is to build a set of codewords which have maximum minirnum

Hamming distance between each other. The minimum distance of a code is the smallest

distance that can be found bet'"veen all paìrs of codewords generated by the code. One of

the simplest codes is the 3 repetition code. The binary 3 repetition code takes single bits as

source rvords and outputs three bits identical to the source bit as codewords (see Table

2.1).

The geometrical interpretation of the code is shown in Fig. 2.5..If only one enor

occurs in the transmission of the channel codeword, the closest codeword (in term of

Hamming distance) is the transmitted codeword. However, if two errors occur on distinct

bits, the minimum distance decoder will make a decoding error. This code is a one eïror

correcting code which means that all single error can be corrected correctly. Even though

the code can correct some double and triple errors (e.g., if two effors occur on the same

bit) it camot correct all double and triple errors. The error correcting power of a code is:

Ir

t:ld,,i,-l¡'-L z l
where d*¡n is the minimum distance of the code.

(2.1)

28
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Fig. 2.5. Three repetition code geometrical interpretation.

A geometrical illustration of this rule is in Fig. 2.6..The central dot represents the

codeword. Each circle are words of distance D from the codeword (D is the number under

the line), they also correspond to received words with D errors. We see tliat if a number of

errors less or equal to ldu""-11 huoo.n, the code is still able to identify the closestLzl
codeword and thus decode the source r.vord correctly. As an example, the three repetition

code has a minimum distance of d-¡n(000,111):3 so its correcting power should be

l? | : I which was verified geometrically.
t2l

Fi1.2.6. Geometrical representation of the relationship between correcting power and

minimum distance of the code.

29
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Coming back to our definition of how ECCs work in the light of our example:

ECC take a source word (e.g., a single bit) and map it to a longer codeword (thus adding

redundancy, e.9., 0 to 000, 1 to 111) so that if errors occllr in the limit of the error

corection capacity of the code (e.g., t:l), the original source word can be reconstructed

using the introduced redundancy.

A graphical illustration of the relationship between various classes of ECC is

shown in Fig. 2.7 .. The down arrow specifies a subclassing relationship. For example, tree

codes are FEC but not all FEC are tree codes. The label on the arrow represent the

additional property for the subclass. There are several ways to see ECC hierarchy, this is

only one of them.

A tree code is defined by the following property: for any M, if two semi infinite

sequences agree in their first Mk components, then their images agree in the first Mn

components. Block codes have a memoryless encoder that takes finite k-length word and

map them to finite n-length codeword. The ratio k/n is called the rate of the code and

determines the bandwidth expansion due to the code. Sliding window codes operate on

semi-infinite source words by encoding data contained in a window sliding along the

word. The number of additional symbols in the sliding window at each iteration is named

k and the number of output symbols is named n. The ratio k/n is the rate of the sliding

window code. Even though sliding window code rates and block code rates are not

identical, they both represent the channel bandwidth expansion due to the code.
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No Feedback

Tree Codes

Trellis Codes

Sliding Window
Codes

Block Codes

Cyclic CodesSelf Orthogonal
Convolutional Codes

Constant Ratio Mapping

Finite Constraillt Leneth

Time Invariant Not Time Invarianl

Linear

Self Orthogonal

Fig. 2.7 . ECC hierarchy.

(a) Block Code

(b) Sliding Window Code

Fig. 2.8. Encoding of (a) block codes and (b) sliding window codes.

length n

sliding wi
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Each codeword in a block code depends only on the k input symbols and is

independent from any other coder.vord (memoryless encoder). For a sliding windor.v code,

the sliding window generates a continuous dependence of the length of the window

bctween the input symbols and the generated codeword (see Fig. 2.8.).

The constraint length of a code is the number of input symbols on which an output

symbol is dependent. In the case of block codes, the constraint length is the size of the

input word. For a sliding window code, the constraint length is the size of the sliding

window.

A code is linear if the codewords form a linear vector space. This properly

simplifies the coding scheme as any codeword is a linear combination of a sniall set of

reference codewords called a vector basis. It also simplifies the calculation of the

performance by making the distance between two codewords equivalent to the distance

between the all zero codeword and the difference of the two codewords. The minimum

distance is then equal to the minimum weight of the codewords (the weight of a codeword

is the number of non zero elements in the codeword). If the input of the code is also a

linear vector space, the code mapping between the two spaces can be expressed in the

form of a matrix. The code is then completely defined by the matrix.

A cyclic code is a linear block code C with the following property: if the codeword

(cg,c1,...,c¡-2,en-t) is in C then (cn-1,cg,...,cn-z) is also in C. As a consequence of this

property, as all rows in the code matrix are also codewords (multiplying (1,0,...,0) by the

matrix generates a codeword, the result is the first line of the matrix), they are all cyclic

)L
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shifts of each other. Thus only one line is necessary to represent the complete code. This

one line can be interpreted as a polynomial called the generator polynomial and the

encoding process as the multiplication of the generator polynomial witli the source

poly.nomial.

An ECC can be systematic or nonsystematic. A systematic ECC is one that starts

each codeword with the information symbols unmodified. The remaining symbols are

called parity symbols. The systematic property is not included in the diagram because

there are systematic codes at each level of the diagram (systeinatic convolutional codes,

systematic trellis codes). For example every linear code is equivalent to a systematic linear

code.

ECCs are characterized by their encoding algorithm, decoding algorithm, and their

rate. As was stated in Section 2.2, The choice of an ECC is governed by the complexity of

its decoding algorithm (speed, memory requirements), its allowable rate (bandwidth), and

the targeted error correcting power (according to the noise characteristics of the

transmissìon channel).

This section gave a broad overview of ECCs, their characteristics and families.

The following sections describe the codes used in this thesis: Reed-Solomon codes and

self-orthogonal convolutional codes with their theoretical background.
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2.4.2 Algebra of Finite Fields

A finite field also called Galois Fields and written GF(q) is a set of q elements for

which the following arithmetic rules are defined:

R1. There are two operations def,ined on the elements of the field addition (+) and

multiplication (.);

R2. The two operations are closed which means that the result of addition and

multiplication on the elements of the field is an element of the field;

R3. The field has one and only one multiplicative identity (1) and one addition

identity (0);

R4. All elements have an additive and a multiplicative inverse (except 0 for the

multiplication);

R5. Associativity: a+(b+c):(a+b)+c and (a.b).c:a.(b.c); commutativity: a+b:b+a

and a.b:b.a; distributivity of over +: a.(b+c):a.bta.c.

If q is a prime integer GF(q) is the set of integers from 0 to q, + is the addition

modulo Q, . is the multiplication modulo q. GF(q) is called a prime field. For example, for

q:2, GF(2) is the binary field as shown in Table 2.2 andTable 2.3.
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Table 2.2 Multiplication in GF(2) Table 2.3 Addition in GF(2)

If q is a power of a prime number (e.g., q:p-), then the field elements are all

possible polynomials of degree m- i where the coefficients are from the prime field GF(p)

(polynomials over GF(p)). Addition and multiplication are defined modulo p(x) where

p(x) is an irreducible polynomial (it cannot be divided by any polynomial with factors in

GF(q)). GF(p-) is called the extension field of GF(p) and p is called the characteristic of

GF(p-).

This thesis deals with the GF(2m) Galois fields as they are represented by

polynomials of degree m-1 over the binary field. In other words, elements in GF(2m) are

strings of bits of length less than m-1.

Another representation for finite fields is through power of primitive elements. It is

a properfy of finite fields that there exists at least one element c¿, called generator or

primitive element, such that every non zero element in the f,reld can be expressed as a

po\¡/er of this element. Polynomial representation is convenient for addition of elements

while the power representation is better for multiplication (equivalent to adding the

powers).
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Theorem 2.1 [Lid184]: All polynomials over GF(p) have at least one extension field

GF(pt) which contains all the roots of the polynomials (this extension field is called the

splitting field of the polynomial).

A primitive irreducible polynornial (PIP) p(x) is an irreducible polynomial over

GF(p) having a primitive element c¿ for GF(p-) as one of its roots. PIP of every degree

exist over GF(p) and they have the additional property that in the extension field

constmcted modulo p(x), the field element represented by x is primitive. All these

properties are proven in [Blah83]. We will now describe how to generate both polynomial

and power representations for a given Galois field.

Table 2.4 GF(8) generated by x3+*+1.

Zero &
powers of x

Polynomial
over GF(2)

Vectors
over GF(2)

0 0 000

ô
X" 001

xl x 010

*2 xZ 100

X, x+1 011

^x' *2+* 110

x' x2+x+1 111

_-6Ã x-+l 101

Starting with the unity

(0...010) modulo p(x), where

between the powers of x and

polynomial (0...00i) and successively multiplying it by x

p(x) is a PIP for GF(p-), we generate a translation table

the polynomial representation over GF(p). The generation

JO



Valid. Syst. for Printed Docs Ch. 2 : Backgroturd

stops when the power of x equals 1. As p(x) is a PIP, x is a primitive element so the po\,vers

of x generate all elements of GF(p-). See Table 2.4 for the generation of GF(8) with the

pJp x3+x+i.

2.4.3 Reed Solomon Codes

Reed Solomon Codes (RS codes) are a sribclass of BCH codes (Bose-Chanhuri-

Hocquenghem codes) for which the locator field GF(q-) is the same as the symbol field

GF(q).

A BCH code over F:GF(q) of block length n and designed distance ô is a cyclic

code generated by a polynomial g(x) : lcm{m,(x);a< i < a+ õ-2} e F[x) whose

rootsetcontains ô-1 distinctelements do,&o*t,..., oa+ô-2 where cr isaprimitive

nth root of unity and a some integer. m¡(x), minimal polynomials, are the smallest degree

irreducible polynomial in F that have c¿t as a root in GF(qn). The lcm is the least common

multiple of all the polynomials which explains the statement regarding the roots of g(x). A

cyclic code of block length n is formed from any polynomial g(x) that divides xn-l

[MiLe85]. BCH codes are cyclic as ail m¡(x) divide xn-1 (a's are nth root of unity and mi(x)

is the smallest degree irreducible polynomial over F, thus m¡(x) divides xn-i).

For RS codes, because the symbol field and the splitting field are the same, all

minimal polynomials are of degree 1. For a t-error correcting code, the generator

poll,nomial for an RS code is:

g(x) : 7, - u"'o¡1* - d*o* ')... (* - o"'o+ 
2t - | 

)

JI

(2.2)
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where rns is 0 or 1. This polynomial is always of degree 2t.

Theorem 2.2:RS codes are maximum distance separable (MDS), i.e. d:n-k+1.

Proof: The number of parity symbol is equal to the degree of the generator polynomial,

lrence n-k:21. The desiened distance is defined as ô : 2t + I and we know that ô < d (d

is the minimum distance of the code) i.e. the code cannot correct more errors than the

number assigned by its minimum distance. So 2t+7<d, and n-k+l<d. The

minimum distance is equal to the smallest weight codeword. The information symbol

smallest weight is 1 (the only part that we can minimize) but the parity symbols can have

weightsashighasn-kso d< n-k+ lHenceforRScodes, d: n-ft+ itr

RS codes have been used extensively for mally reasons:

- Provided the block length is not excessive, there are good codes in this class;

- Relatively simple and instrumentable encoding and decoding techniques are

known;

- They have a well understood distance structure;

- They have a flexible error colrecting power capacity.

- They are maximum distance separable (MDS) codes

After the definition of RS codes and their general properties, we now go through

their encoding and decoding procedures.
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2.4.3.1 Encoding

Any codeword in a cyclic code is the sum of cyclic shifts of the generator

polynomial [MiLe85] or equivalently, codewords are generated by multiplying the source

lvords rvith the generator polynomial mod xn-l (multiplying a codeword by x modulo xn-1

is equivalent to a cyclic shift):

c(x) : i(x)g(x)ntoclçx'' -1)

*' t7r¡ : d(x)g(x) + fx' i(x)modg(x)l

and, in GF(2), x:-x, hence

cl(x)g(x) : ,'i(r) + ¡x'i(x)modg(x)l : c(x)

(2.3)

where i(x) is the source word and c(x) is the codeword. As g(x) divides both i(x).g(x) and

xn-1, g(x) divides all the codewords. If g(x) divides a(x) then a(x):u(x)g(x)mod(xn-1) and

a(x) is a codeword associated to u(x). Thus a word c(x) is a codeword if and only if g(x)

divides c(x). An alternative way to generate codewords is:

c(x) : *'tçr¡ + lxr i(x)moclg(x)l (2.4)

where r is the degree of g(x). Indeed, the Euclidean division of x'i(x) by g(x) is:

(2.s)

(2.6)

So, g(x) divides all c(x). Furthermore, all c(x) are distinct (through the x'i(x) term)

so Eq. (2.4) generates a systematic code equivalent to the one generated by Eq. (2.3).
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2.4.3.2 Decoding

The general procedure is:

1. Generatethe syndromes fromthereceivedword I <k<d-1.

2. Calculate the eror locator polynomial o(x) using the syndrome values. Exit

ifthe error cannot be corrected.

3. Solve o('x) : 0, the resulting roots are the error locators'

4. Determine the eror values using the error locators'

5. Correct the received word.

After the channel, the received word is the codeword plus the error word:

r(x) : c(x) + e(x) . To generate the syndromes one must evaluate the received word at

* : oo (l < k < A - l) as cr¿ are the roots of the generator polynomial and all codewords

are multiple of g(x). Hence St, : 
"(uk) 

. The error locator polynomial is calculated using

the Berlekamp-Massey algorithm, see [Blah83] for more details. The root of o(x) are

found by exhaustive search through all the values of GF(2m). There can be at most L error

locators where L is the degree of o(;r). The error value is found by solving the syndrome

equation

L

^S,,: Tv,xf forT<k<L (2.7)
L L¿I I

t: I
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where x; is the error locator for the ith error and /; is the elToneous value. Solving the

equation is equivalent to inverting a matrix:

-l
!t --l'- |

-l

T

'^1,

sl

,g¿
^l

(2.8)

t,

Once the error values are calculated, they are subtracted from the received word at

the determined error locations.

2.4.4 Convolutional Codes

2.4.4.1 Introduction

Convolutional codes are linear, time invariant, finite constraint length trellis codes.

Convolutional codes can be interpreted in two ways: as a trellis code or as a linear code

with infinitely long generator matrix. The infinite matrix interpretation is the literal

interpretation of the encoding process and is used for syndrome decoding of the code. The

trellis viewpoint is used in decoding algorithms such as Viterbi decoding, sequential

decoding, or turbo decoding.

A convolutional code encodes a stream of data by sliding a window along the

stream of symbols and calculates linear combinations of the symbols to generate parity

symbols sent on the channel. In the case of systematic convolutional codes, the parity

symbols aÍe sent along with the information symbols. A convolutional code is

4l
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characterized by its input length, output length, constraint length, and generator

polynornial(s). The input length, k, determines how many symbols are processed at each

iteration of the encoder. The output length, n, detennines the nllmber of symbols output at

each iteration. The constraint length, N, is the size plus one of the sliding window

(rnaximum size plus one in case of multiple encoding rvindows). The generator

polynomials are the polynomials used to generate the channel symbols.

An example of a systematic (2,1), N:2 convolutional code encoder with

Blr=(11):(gt l(0),g11(1)) is given in Fig. 2.9..

Fig.2.9. (2,1) N:2 systematic convolutional encoder'

The input bits are fed into the shift register ("window") and a linear combination

of the currently input bit and the bits in the register is calculated according to the generator

polynomial. The output switches between the input bit and the parity bit at every iteration,

outputting a string of information (bit, parity) pair. The associated generator matrix is:

9r r (o) 9r r(1)

A''
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"co I g¡1(0)

0 0 1 S:¡¡(0)

(2.e)

11010. 0

0011010... 0

..0011010...0

0000

A codeword is obtained by multiplying G- and the message: c : mG*.

Convolutional codes can also be represented using a tree or a trellis. Figure 2.11

represents the code tree for our example. The trellis representation of the code considers

the encoder as a finite state machine (FSM). The states of the encoder are contained in the

values of the shift register (memory of the circuit). Figure 2.10 is the FSM diagram and

the trellis for our code.
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inout I

- input 0

10 t0

(a) Trellis diagram

Fi1.2.10. (a) Trellis diagram, (b) FSM

1/10

1

0

t/1r 0/01

0/00

(b) FSM

for a (2,7) N:2 code.

Fig. 2.li . Tree representation of a (2,1) N:2 code.
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The arro.,vs in tlie FSM represent the transition from one state to another. Each

an-ow is labeled with the input and output associated with the transition. Given a state and

an input, the output of tlie encoder is identical at any point of time. This is the called time

invariance property.

2.4.4.2 Self-Orthogonal Convolutional Codes

An (n,k) convolutional code is self-orthogonal if and only if tl're set of J¡ syndrome

symbols, which check eg(i), are orthogonal on eg(i) for i:1 ,2,--.,k [SLin7O].

Syndrornes are received symbols stripped from their information symbols; the

syndromes are a sum of error symbols. The following discussion applies to convolutional

codes in general, syndromes are not specific to self-orthogonal codes and there exist other

decoding techniques based on syndrome evaluation.

Syndromes are obtained by encoding the received information symbols and

XORing the result with the received parity symbols. The XOR operation removes the

information symbols and leaves the error symbols only. If the received sequence is of the

form:

r : r s(1) r s(2) . . . r s(n) r 1(1) r t(2) . . . r 1(n) . . . (2.r0)

(2.rr)

(2.12)

(2.r3)

Ti: ro(1)...rs(k)rr(1).

ro(k + l)...rs(n)rr (Æ + 1)...

.. 
- ^L¡t-Lté

A<
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The syndromes are calculated by encocling the received infomation bits

tt : r,G- : c¡G*r n,G* (2.14)

rr) : UG,,))r* "o Q.15)

r,vhere i is the source word. For a systematic code cn : i. The resulting parity bits

are XORed with the received oaritv bits.

t : ,p* n, (iG*)p* 
"o* koG*)p+ (eoG*)p : 

"p* 
(eoG*)p (2.16)

The result are the syndromes. Note that only errors and linear combination of

errors rernain and all information bits are gone. Equation (2.16) can also be written

literally

s¡0) : eÌ(i+ È) + I e,(i)g,r(O) + ... + 2",_¡r* r(i)gu(N- 1) (2.r7)

i= | i: I

for I <7 < Æ, where S,(s) is the sth coeff,rcient of the generator polynomial g¡.

Definition (orthogonal syndromes): Two syndromes are orthogonal on eg(i) if both contain

eg(i) but they have no other error symbols in common.

For example: 91 ¡:(101001 1)
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sr(1) :
sr( 1) :
s3(1) :

sa(1) :
s5(1):

s6(1) =

sr(1) =

eq(l) + e6(2)

er(l) + er(2)

eo(1) + er(\)+ er(2)

¿r(1) + er(7)+ er(Z)

e'fl)+ eo(7)+ eo(2)

es(1) + er(l¡+ e5(1)+ et(2)

e6(1) + er(1¡+ ea(1)+ e6(l)+ eoQ)

sl(t), s¡(l), so(l), and s7(1) are orlhogonal on

with J:4. A list of self-orthogonal convolutional codes

2.4.4.3 Threshold Decoding

(2.18)

es(1). The code is self-orthogonal

is given in lliWe67l.

Self-orthogonal codes can be decoded using a technique called threshold decoding

developed by Massey (see [Mass63].) From our previous example, we observe that if two

bits or less are in error then a majority vote on the syndromes will give the error. The

decision rule is given by the following equation:

T s,(/c) >
/-¿

t- |I- t

l11ltl (2.re)

if es(l) is zero u"O | / | or less eïror occur then Eq. (2.1g) returns a 0; if es(l) is
L2)

one and | / | - 1 or less error occur then Eq. (2.1g) returns a 1. This decoding technique is
t2l

called majority decoding. It is a special case of threshold decoding. Threshold decoding

introduces weights and a threshold calculation:

4l
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Ys,(/c)w,>r r,vithz: tt"t (2.20)/¿ Lz
-__ At= | t-v

where rv; is a weighting term that is proportional to the reliability of the ith syndrome. If all

w;S âre equai to one we fall back on the majority decoding rule.

This matter is developed in [Mass63]. In this section a few additional explanations

are given to ease the understanding of the proof.

To minimize the probability of symbol enor, the decoding rule is:

e-:1 if Pr(e,,,:11{s/}) > Pr(e,,,:01{sr}) and e-:0 otherwise.

Using Bayes'rule

Pr(e,,,:Y l{ S¡} ) :
P r({ S,\ \e,,,:Y ) P r (e,,,:Y )

Pr({S,})

The decoding rule becomes: Choose e*:1 if and only if

Pr({ S,} l" ^:l)Pr(e,,:1) 
> Pr({ Sr} 

| 
e.:O)Pr(e,,:0)

(2.2r)

(2.22)

Since the syndromes are orthogonal on the mth symbol, the S¡ are all independent

variables. Hence the decodinq rule is:

Pr(e,,,:7) fl f"1S, 
le ,,:7) > Pr(e,,,:0) fl Pr(S,1e,,,:0) (2.23)

¡: I i: I

Finally, taking the logarithm of the rule with equally likely e-

-48-
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Pr(5,1r,,,:0)
J,

I

F lnlt¿l Pr(S,\u,,,:1) ].,

so the decision rule becomes

J
ñ

t(2S,-1)ln-<0uQ¡
t: I

or

TIJJ

Q, 1 A,f ,S,ln::>lT ln1/-¿ ' n. / ¿-¿ n.rI - TI
,- ¡ t- t

(2.24)

(2.28)

If p ¡ : 1 - q, denotes the probability of an odd nlrmber of ones among the noise

bits exclusive of e* that are checked by S;, the ith syndrome orthogonal to en1, then it

follo'"vs that

Pr(S,:0lnu,:1) : Pr(,S,:11e,,,:0) : p,

Pr(5,:71e,,,:1) : Pr(S,:01e,,,:0) : c1, (? )5\
\-.-- f

if S¡:1

(2.26)

(2.27)

:0
-1-l

"ln

%

1l

I
,s,

ò'¡

r(

4
P
phI

0

T

€r,

"Dr

if si:0

'Pt

D.fT

: loeL : (zs,- r)loe&-8¡ -8¡ìl

: ron! : (zs,- 1)los&"P¡ \ ¡ "8¡
)r
;lhI r(S,:0 

|

r(S,:0 
|
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Using Eq. (2.20) and Eq. (2.29) we deduce

alLt;

Ì?i : ln- (2.30),n
H;

Furthermore

(2.31)

where l,; is the probability that

number of symbols in S¡ except

Eq. (2.30)

wr: ln

,- 1[, - rr (,-L j= |

å['-,ï"

(2.32)

,1

:ln
1 * fl 0 -2y¡¡)

¡:l
lr¡

f ",
p,::l'-nl'_z.,u

-l
L J_. I

I
)l
l
tìie jth symbol

e- (refer to [M

in the ith syndrome is in error, fl; is the

ass63l for a proof). Using Eq. (2.31) and

_ 2y,L)

- zy,,)l

l

r - fI (t -2y¡L)
j= l

if ur: -ln(l-2T¡¡)
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, _2Tii

"l
wr:ln

l-exp

wi:ln

The decision function

tr: "l

can be fed back into the decoder.

Pr(errorlfo) : Pr(e *:01 { S, } )

Pr(errorl¡[¿) : Pr(e,,,:1 | { S,})

The probability of error given/, is

if fd> o

irf,t<o

exp (-crr)

( "'
1+expl-Tt /-¿

\ j= I

(2.33)

(? i4\

(2.3s)

(2.36)

(2.37)

(2.38)

(2.3e)

(
It-
\.,
ll¡

I
-t['"''Ii

; ",1:, 
")

"r]

Pr(e,,,:01 {S¡ } )

Pr(e,,:11 {S¡ } )

if fd> 0

It
e

Pr(errorlfo)
1 - Pr(errorV¿)

Pr(errorlf¿) :
t+{"

f,,
e

Similarly if fd<0

5l
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Pr(errorlf) :
-[,t

e

1 , 1tlt-re
() 40\

(2.41)

Thus V/,

Pr(errorlf¿)
It,il

:€
v,tl-fe

MSB

MSB
from

demodulator

____>

LSBs
from

demodulator

\.K/\,t/\rvYY
\ff

\17
Y

Confiden

(1-2S1)w1

LSBs

(i-2S¡)w¡

Fig. 2.12. Threshold decoder circuit.

Scaling

Decision
e,n:O if f¿<0
e-:i if f¿>0
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The probability of error can be identified as yu and fed back into the decoder. An

inrplementation of the total decoder circuit is in Fie. 2.12..

2.4.5 Summary

This section described forward error corïecting codes, both block cocles and

convolutional codes, rvith their associated coding and decoding procedures. These codes

are the building blocks of the code used to protect the data on the physical paper channel.

2.5 Barcodes

Now that the error comecting code background has been acquired, the state of the

alt in barcode technology can be reviewed for a better understanding of the uniqueness of

the pattem developed in this thesis. Most of the following material comes from Palmer's

book with minor editions for content flow [Palm95]. Palmer defines barcodes as "an

automatic identification technology that encodes information into an array of adjacent

varying width parallel rectangular bar and spaces." Two parls of the definition are key:

automatic and bar and spaces. The automation is one of the goals for this thesis. Bars and

spaces are the principal constituents of barcodes.
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iltill
J

illnilülffil0lltllt

Start Character Data (message) Check Digit Stop Character

Fi5.2.13. iD barcode structure.

For a more accurate description, barcodes are a series of printed bars of various

colors (usually black and white) and sizes aranged in a certain fashion so as to encode

data (see Fig.2.13.). In general, barcodes bars are parallel and arranged in a rectangular

shape. The bars are arranged in groups that are called symbols (the "letters" of the

barcode) and the group of all possible symbols is called the symbology of the barcode (the

"alphabet" of the barcode). Barcodes contain a synchronizing pattern (such as start and

stop characters) and the information symbols. All barcodes use a form of redundancy to

protect the information against errors happening during its life on paper. There are two

main categories of barcodes: one dimensional (1D) and two dimensional barcodes (2D).

2D barcodes are further divided into stacked and matrix barcodes. Refer to Palmer's book

for a complete description and thorough listing of all existing barcodes [Pahn95].
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|ililil illl ilillt lilt ililil ilil ilfl ilililililtl
BARCÜDE 1

(b)

ilililIilililIilililililililil
07 17 199959

(d)

ilililililil]]il|
t7 17 1994

(Ð

ilil]tl
954

ill
171

(h)

ililililtilil|illtlt||l
08t07 17 19933

(a)

iltililil|lililil||iltilltililtl
07171999

(c)

ilililil1ilil|il]||]l
BÛEE0? 1719993

(e)

ilil|ilil|ilililt||il
ü7 17 1599

(g)
[7

(d) Code 11; (e)

; (.¡) Code 128.

ilililililililililililililililil1
VEHUS

(i)

Fi1.2.14. Sample of 1D barcodes: (a)
EAN 13; (Ð EAN 8; (g) interleaved

UPC-A; (b) Code 39; (c
2 or 5; (h) UPC-E; (i) C
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2.5.1 1D Barcodes

1D barcodes usually have a start and stop character at the beginning alld the end of

the barcode and information symbols in between. They use the height of the symbols as a

forn of redundancy and sometimes use check characters to guarantee the integrity of the

data. Figure2.l4 is an illustration of 1D barcodes.

2.5.2 2D Barcodes

Two dimensional (2D) barcodes, introduced in the mid-80s, use smaller bar height

and encode the data with Reed Solomon (RS) codes to protect the code from errors to

compensate for the lack of vertical redundancy. The RS codes are used for their resilience

to burst elrors and for their easy implementation using barcode syrnbology (each RS fîeld

number is associated with a barcode symbol). 2D barcodes were made possible by the

advent of better and cheaper imaging technology such as CCD and CMOS arrays and

faster, less power hungry processors.

There are two main types of 2D barcodes: 2D stacked and2D array.2D stacked are

1D codes piled up on top of one another with shorter bar height.2D matnx are just a series

of dots instead of bars. 2D barcodes can carry more information than regular lD barcode

and can have a much higher resilience to noise. 2D barcodes are only decoded with

imaging hardware. Figure 2.15 illustrates a few examples of 2D barcodes.
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tfi
(c)

Fi
flr

ffi
(h)

Fig.2.l5.2D barcodes examples: stacked: (a) 16K; (b) PDF417; (c) SuperCode; matrix:
(d) Aztec; (e) code 1; (f) ultracode; (g) DataMatrix; and an example of unique 2D

barcode: (h) 3Di.

=filr+
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2.5.3 Summary

We have seen different types of barcodes in this section from the original lD

barcodes used for small amount of data exchange such as a key entry into a database for a

product. 2D stacked and matrix barcodes used for higher volume of data (for example a

macro mode of PDF417 allows to encode up to 99,999 characters) and used for a richer

input format than 1D barcodes (some lD barcodes only handle numbers where PDF417

can encode 76 different kind of symbols). The pattern developed in this thesis will be

similar fo 2D matrix barcode technolosv.

2.6 Random l{umber Generators

Random number generators (RNGs) are algorithms used to generate sequence of

numbers that behave .like a sequence of independent random numbers with uniform

distribution. The meaning of random will not be discussed in this thesis. However, we can

define tests that a sequence of independent random number should pass and put the

generated sequence through those tests.

Computers are finite state machines, so RNGs implemented on a computer will be

periodic. The quality of a RNG on a computer is then measured by the length of its period

and by the fact that it passes tests that random numbers should pass. There is however no

way to prove thata RNG is good, the generator is good until it fails a test. The quality

requirements for a generator also varies with its applications (as shown in Section 5.i.1).

58



Valicì. Syst. for Plinted Docs Ch.2 : Background

2.6.1 Linear Congruential Generator

The most popular RNG is the linear congruential generator (LCG) which works in

the follorving way:

Xr+t : (aX,,+ c)mod nt n) 0 (2.42)

where m is the modulus (nt>O), a is the multipiier (0 1a<nt), c is the increment

(0<c <m), and Xs is the seed (0lXo <rn). Those generators are fast and have been

heavily studied and ways have been found to select moduli and multipliers that give

maximum period length [Knut81].

2.6.7 Encryption Based RNG

The goal of data encryption is to generate from a plain text a ciphertext that is as

close as possible to white noise so that probabilistic methods performed on the ciphertext

cannot give any information about the cleartext (see also Section 2.3 for an introduction

on cryptography). This property can be used to generate random numbers by simply

encrypting a seed several times and extracting numbers at each iteration. Any encryption

algorithm can be used to generate random data. However, encryption algorithms are

relatively slow compared to simpler random number generator algorithms such as the

LCG. A viable choice is to base the generator on block ciphers algorithms which are some

of the fastest strong encryption algorithms.
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2.6.3 RNG Test Procedures

In this section, we describe the chi square test which is used, for example, in the

equidistribution, pair, triple, and gap test. We also define the spectral test which is used

only for LCG.

2.6.3.i Chi Square Test

The chi square (X') statistic for an experiment with k possible outcomes, performed n

times, is defìned as [FaDe99]:

k.\
, (Y,- np,\"

N": >_; (2.43)

t: I

where Y; are the number of experiments which resulted in each possible outcome and p¡

are the a priori probabilities of each outcome.

1' will be larger to the extent that

expected by chance. The probability Q of a y2

freedom (df) due to chance is:

Qr,,o:

where gamma

arguments:

r-l-)
edI

the observed results diverqe from those

value for an experiment with d degrees of

(2.44)

factorial function to real and complex

r d --1x' d

lr'r(91 l,'-| '" | '
0

is the generalization of the
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cÕ

f .r- I -/I(n): lr e dt
J

0

(2.4s)

and d:k-1 (intuitively, the kth possible outcome vallìe can be deduced from the k-1 other

possible outcomes, so our experiment has k-1 degrees of freedom).

There are two steps to the X' test:

Step 1. If the outcome of an experiment has a probability of happening less than cr

or more than 100%-cr (where u is usually 0.7o/o or 0.5%) then the

generator is rejected and the test stops,

Step 2. If not, the y2 cumulative density function (CDF) of a series of experiments

with d degrees of freedom is plotted which should be comparable with the

theoretical CDF.

If the RNG passes those two steps, it passes the specific test.

The X2 test can be performed on various distributions, for example:

equidistribution over k categories (p¡:1/k), distribution of pairs (k2 categories, p¡:1/k2),

triplets (k3 categories, p¡:11k3), distribution of a given bit (2 categories, pl:l/2), mod-3

distribution (3 categories, p¡:1/3).
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2,6.3.2 Spectral Test

The spectral test is described in detail in lKnutS l ] and the algorithm to perform the

test efficiently is also given, The spectral test applies only to LCG. All known good LCG

passed the test and all flar.ved LCGs failed it.

2.6.4 Summary

RNGs are used to introduce randomness in processes. Two RNGs were detailed

(congruential and crypto RNG) and testing procedures to evaluate the quality of the

randomness of the number were given. The RNGs are used for noise generation and

random interleaving.

2.7 Digital Image Processing

The demodulation of the pattern involves the location of the pattern and transformation to

binary information with or without conf,rdence level. The demodulated information is then

passed to the decoder. The pattern is acquired through a scau.ner which transforms it into a

digital image. The goal of this section is to give the necessary background in image

processing to understand the workings of the demodulator which is designed in the next

chapter.

2.7.7 General Conceots

Digital image processing is the action of transforming an image using computers or

special purpose digital hardware to enhance it, compress it, extract information from it, or
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find patterns in it. The focus of the thesis is on edge enhancement as an image

enhancentent transformation and line identiflcation algorithms in special transform

spaces.

A digital image is represented by a two variable discrete function/:

f(*,y), x e s* n lO,N- 7f,y e N n [0,M- 1] (2.46)

rvhere N is the positive integer set, N and M are the horizontal and vertical dimensions of

the image. A single point (x, y) is called a pixel. The value of f(x,y) represents the

intensityoftheimageatpixel (r,y).Forgrayscaleimages,f(x,y) isbetween0and255

rvhere 0 is black and 255 is white and any number in between is a shade of grey.

2.7.2 Edge Detection

Edges in images are represented by sharp changes in the value of f(x,y). Sharp

changes in a function imply a high slope which in turn mean a high positive or negative

values for the local derivative. Now consider an ideal step edge. When smoothed the

profile of the edge looks like the leftmost sketch of Fig. 2.16.. The next sketches show the

first and second derivatives; the presence and location of the edge is marked by a peak and

a zero crossing respectively.
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F(x) F'(x)

First
derivative

F"(x)

Fig. 2.16. Successive edge derivatives.

The norm of the gradient for a two variable function is expressed by:

Zero
crossing

(2.47)tvrr : l(Ð'*(Ð')"'

The gradient for a pixel can be approximated as a linear combination of its

surrounding pixels. This operation is called convolution and can be represented by a

matrix sweeping the image where each pixel is replace by the sum of the surrounding

pixel values multiplied by the matrix coefficient. The following operators are all discrete

linear approximations of the gradient operator. All operators are then considered in the

reference image matrix shown in Fig. 2.17..

Smoothed
step edge

Second
derivative
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f(x-1,y-l) f(x- I ,y) f(x-l,y+l)

f(x,y- l) (x,v) (x,y+ l)

(x+ I ,y- l) f(x+ I,y) f(x+l,y+l)

Fi1.2.17 .Image matrix for edge detection algorithms.

The properties ofa good edge detection operator are:

. Isotropic (the eclge direction does not rnatter)

" Good Localization (identify the location of the edge precisely)

. GoodSignal-To-NoiseCharacteristics

. Accurate Determination of Edge Orientation

2.7 .2.1 Gradient Operator

The gradient operator can be approximated by the following equation:

:
Yf = [Ç(x,y) -f(x + 1,y))2 + (f(r, y) -f(x, y + D)2]2

Eq. Q.aÐ can itself be approximated by:

(2.48)
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Vf xlf(x,y)-f(x + t,y)l +VG,Ð-.f(x,y + 1)l (2.4e)

(2.s0)

Eq. Q.a9) is equivalent to perform two convolutions with the masks shown in

Figure 2. 1 8 and add the absolute value of the resr-rlting images at each pixel.

Fig. 2.18. Basic gradient approximation convolution matrices.

2.7 .2.2 Roberts Operator

Another approximation can be obtained by taking the cross terms instead of the

terms on the same column or row:

Yf xlf(x,y)-f(x+ 7,! + 1)l + lf(*,y + 1) -f(x + t,y)l

This is called the Roberts cross-gradient operator. The convolution matrices are

shown in Fig. 2.19..

Fig. 2.19. Roberts cross-gradient convolution matrices.

1 0 0

1 0 0

0 0 0

I 1 0

o 0 0

0 0 o

1 0 0

0 I 0

0 0 0

0 I 0

I 0 0

0 0 0
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2.7 .2.3 Prewitt Operator

of three

2.7.2.4 Sobel Operator

The Sobel operator

this operator provides both

The Prewitt operator approximates the gradient at (x,y)

pairs of numbers instead of a single pair of numbers:

vf= l(f(x - 7, y - 1) -f(, + 1, r- I )) +(f("-1,v)-f(x + 1,y))+
(f(, - l,y + 1) *f(, + 7, ! + 1))l +
l(f(x - 7, y - 1) *f(x - 7, y+ 1)) +
UQ - 7, ! - 7) -f(, - l,y+ I )) +
(f(, - 7, y - 1) - f(* - 7, y + I ))l

by taking the difference

(2.s1)

The convolution matrices are shown in Fis. 2.20..

Fis. 2.20. Prewitt convolution matrices.

is another approximation of the gradient function. However,

a smoothing operation with the derivative operation: a simple

operation is performed before the derivative is applied.

I 1

0 0 0

I 0 I

1 0 1

I 0 1

I 2 I
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-l 2 I

0 0 0

2 I

0

-¿ 0 2

I 0

Fig. 2.71. Sobel convolution matrices.

2.1 .2.5 Laplacian Operator

The Laplacian is the second derìvative for the two dimensional image function:

:

^2v-,

^ J\x, Y¡ +ox

a(a ",
ar\a/\''Y

daJ: 
fi;(flr, 

y) - f(x - 1, y)) * 
fi{flr, 

y) - -f(x, y - 1))

: {f(x + 7,y) -f(r,y)} * {f(r,y) -f(, - 1,y)}

a-. .\
Tr/l'' tl1

')
AU

^ TIX, Y
oy-

,\ a(
)J+^ l-/ oy\(

)

+ {f(*,y+ 1)-f(*,y)} - {f(r,y)-f(x,y-l)}

: f(x + 1,!)+f(r- 1,y)+f(x,y + l)+.f(*,y - l) - 4"f(r,y) (2.52)

The equivalent convolution matrix is illustrated in Fig. 2.22.. An edge is

represented by a maximum of the absolute value of the derivative which is an increase, a

maximum, and then a decrease. The second derivative will then be positive before the
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edge and then negative. In other words, the dedvative rvill change sign and the edge

location is the zero crossing of the function. Edge location rvith tlie Laplacian operator is

then performed in two steps: convolution of the image rvith the Laplacian operatormask,

and location of the zero crossing in the image.

F tg. 2.22. Laplacian operator.

2.7.2.6 Canny Operator

The Canny edge detector arises from the earlier work of Marr and Hildreth, who

were concerned with modeling the early stages of human visual perception [MaHi80]. In

designing this edge detector, Canny considered an ideal step edge represented as a sign

function in one dimension, comrpted by an assumed Gaussian noise process. In practice

this is not an exact model but it represents an approximation to the effects of sensor noise,

sampling, and quantization. This edge detector is ot used in this Thesis but could be

implemented in further work. The approach was based strongly on convolution of the

image function with Gaussian operators and their derivatives, so we shall consider the 2D

Gaussian functions and their derivatives (in polar coordinates):

2r
I a^-
tLv

ltlrl : 

-€

')
2no-

0 0

1 -4

0 0
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and the first derivative iwth respect to r is,

r
¿6

^ Lr(rJ :
or

-t'
Á-

L JLI)

v2G : tfr(,$rcr,>)

and the second derived is.

(2.s4)

(2.ss)
f2]|

= -+G(t')lz-\lo L o-l

The first derivative of the

g(x, y) : DlGauss(;r,.y)

image function convolved

Ø f(", v)l

with a Gaussian,

is equivalent to the image function convolved with the

Gaussian,

(2.s6)

first derivative of a

g(x,y) : DfGauss(;r,y)l Øf(r,y) (2.s7)

Therefore, it is possible to combine the smoothing and detection stages into a

single convolution in one dimension, either convolving with the first derivative of the

Gaussian and looking for peaks, or with the second derivative and looking for zero

crossinss.

After convolving the image with a derivative of the Gaussian function, edge

detection can proceed by the simple thresholding of the data. In practice, the final
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detemination of the presence or absence of an edge is more complex, and it is common to

include post-processing thinning and thresholding stages.

The goals of the Canny Operator were stated explicitly

" Good Detection: the ability to locate and mark all real edges.

" Good Localization: minimal distance behveen the detected edge and real edge

" Clear Response: only one response per edge.

To fulf,il these objectives, the edge detection process included the following stages

Stage 1. Image Smoothing: The image data is srnoothed by a two dimensional

Gaussian function of width specified by a user parameter.

Stage 2. Differentiation: Assuming fwo dimensional convolution at stage 1, the

smoothed image data is differentiated with respect to the x and y

directions. It ispossible to compute the gradient of the smooth surface of

the convolved image function in any direction from the known gradient in

any two directions.

Stage 3. Non-maximum Suppression: Having found the rate of intensity change at

each point in the image, edges must now be placed at the points of

maxima, or rather non-maxima must be suppressed. A local maximum

occurs at a peak in the gradient function, or altematively where the

7l
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derivative of the gradient function is set to zero. Hou¡ever, in this case rve

wish to sllppress non-maxima perpendiclllar to the edge direction, rather

than parallel to (along) the edge direction, since r,ve expect continuity of

edge strength along an extended contour (this assumption creates a

problem at corners.) Rather than perfonr an explicit differentiation

perpendicular to each edge, another approximation is often used. Each

pixel in turn forms the centre of a nine pixel neighborhood. By

interpolation of the sur¡ounding discrete grid values, the gradient

magnitudes are calculated at the neighborhood boundary in x and y

directions perpendicular to the centre pixel. If the pixel under

consideration is not greater than these two values (i.e. non-maximum), it

is suppressed

Stage 4. Edge Thresholding: The thresholder used in the Canny operator uses a

method called "hysteresis". Most thresholders used a single threshold

limit, which means if the edge values fluctuate above and below this

value the line will appear broken (commonly referred to as "streakìng").

Hysteresis counters streaking by setting an upper and lower edge value

limit. Considering a line segment, if a value lies above the upper

threshold limit it is immediately accepted. If the value lies below the low

threshold it is immediately rejected. Points which lie between the two

limits are accepted if they are connected to pixels which exhibit strong

response. The likelihood of streaking is reduced drastically since the line

11
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segment points must fluctuate above the upper limit and belorv the lower

limit for streaking to occur. Canny recommends the ratio of high to low

limit be in the range two to one or three to one, based on predicted signal-

to-noise ratios.

. Canny proposed a f,rnal processing stage, aggregation or feature synthesis. The

general principle is to start from the smallest scale, then synthesize the larger scale outputs

that would occur if they were the only edges present. Then cornpare the large scale output

to the synthesis. Additional edges are marked if the large scale output is significantly

greater than the synthetic prediction. The synthetic data was produced by convolving a

Gaussian of large scale with the small scale edge data. The procedure is repeated to mark

edges at the second scale which were not present at the first, then third to second, and so

on. Canny observed that "in the many cases the majority of edges were picked up by the

smaller channel, and that later channels mark mostly shadow and shading edges, or edges

between textured regions".

2.7.2.7 Deriche Operator

The basic idea introduced by Canny behind optimal operators is based on a

continuous edge model which consists in a step signal comrpted by a gaussian white noise

I(r): Au_r(x)+n(x) (2.s8)

where u_1@) denotes the unit-step function and n(x) is a noise term whose mathematical

expectation and variance are respectively 0 and o2.
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We then consider the convolution of this signal with an edge detector f(x)

o(') : (2.se)

According to this model Canny has proposed to flnd an optimal edge detection

operator using the following three requirements:

1. Low probability of error (failing to mark or falsely marking real edge points).

This criterion consists in finding an asymmetric operator which maximizes the signal to

noise ratio:

s-
a f*flÐa,

co

I r¿ \ 
^rI Ily )'ilx - v )dy

-co

2. Good localization: points marked as edges should be as close as possible to the

true edge. The localization is defined as being the inverse of the standard deviation of the

position of the true edge:

1\ -
Aw (0)l

(2.61)

(2.60)

consists in a constraint on the average3. Only one response to a single edge:

distance between two local maxima (r,nor),

f*f r.¡0''

14
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f-.f'{"¡a,
f*.f't {r¡a*

--Dtal (2.62)

Canny has then proposed a FIR operator (Finite Impulse Response filter: a series

of shift registers with no feedback) which maximizes the product r,{ under the constraint

that the third criterion is fixed to a constant value k. For the unapproximated Canny

operator the performance is xÀ : 1.12 with k:0.58. In practice, as seen in the previous

section, the Canny operator is approximated by a Gaussian function wliich leads to

XÂ:0.92 withk:0.51.

Deriche has then proposed an IIR (Infìnite Impulse Response filter: a series of shift

registers with feedback) operator which optimizes the Canny criteria, this operator has the

following form [Deri87]

f(r) ^t-l-u l^l -
sln cÙ)r (2.63)

It is shown that the most efficient operator is the limit of the previous one when rrr

tends to 0. Therefore,

.S:_e
ú)

.f(r) : ^!xe-or"l

This filter has a performance t^ equal to

approximately 25o/o better than the unapproximated Canny

property of this operator comes form the cr parameter which

(2.64)

J2 (with k:0.58) which is

operator. An interesting

allows to adapt it to the
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content of the images. Roughly, if the image is noisy the cr parameter has to be chosen

relatively small (0.25 to 0.5) which means that I (detection) is favored to the detriment of

Á. (localization) ([Deri98] p. 25). For a clean image c¿ is chosen relatively large ( = 1 .0 )'

The one-dimensional Deriche operator corresponds to trvo stable second order

recursive f,ilters (this proof is based on computing the Z transfonn of the discrete IIR

operator) ([Deri98] p. 17) This results canbe extended to the two-dimensional operator.

The first step in the computation of the filter consists in processing the rows of the image

according to the following scheme (x is the input image)

yl,') : af ¡,j* nrr,,j-t+ btl!,t)-t + bl,\1)-z (2.6s)

going from left to right, and

y!,'ì : a3xi,¡* 1+ a4xr,¡+z* bry,(,'ì*, + b2l!,2)*z

going from right to left. This operation gives a temporary result,

expression is

L,,j: 
"OLI)*Y[,'))

The second step concerns the columns of l'

yf,t) : orX,,j* aeL¡-t,j+ bty,(t-)t,¡+ bù[l)z,L

from top to bottom, and

yt:) : otx¡*t,¡+ osxi+2,i+ ø¿Í1ìt,¡+ bÌ!lz,¡

(2.66)

say À, whose

(2.67)

(2.68)
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from bottom to top. The final result is then obtained by

¡,¡: cz1f)ì*vl,'ì)

The following set of parameters is used to compute the

the gradient

: 2e-o, b2 : -2e-2o

(2.70)

horizontal component of

(2.71)

(2.72)

(2.73)

al:0,a2:7,a3:_ 7,cro: 0,cl : -(l -"o)'

ctr: k,a6: ke-o(cr-1),aj: ke-o(u_ l),as: -k"-2o,c2: 7

Thevertical component canbe obtainby swapping a, and ai*4, and c, and. cr.

For both components we have

L-

1

(1-¿*)
-'h

^ ¡-t " I7*Zae-"-e-"u

Another set of parameters allows to compute the Laplacian of the image but the

most efficient way to perform features extraction is the gradient based approach. Since the

processing of a row (respectively a column) is independent of the computations required

for other rows (respectively columns) it is possible to implement the Deriche operator on a

parallel computer lLaLig 61.

We now describe contour extraction using the result produced by the Deriche

operator- The first step, in order to extract thin contours, i.e. contours of thickness equal to

one pixel, is to extract the local maxima of the gradient norm in the gradient direction

given by the vector (#,i). However, the gradient direction does not coincide (in
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general) to integer pixel coordinates. There âre two common ways of dealing with this

problem:

1. Take the gradient norm at the nearest neighbor of the pair of non-integer

coordinates; and

2. Perform a (bi)linear interpolation in order to obtain a value for the gradient

norm at the non-integer coordinates given by the gradient direction.

Note that both solutions have no physical meaning. Hysteresis thresholding

method can also be used. It consists in eliminating the local maxima which are not

significant according to the following rules. Given a high and a low threshold level, we

eliminate the followin.q local maxima:

1. Local maxima which gradient norrn are less than the low level; or

2. Local maxima which gradient norrn are less than the high level unless it is

connected (here 8-connected) to another local maximum which gradient norm is greater

than the high threshold level.

A local maximum is said to be 8-connected to another local maximum whose

gradientnorm is greaterthan the high threshold level if one of its 8 nearestneighbors has

a gradient norm greater than the high threshold level or if one of its neighbors is connected

to a local maximum whose gradient norm is greater than the high threshold level. This
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thresholding technique gives better results than a one level threshold because it takes into

account that some contours can be "hidden" in the noise.

2.7.3 Line Tracking Algorithms

2.7.3.1 Radon Transform

The Radon transform extracts line parameters from an image. It is an attractive

transform for its resilience to noise. Each line in the image space is t¡ansformed into peaks

in the Radon space, which position correspond to the parameters of the lines. The location

of lines in the transfotm space is then the identifìcation of local maxima. Once the maxima

are located, the associated parameters can be used to reconstruct the lines in the original

image.

The Radon transform is defined by integrating a continuous two dimensional

function/(x, y) along slanted lines

F(a, b) : f*f@, ax + b)ùc (2.74)

Intuitively, if g(x,y) has high values along the line y : ax + b the transform

F(a, b) has a high value. The intensity in the (o, b) space indicate the probability of a

line in the image. using the Dirac function, Eq. (2.7$ can be rewritten as

F(a, b) : f_ f$r,r)U(y - a, - b)ctxdy (2.7s)
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The Radon transform is approximated in the discrete domain by the following

eouation

F(a ¡r, b ¡) =

n nnl

v : v.-

a: ak:

M-l
! f(.r..., a,Å,..* bt)
L ". ttt. tt ttt tl

l¡¡:0

I f( x. 6¡,s * þ,\dx x Lx
*co

(2.16)

(2.71)

where

x,rr,,, I nI A'x

!ur¡r* tlL!

a,rr,,r* kLa

m : 0, "',M-

il : 0r "',N- 1

k : 0,...,K*l

b : bt : b,rri,,+ l\b I : 0, -..,L-1

Both the image coordinates and the Radon transform coefficients are quantized.

The quanttzalion of the image coordinates relates to out digital image model. The

quantization of the slope coefficients relate to the quantization of the Radon transform

space which in turn can be represented as a digital image. The ordinate component

atër,* bt does not necessarily correspond to a yr, so the image has then to be

approximated in those points. Three possible methods to approximate the value of the

image are: nearest neighbor, linear, and sinc interpolation. For more details on the

algorithms used to perform such interpolation are detailed in [Toft96].

The cartesian representation of lines has a singularity for vertical lines (a + "o.)

To avoid the singularity, the lines can be represented in polar form
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c) ca

trrn o\: I lflr,y)ô(p-xcosO - ysin})ctxdyr \Y¡v.l J J. -

.d) -ù)

(2.78)
@

: [¡1pcos0 - ssin0, psin0 + scos0)r/s

-co

where s lies along the line.

Similarly, the Radon transform can be expressed in the discrete domain

s-l
F(P,,0,) = a" l,f(0."ot0, * 1sinOr, P,sin0, + srcos0,) (2'79)

j:0

Similar interpolation methods can be used to approximate the value of f(x,y)

where the (r,r,, y,,) quantized coordinates do not match the

(p,cos0, - srsin0,, p,"sin0, + srcos0¡) coordinates. Again see [Toft96] for details.

The Radon transform of a line in the image domain is a point in the transformed

domain. The transformation of a point in the image domain are all the parameters of the

lines going through this point. For the cartesian representation, if the point is (x6,yq) the

lines going through the point have the following form:

lg : axo+ þ (2.80)

hence

b: -xoatlo

- 8l

(2.8 i )
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The transform of a point using tl-re caftesian Radon transform is a line. Toft shows

that the transform of a point in the polar domain is a sinusoid (tlie same reasoning can be

applied: the coefficients of all the lines going through the point) [Toft96].

2.7 .3.2 Hor-rgh Transfonn

If only a few points in the image are non zero, the Radon transform calculation

adds a lot of zero values with no benefit to the final result. The Hough transfom makes

calculations only for the points defined in the image: instead of counting the points on a

Iine in the irnage domain and representing it as a point with the summed intensity in the

transform domain, tlie Hough transform takes each non zero point in the image domain

and transforms it into the transfonn of the point in the transform domain (a line for the

cartesian representation and a sinusoid for the polar representation, both represents all

possible coeffìcients of the lines that go through the given point). If the number of zero

points in the image is high, the Hough transform has a smaller computational load than the

Radon transform. The Radon transform has a complexity of O(M3) (M number ofpixels in

a side) and the Hough transform has a complexity of O(EFM) where EF is the number of

non-zero pixels in the image (which is hopefully less than M2.)

The Hough transform has also both a cartesian and a polar representation and a

discrete calculation for digital images.
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2.7.4 Sunrmary

We saw in this section different methods for line parameters extraction (Hough and

Radon transforms) and methods for edge detection in digital images. This is used in

locating the transmitted data on the physical paper channel.
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CrraprER XIT

SpcuruTy SysTEMe ConE, Al\D perrpnx Ðnstcn

3.1 Introduction

Each component background r,vas described in Chapter iI. It is now time to bring

them all together and apply them to the thesis: transmit (pattern design, decoder design)

securely (security systern) and reliably (error correcting code design) on paper.

3.2 Scalable Securitv Svstem

Several factors affect the selection of a cryptosystem. The paper documents have

two main characteristics :

(i) Their life expectancy; and

(ii) Their value.

For this reason, several levels of security are required from the cryptosystem.

3.2.1 System Design for Small Value Documents

If the information on a paper has a small value and a lifetime expectancy of a few

months, a simple verification station with a single key for a batch of documents can be

implemented' The cryptosystem can be based on a stream based key cipher for
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infonnation confidentiality rvith an MDC for data integrity. If the information carried by

the security pattenr can be clearly displayed but not altered (like the dollar amount of a

banknote), a MAC along witli the original message can be used to secure the message

content. The keys for tire document batcli are stored on the verification statjons and are

exprred as new documents are introduced. The updating of the keys is handled by a simple

symmetric key communication system. The symmetric communication keys are changed

at each new download of document keys. The communication channel bandwidth and the

verification station key database are minimal. Figure 3.1 illustrates the cryptosystem.

?
t,
Kev

\

\
entral
Updater

,/

pnvale

Verification Station

Fig. 3.1 . Cryptosystem schematic for small value documents.

A small number of keys are stored on the verification station and the keys are

expired after a few months. A key is comrpted only if the verification hardware is broken

into' If a key is leaked, the comrpted key only involves a few months' worth of documents

and when the fraud is detected, the key can be retired. The key becomes invalid as soon as

a ne\¡/ batch of documents is produced.
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3.2.2 System Design for Medium Value Documents

The infonnation value is medium and witir a lifetime expectancy of a year or t\¡/o.

This system is designed to reduce the impact of a comrpted key. Half of the key or the

entire key is stored on the verification station to reduce the storage requirements and the

key encrypts only part of a batch (e.g., groLrps of thousands). A central key server stores

the remainder of the key for each parl of the batch or is not used interactively if the whole

key is stored on the station. The communication is still done using a symmetric key

comntunication system. The communication key is updated at regular intervals of time

(e.g. a rnonth). If the cornrnunication channel key is broken into, the keys are updated

before any new upload of new document key. A comrpted document key only corrupts the

small part of the batch it encrypts. The storage requirement is medium and the

communication bandwidth is medium to small depending on the quantity of the key that is

stored on the verification station. Figure 3.2 illustrates the system.

¿

(*^r)

{'*'")

pn vateì
Verifìcation Station

4

E]
_tY
,
I

Fig. 3.2. Cryptosystem schematic for medium value documents.
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3.2.3 System Design for High Value Documents

This system desìgn requires a high bandrvidth communication channel but no

storage on the verification station. There is one key per document and ali keys are stored

on the local seruer. The key server and the verification stations verify each other's

identities using zero-knorvledge based protocols. DLrring the identifìcation phase a

symmetric session key generated by the key server is exchanged. In this way, the

communication key is never stored on any of the stations. In the same way, by using zero-

knowledge based protocols, the identifìcation tokens are never stored on the verification

stations. It is much easier to secure a central server than all the individual verification

stations that go in the field. Once the session key is established, the key server can send

the document key or update the station identification token. A comrpted document key

only involves one document. Figure 3.3 illustrates the system.

ZK based
Central

(""*)
Verification Station ï'

Jl_

?
Fig. 3.3. Cryptosystem schematic for high value documents.
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3.2.4 Summary

The value of paper documents even of the same kind can vary (paper money of

different value). All the previous systems can be mixed for the same type of documents

according to the document value. The systerns described are recommended systems lvhich

can be altered or completely changed depending on the requirements of the documents.

3.3 Double xnterleaved Concatenated RS and Convolutional Self-

Orthogonal Code

As Michelson and Levesque said: "tìie selection of an error control scheme

consists in parl of matching the features of the technique with the system objectives."

[MiLe85]. The system's objectives are to produce a reliable (that detects if and where

elTors occurred and possibly corrects them), fast communication of data on the paper

channel which is a compound error channel. The approach taken in this thesis is to use a

concatenated scheme with interleavins.

Concatenated codes, introduced by Forney in 1966, are the consecutive encoding

and decoding of a data stream by two or more codes. The first code is called the outer code

followed by the inner code. Since decoding is implemented in stages on much simpler

codes, decoder complexity is much reduced. Even though concatenated codes are not the

best codes in their class, they still have very good perforïnance (as seen in the

experimental results) and make decoders for such powerful codes tractable. Concatenated

codes match the reliability and speed requirements of our system.
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In [CaCl81], the autliors show through experimentation that the best concatenated

codes are obtained using Reed-Solomon (RS) codes as outer codes and convolutional

codes as inner codes. Reed-Solomon are chosen as outer codes because they are MDS

which make them the best perfonning codes for a given rate. Furthenrore, different error-

correction capabilities can be chosen for RS codes which helps match the requirements of

a specifìc channel by modifying the error correction porver of the code according to the

noise strength and characteristics on the transmission channel. Finally, fast decoding

algorithrns based on the Berlekamp-Massey algorithrn make them suitable for our speed

requirements.

There should be an optimurn rate for the outer code for a fixed inner code and a

fixed channel. Indeed, the inner code leaves a given BER after decodìng the information

from the channel, there should thus be an optimal rate for the outer code at which the

targeted error correction at the output of the overall code is matched and no additional

correcting power is unused. The flexibility of RS codes facilitates fînding this optimal

rate.

The inner code should have a monotonic performance around the aimed signal to

noise ratio (SNR). If the code has a waterfall shaped performance curve (flat before a

given SNR and steep afterwards), the outer code will be designed along the flat portion of

the curve which is a waste of the inner code decoding power, or along the steep portion,

wliich in turn gives a very unstable code performance when the SNR hits the flat portion

of the inner code performance curve. Furthermore, Forney looked for the best operating
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poillt on the inner code performance curve at fixed SNR that gives the optimal outer code

rates and found that the inner code should output a strearn with a l0-2 BER. AII these

considerations make convolutional codes a good candidate for inner codes. Clark and Cain

selected a Viterbi decodíng algorithm using democlulator soft decision. However, the

Viterbi algorithm complexity grows exponentially r,vith tlre constraint length of the code,

so we decided to use instead a self-orthogonal convolutional code (CSOC) lvith either

majority decoding, or threshold decoding, or even feedback threshold clecoding, all of

which have fast hardr.vare implementation. We believe that the loss in performance is not

big enough to diminish the quality of the overall code. Furtherrnore, due to the simplicity

of the decodirlg algorithm, codes with longer constraint length can be practically used.

The chosen csoc are (2,1) codes with several constraint lensths.

Due to their continuous decoding, convolutional codes decoding er¡ors tend occur

in bursts. However those bursts have finite length characteristics more specifically, for

CSOC they are 2to 3 times the constraint length of the code [MiLe85]. This allows the

designer to insert an interleaver between the RS code and the convolutional code to break

up those error bursts in several RS blocks. 'When 
burst errors have bounded length, the

most efficient interleaving in terms of speed and size required to break up the burst noise

are periodic interleavers [CaClSi]. There is an optimal size after which no additional

decoding performance is gained. For example, in the case of block interleaving, if the

interleaver width is longer than the burst, the burst will be spread at longer intervals but

there will be no additional gain when the RS code decodes those errors.
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We have seen that elrors also occur in bursts on the paper channel but

convolutional codes are designed to correct random errors best. A way to transform those

bursts into random eTrors is once more by the use of interleavers. However, in this case the

burst characteristics are unknor'vn, e.g. it is hard to predict what direction a scratch is

going to have, how long and how wide it r.vill be. The only way to cope with unknown

burst error noise is whether to estimate worst case scenario and design periodic

interleavers accordingly or use pseudorandom interleavers. We have chosen

pseudorandom interleavers for this desisn.

Reed Solomon code concatenated with convoìutional codes have been used

extensively in many applcation such as space communication and several thesis t¡eated

the specific code used in this thesis [Leon95]. However, they are a new application for

transmission of data on paper documents.

Figure 3.4 shows the final block diagram of the code.

Fig. 3.4. Block diagram of the designed code.

Modulator

Pseudo Random
Interleaver
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3.4 square Pattern Modulator with rhreshold Demodulator

The following paragraph describes the process used to transmit the encrypted and

encoded data on paper. The rocess is illustrated in Fig. 3.5.. The first step is to pri¡t the

data overlaid on the document. The choice of the code is a double interlea'ed

concâtenated RS and convolutional self-orthogonal code. The choice of the size and

constraint length of each component is dependent on the results obtained in tire studying

of the theoretical code perforïnance under AWGN. This point is developed in tlie next

chapter. The size of the interleavers should be maximized for performance. The size of

each interleaver (block and random) should be of the size of the transmitted data to

maximize the size of the interleavers without padding r.vith unnecessary zero dafa to

complete the interleaver input.

The pattem is printed and read in a matrix form. Data is printed row by row from

left to right.4 "1" is represented by a black square and a "0" by a white square. The

dimensions of the matrix are calculated so the difference between length and width is

minimized (closest dimensions to a square). The smallest difference is calculated by

finding the smallest difference between two integers that divide the total number of bits

and which product is equal to the total number of bits. Such numbers are built by taking

combinations of the prime number decomposition of the total number of bits. The pattern

is the surrounded by a one pixel border used for location and transformation.
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Overlaid
Pattern

Extract Signature
Enhance Edges

Detect Pattern
Boundaries

Rotate/Translate Pattern
and Crop Image

Decode and Decrypt
the Pattern

Compare and
Validate

Fig. 3.5. Decoding process
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The demodulation consists of: scanning, locating, transforming, and reading. The

only transformations corrected is a possible rotation and translation of the pattern. no

shearing or perspective. The number of bits in the image read is reduced by applying an

edge detector operator and thresholding the resulting image. This allows the number and

the range of the pixels to be reduced without losing the important pattern perimeter

locator. The selection of it.," .Og" detector is based on the detector that will keep the

pattem frame best even with surroundine noise.

The image is then transformed using the Radon or the Hough transform. The local

peaks in the transformed space are enhanced by applying a local thresholding operator.

The pattern perimeter line coeffìcients are four peaks, grouped in pairs. Each pair of

coefficients is located on the same vertical line (each pair of coefficients represent the two

parallel lines of the rectangle), the two pairs are separated by 90 (angles in a rectangle).

By identifying those coefficients, the pattern is then located and the proper translation and

rotation is applied to the image. To avoid the pattern going out of the image bounds, the

translation is applied first and the rotation is applied next. If the pattem is located properly,

the angles of the lines in the resulting transformed pattern should be respectively 0 and

90 . The opposite of the smallest line angle (in absolute value) (O-angle) is the rotation to

apply. If the pattern after rotation is still upside down, the decoding fails and a rotation of

90 is applied to the pattern; if after four rotations the pattem is still not decoded it is a

decoding failure (an improvement to the pattern would be to put a unique mark in one

comer to know the proper orientation of the pattem). Each parallel line should have an

equal and opposite distance from the center. The translation vectors should then be minus
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the distance of the center between the two lines and the image center. Let's call 0 the

rotation angle and Pt, Pz, P3, p4 the distances of the lines from the image center

obtained in the transform space. The transformation to apply is the following

(3.1)

however to perform the translation

(3.2)

The matrix multiplication for the translation coefficient is of course calculated

once only and not for each pixel. The image is then cropped to the edges of the pattern. In

the following discussion, a pixel is a point in the scarured image and a pattern pixel is a

pixel in the printed pattern; a pattern pixel can be formed of several image pixels. The

pattem is now centered and straight, using the top and bottom lines thickness, the

thickness of apattern pixel is calculated (average of the lines'thicknesses). The image is

then read a square at a time, each square having the size of the calculated frame line

thickness. All the pixel values inside the square are added and the pattern pixel is a"l" if
its value is more than the value of the sum of a black pattern pixel divided by two, it is a

"0" otherwise. However, if a pixel in the center of the pattern pixel is black or white, the
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pattelï pixel is automatically assigned to the corresponding "1" or "0" because if the

pattem is not perfectly aligned with the image pixels, the value of the edges is more likely

to be in between the value of the two adjacent pattern pixels). The generated bitstream is

then fed to the decoder.

A signature is extracted from the document (such as a bill serial number) and the

key database (whether it is stored locally or not) is queried witli this document signature

and it sends back the encryption key and the random seed for the random interleaver. To

limit the data transmitted, the crypto key can be used as the random seed. The decoding

and decrypting is as described in Chapter II. The extracted information is then compared

to the signature extracted from the document which in turn validates or invalidates the

document.

3.5 Summary

The complete design for the secure and reliable transmission of data on paper has

been laid out. The important points were: there is different level of security system

depending on the lifetime of the document and its value. The chosen code (double

interleaved concatenated RS and convolutional self-orthogonal code) is designed to

handle the compound error paper channel and the speed requirements for the application.

The pattern and demodulation are designed for easy location and handles rotation and

translation offsets. The next chapter sets the design of the experiments performed for the
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randonl number generators randomness test, coding evaluation, and pattem demodulation

experiments.
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CuaprER trV

ÐnsIclv oF EXPERIMENTS

4.1 Introduction

Several experiments are performed to test the components of the system. The

random number generators are put through several tests of randomness, the code,s

theoretical performance under AWGN (with or without interleavers) is evaluated. Finally,

the pattern functioning witli or without noise is tested. This chapter describes settings and

design of those experiments and varidates the decision made for those experiments.

4.2 CodePerformance

This experiment tests the code performance in several configurations. The measure

used to compare codes is the bit error rate (BER) against the signal to noise ratio (SNR).

The BER is plotted on the logarithmic scale, it is calculated by dividing the number of bits

in error over the total number of bits. The sNR is measured by dividing the signal power

over noise power' The SNR ranges from -5dB to +5dB in steps of +1d8. The source

contains 106 bits for SNR from -5dB to +2dB and 107 bits for +3dB and up because

performance is around 10-5 when sNR is less or equal than 2dB and at 3dB or more, the

BER often passes 10-6 requiring an increased number of bits for statistically valid

measurements (a rule of thumb is 30 samples for statistically valid data). The signal is
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modulated using binary antipodal signaling (+1V for a binary I

The average power of the binary antipodal signaling is

- lrrt
- I vv

where Ts is the period of the sienal

Gaussian variables have a

signal). The SNR is rhen

power of 1y'0 : Watts 1o2 is the variance of the

and -1V for a binary 0).

TB
1

ðs : i lGtrl'artD-D
0

si/R : r"*(rî) : I ol"s(+)

A property of a random variable R(m,v) (m mean, v variance) is

R(m:0,v: o') : oR(m:0, v: l)

The noise is generated with a zeÍo mean, a variance based on the SNR using Eq.

(a' l )' The Box Muller algorithm is used to transform the uniform probability variable into

Normal distribution as found in [PTVF92I.The chosen RNG to generate the uniform

probability variable is the pDES for its very good performance to all the tests we put it

through (see Section 5.1.2). Noise is added one bit at a time: a value of *1 or -l is input- a

Gaussian variable is generated and added to the value.

(4.1)

(4.2)

| ,,,

- 
rr
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^-t 5 -1 .0 -0.5 0 0.5 1.0 1.5 ò

Fig. 4.1. Uniformly spaced 3 bit quantizer.

Table 4.1 Optirnum 8-level quantizer, Er/1.tr9:-6.ldB;Is_¡:-l¡; for 0<j<4.

IJ
Threshold

value

Io -co

Il -1.760

L2 1.056

T
^J -0.s03

In 0

The demodulator either makes a hard decision on the received signal according to

its sign or scales and quantizes the output to 4, 8, or 72 levels. Both [CaCl81] and

[MiLe85] deal with the quantization levels and the associated performance for

respectively threshold decoding of block code and Viterbi decoding algorithm. Both

conclude that 3 bit quantization (8 levels) gives a good decoding performance (0.1 dB

from continuous) and higher number of bits do not increase performance significantly

considering the added decoder complexity. Michelson and Levesque give the optimal

quantization tlilesholds with regard to maximizing the computational cut-off rate R¡gp1p

(for rates R.Rcoir¡p codes with long constraint length or block length can be decoded

without suffering an unbounded growth in the number of decoding computations).
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The results are very close to the uniform qLìantizer which we use in this thesis (see

Fig. a.l. and Table 4.1).

Several experiments are performed to test various parts of the code:

. Convolutional code alone;

. Code without inside interleaver;

. Code with pseudorandom inside interleaver;

. Code with block interleaver;

" Code with convolutional code of different constraint length;

" Convolutional codes different decoding techniques.

The outside interleaver is not tested in this experiment as it is designed to break

burst noise but only Gaussian noise is simulated.
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overlaid
pattern
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and Crop Image
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Fig.4.2. Decoding process with experiments legends.
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4.3 Fattern F unctional Testing

Several combinations of coding are used to test the pattern. The experiments are

aimed at deternlining the necessary scanning resolution for proper decoding of the pattern,

detennining the behavior of the pattem under burst and Gaussian noise, selectìng the best

line detection algoritlim for performance and timing issues. Fig. 4.2. shows the flow of the

decoding process and the legends indicate the experirnents performed at each stage. The

pattems are generated into a PBM (portable bitmap) file. The image is scaled up and

printed ar- 37.5 dpi (dot per incli) and 75 dpi (the scaling process is to get the desired

resolution on a 300 dpi prìnter). The data encoded in the pattern is an ascii file with the

following quote:

"Be like a postage stamp. stick to it unti_t you get
there . "
Harvey Mackay

The seed for the random interleaver is set to zero lor all patterns. The pattem is

printed on good quality, matte paper using a laser printer. The printing conditions are

ideal, however, it provides an acceptable basis for the testing of the performance of the

code under burst noise and validation of the design of the pattern and the demodulator.

The pattern is then scanned using a flat scanner. The paper is scanned straight,

rotated, and shifted. The lighting conditions are ideal but the resolutions at which the

pattern is scanned is representative of real world performance and is a good evaluation for

the pattern demodulation performance. The pattern is scanned in equal (only for 75dpi
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pattem)' double, and quadrupie the printing resolution to test the necessary scanning

resolution. The images are scanned in black and white as well as in 256 grey levels. The

scanning resolution is sufficient if the pattem without noise can be reproduced without

eITOr.

The irnages are transformed from TIFF fonnat (scanner outpr-rt option) to pGM

fomrat (LINIX image file fonnat supported with some Linux libraries), demodulated and

decoded using the algorithms described in the background and system design chapters.

The components tested are the different edge detection operators. The Hough and Radon

transforms tested rtnder clean and noisy conditions. The demodulator has then a pass or

fail test on the perfect signal reconstruction of non noisy images. The noise correction is

traced for a sample image illustrating the process of interleaving and decoding.

Random bursts are generated by modifying the image after scanning and by

physically altering the printed partern.

All the software is developed under the Linux operating system using GNU

development tools. The image processing tools for edge detection come from a library

called ImageMagick which performs a number of operations; the Radon and Hough

transforms are implemented according to Peter Toft's thesis [Toft96]; the rest are

implemented from scratch and coded in C. For further information on ImageMagick, refer

to the project webpage [lmag0O].
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4.4 Summary

This chapter described the modus operandi of the experiments and the motivation

behind those. The experiments are designed to test the appropriate randornness of the

RNG according to their applications (random interleaving and noise generation); the

performance of the code starling with its indiviclual components and ending with an

overall perfonnance test; tlie last experiment deals with the overall system evaluation,

verifying the adequate choice of techniques for the entire system under normal and noisy

conditions.
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CsaprER. V

ExpBRIMENTAL F{ESUI,TS AND DTscusSIoN

5.1 Random Number Generator Tests

This section gives the results ancl discussion on the RNG used for randonr

interleaving, unifonn and, Gaussian random number generation.

5.1 .1 Linear Congruential Generator

The chosen LCG is the Berkeley system distribution (BSD) implementation

rand48:

Xn+t: (25214903917.Xu*11)mocl2a8 (5.1)

Oulr*t : Xu+ 1 >> 16 6.2)

where >> is the shift operator and ouÇ*r is the 32 bit integer output.

From Theorem A p. 16 of [Knut8l] and as 11 is relatively prime of 248,b:a-

1:25214903916 is a multiple of 2 and b is a multiple of 4, the period of the LCG is

m:248>101a- This period is largely sufficient to generate our random permutations.

The spectral test results from [Enta98] are shown in Table 5.1. According to

[Knut8 i ], the RNG passes the spectral test for dimensions 2 ro 8 as Lùs > 0.1 . According to
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the author, all bad generators failed the spectral test rvhich gives us a confidence in the

good quality of the chosen generator.
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Table 5.1 Spectral test resulrs for the BSD LCG

Spectral Dimensioll 2 3 AT 5 t) l 8

Spectral Distance pL, 0 5r 0.80 0.4s 0.s8 0.66 0.80 0.60

107



Valid. Syst. for Printed Docs Ch. 5: Exp. Results & Discussion

I

0.9

0.E

=o.'l-
Êou
I
o 05

0.?

0l

0

Experimental Results 

-Thærclical Resulrs---

) t0,- Ij 20 

-ls

cht square

(a) nod 3, consecutive generates (df:2)

Experimenlal Resul¡s 

-Theoretical Results. - -

I

09

03

.i o.z

Ëou
o 0.5

,=
õ 0.i

o2

0.1

0 ¿ I 6 S ,. t0 t2 Id te ts :octì¡ squarc

(b) mod 3, every l024tl' generares (df:2)

Expcrrmental Resulrs 

-Theoretrcal Results - - -

ruu 4oo 500 600 70q s00 900 ro0o | ¡oo t2oo
ctt souare

(b) every l024tl' generates (df=448)

theoretical and experimental results.

firperirncntal Resulrs 

-Theoretrcal Resuhs. - -

Fig.5.2- rand48 mod 3 1' test, theoreticar a'd experimental results.

I

0.8

=.õ

È

o.2

,r

Ï[
I

àozI
+lji o.6 tt.l
e"'f
-=-f ,l

=o, Iotl
orI

"L
chi square 

5oo iiõ--------õo

(a) consecutive generates (df:448)

Fig. 5.3. rand48 3LSB 3-tuples y2 test,

- 108



Valid. Syst. for Printed Docs Ch. 5: Exp. Results & Discussion

::f

;:t
..I
O'J

::L

(a)

E\prrimcDrâl Rcsillts 

-Thcofcricxl Resulrs - - -

100 220 140 160 :80 -100 l2o 340
chi squa re

256 numbers, consecutive generates (df=255)

Expcrimental Resulls 

-Theoreticîl Resulrs. - -

ór -
I S0 200 :20 240 160 2S0 300 320 140 3ó0

chi square
, ^^ .rh

. every I 024"' genelates (df=255)

I

09

03

=-

¿o4

02

0t

I

0.s

- 0.3
,=
É o.t

õ_

I 0.5

î 0.4

õ 0.3

o.2

0.1

(b) 256 numbels

0.9

.? 
o*

-g 06

I o.5
Et o{
õ oi

o.:

0.t

Experimental Resulls 

-Thæretical Resulfs. - -

s00u s500 6t000 65500 66000 66500 6?000
chi square

Experinìental ResuÍls 

-Theoretic¡l Resulls- - -

0r -
64000 61500 65000

(c) 65536 numbers, consecutive generates (df:65535) (d) 16th bit, every

Fig. 5.4. rand48 equidistribution y' test, theoretical and

6)500 . .66000 66500 ó7000 6?500 6300
chr square

1 024tn generates (df:65535)

experimental results.

I

0.9

0.8

=
5 0.6
o
Èos

=oo 4

E or

o.2

0.1

Experimental Rcsults 

-Theoretical Results- - .

Experimental Results 

-Theorctic¡l Results- - .

d

0L-
ó3500 64000 6'1i00 ó5000 65500 66000 66500 6?000

chi square

(a) consecutive generates (df:65535)

64500 65000 65500 66000 ó6500 67000
crt square

(b) every 1024Ìn generates (df:65535)

Fig. 5.5. rand48 SLSB pairs y2 test, theoretical and experimental results.

- 109



Valid. Syst. for Printed Docs Ch. 5: Exp. Results & Discussion

The BSD generator also passes all the empirical X2 test (as shown in Fig. 5.1. to

Fig' 5'5') except the 3 lower bits 3-tuples test when each sample are separated by 1023

generated numbers. For this test, y"2:961,k:44g. This happens with a probability less

than 10-9. The generator fails the test for the followinq reasoìls:

Corollary 5.1:

if

X,,+t: (aX,,+b)mod(m)

and plm and if

(5 3)

Proof:

XPJ, : X,¡noclQt)

then

XPJ,: @X!¡)+fimocr@)

XPJ,: X,+t+k2p

: aXr+b+ktup+krp
: aXP)+b-kfl+krup+kú

(5.4)

(s.s)

(s.7)

from Eq. (5.3)

Xn+t: aXn+b+ktm: aX,+b+kpp (5.6)

from Eq. (5.4)
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Hence Eq. (5.5) is tme. n

In the case of the BSD generator:

XÍ,'*), : (aX;2"¡ + b)tnocl2n 7 < e < 48 (s 8)

For example, if e:i, the least significant bit has period 2 or less. In the same

manner, the first two bits have period 4 or less and the 16th bit has period 216 or less. The

test then fails because it takes the 16th, iTtl', and lSth bit of numbers that are 210 apart so

the least significant bit of the new set of numbers has period Z16Dt0:26:64 or less, the

second 128 or less and the third 256 or less. Furtherïnore, the test is perfonned in a 3

dimensional space whicli increases the clustering of the points.

To avoid such a behavior, the implementation of the random interleaver picks its

numbers from the most significant bits of the generated numbers.

corollary 5.2: The nth bit of the BSD generator has period exactly 2n.

Proof:

(Xn) has period 248, and all bits lower than the 48th have period 247 or less so the

48th has a period of exactly 2a8. Furtherïnore, from Theorem 5.1, we know that

4,'þ, : @420¡ + b)mocl(2¿¡ As well 2 does not divide a and a-l is divisible by 4.

Hence, (XÍ'r\ has period 2k and from the same reasoning as for the 48th bit, the kth bit

has period exactly 2k.Z
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The maximum numberneeded by the interleaver is 216 so only the 16 MSB are

needed. The lowest extracted bit has a period of 232and our application only needs a

maximum of 2t6 numbers. The period is thus large enough.

5.1.2 Pseudo DES RNG

The pseudo DES (pDES) RNG is described and implemented in IPTVFg2). The

RNG is tested using the mod3, equidistribution of the 8 MSB, MSB, pairs of g MSB,

equidistribution of the 16 MSB, triplets of 3 MSB tests, all of which are perfomed with

and without gap of 2lo.

1

The 7' CDF is generated using the algorithm from [HiPi85]. 10,000 numbers are

generated to calculate each y2 value and calculate its probability. 1 ,000 y2 values are

calculated. The resulti ng x2 probability distribution is plotted along with the theorerical

CDF. Results are shown in Fig. 5.6. to Fig. 5.10.. The pDES passes all the x2 tests.

5.2 Code under AWGI\

Several experiments are performed on the code to test for the best RS block size,

convolutional code constraint length, and interleaver type and size. The experiments are

also aimed at verifying assertions regarding the design choices of the code such as CSOC

performance, optimum interleaver size and type, and RS optimum size. The overall

concatenated code performance evaluation is broken down by the evaluation of the CSOC
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perforrnance with different constraint length, then the experimentation of RS codes with

different block sizes and close rates; finally, the concatenated code is tested with no

interleaver, random interleaver, block interleaver, and symbol block interleaver.

5.2.i Non Coded Transmission

The following result is the simulation of bit transfer under AWGN using bipolar

binary modulation. The AWGN is generated using the ran4 RNG and the Box-Muller

algorithm. The theoretical error performance under such conditions is given by [Hayk94]

BER

where ð, is the energy per bit, Norz is the power spectral density of the Gaussian noise,

and erfc is the complementary error function given by

I=-\
lLol,l')

erk@) : 
fr-|"*rç-,z¡ctz

/| -l: 
)erlcl\
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The error function is generated using the Linux function provided with the

mathematical library. Both theoretical results and simulation results are plotted in Fig.

5.11'. It can be obserued that there is a close match between the two so the noise and

signaling simulations are properly implemented.

Theoretical results

Simulation results

-3.5

-0.5

-t

-t.5

hñ

frl
s -2.5

2

-4 -2 osNR(dB)t 4 6 8

Fig' 5.1 1. Non-coded data transmission using bipolar binary modulation theoretical and
simulation performance

5 .2.2 Convolutional Code Perforrnance

(2,1) CSOCs of different constraint lengths 2,7, and 18 are tested. The graph

represents the BER against SNR. CSOCs are decoded using the majority decoding

algorithm. The results also include the non coded performance.
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^/.rrì
añ
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Fig. 5.12. (2,1) CSOC performance with constraint length 2, j, and IB.

In Fig. 5.I2., it can be observed that the longer constraint length codes have better

performance at higher SNR by a good margin, e.g. 1dB at BER of 10-3 (and it increases)

but lower constraint length perform better at low SNR but not by much (approximately

0.2d8.) The crossover of perfoÍnance happens at around 2dB. Furtherïnore, a decreasing

performance gain is achieved as the constraint length increases. So, for high SNR, it is not

necessary to take the largest constraint length code but an optimal length code can be

found after which no significant gain is added. The monotony condition necessary for the

inner code design is verified by the CSOC (no waterfall performance curve). A BER of

10-2 is obtained at around or more than 1 to 2dB which gives us the operating point of the

concatenated scheme according to the code design section. In [CaC181], the author
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obseryed through simulation that 8-level quantized threshold decoding gives an

improvement of 1.7d8 over majority decoding. The authors also state that feedback

decoding increases the performance of approximately 0.6d8 in both soft and hard decision

decoding. For the concatenated code, all constraint length CSOC perform approximately

the same in the operating point region. Of course if a higher SNR can be achieved, the

higher constraint length code shor,rld be used. However, it should also be considered that a

small extra bandwidth expansion of the length of the constraint length is produced by

convolutional codes. Furthermore, the gain diminishes as the constraint length increases

so l8 looks like a good compromise between decoder complexity and code performance.
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Fig. 5.13. RS performance for RS(7,3), RS(15,7), RS(31,13), and RS(63,27).

1
-l

.,,
-L

Þo

/,-4
frl
arì

-5

-6

-7

-8

118



Valid. S¡rst. for Printed Docs Ch. 5: Exp. Results & Discussion

5.2.3 RS Performance

The RS codes are clìaracterized by their symbol size and their designed distance

(equivalent to their error correcting power as they are MDS codes). The simulation is

perfonned on codes with similar rates: RS(7,3), RS(15,7), RS(31,13), and RS(63,27) with

respecttve rates of 0.428,0.467,0.419, and 0.428. The first and last code have identical

rates. This experiment is performed to get and idea on which block size should be used for

better performance. As seen in Fig. 5.13., similar results apply to the block length of RS

codes and constraint length of convolutional codes: at low SNR, lower length codes

perforrn slightly better than longer length codes. However, all codes performance is close

to the performance without code which makes the use of codes highly inefficient in such a

case; the cross over of all code perforrnance is around 1dB and afteru/ards, longer size

codes perform significantly better. It can also be noted that the performance gain for

higher block sized codes does not seem to decrease like the performance of convolutional

codes with higher constraint length.

Those results are validated using an upper bound on performance. A decoding

effor occurs whenever t+1 or more symbols are in error. The probability of decoding error

is

t7

/¡À
\- ("\r'. " 'n - i
/ \ -tr,'\t/ y(t -P5)

i: t+ 1

where p5 is the probability of symbol error and i-p5 is the probability of correct symbol.

The equation illustrate the choice of i positions in n with each chosen i symbols having a
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probability of error ps and each n-i remainirìg bits having a probability l-ps of being

correct. When a codeword is incorrectly decoded, it leaves at most i+t symbol errors (i are

the symbols already in emor considering they are all in the information part of the

codeword and t is the maximum number of errors that can be introduced when decoding

the coder.vord). The probability of a symbol being in error when a codeword is in enor is

ttl.n i I 
/. 

Considering as an upper bound that all bits in a symbol are in error when a
I't

symbol rs in enor the probability of error bit is then bounded by

On the binary symmetric channel, the probability of symbol error is one minus the

probability of correct symbol. A symbol is correct if all its bits are correct. If the

probability of bit error in the channel ;t p(f) and all bits are probabilistically independent

a symbol is in error with a probability of

,!or) < \- ,Ì t(,,1 i .. .,,-i,u L rr r.¡/Ps(t-Ps)
i:t+l

Ps:1_ Q-pf;\"'

Using Eq. (5.9) and Eq. (5.10) we finally get

ploÐ = t'!(\(r - ( t - p'f\'')' (r -pk))n'(u-i)L n \t,
i--t+l

(s.e)

(s.1 0)

(s. 1 1)
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Fig. 5.14. Theoretical bound and simulated RS(63,27) and RS(7,3) perforïnance.

Fig. 5-14. compares the theoretical upper bound and the simulated results. The

simulated curve is always under the theoretical which is a validation of our simulation and

of the correctness of the elror conection power of the code. Even if the bound is not a

close bound, it still helps evaluate performance of codes at high SNR (where it is too

computationally expensive to simulate) and to compare RS codes between each other.

The overall performance of the code can be estimated by assessing the

performance of the convolutional code and tabulating it against the RS code. If the SNR is

at 2dB, the convolutional code leaves a BER of 10-2. Considering that the interleaver in

between the two codes recreates an independent noise, the BER of 10-2 is equivalent to a

RS(7,3) upper bound

RS(63,27) simulat RS(63,27) upper bound

RS(7,3) simulation
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SNR of 4.5d8 according to Fig. 5.11.. The overall code performance atZdB should then

be around the RS performance at 4.5d8.
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5.2.4 Interleaver Type and performance

5.2.4.1 Code Perfonnance with and without Interleaver

The concatenated code performance is assessed without inside interleaver and with

block interleaver of size 8xg, I 6x76,24x24,32x32, 40x40, 4gx4g, 56x56,and 64x64 (see

Fig' 5' 16')' The code performs better with an interleaver.As the convolutional code leaves

burst noise at the end of its decoder, the interleaver helps break those bursts in several RS

blocks and thus enhances the performance of the overall code. The interleaver transforms

the burst noise at the output of the convolutional code into random noise so the
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performance of the code shouìd tend to the estìmated performance using the method

described at the end of Section 5.2.3. There is a maximum length of the interleaver after

which no additional gain is performed. Figr-rre 5.15 shows a comparison of the expected

perfonnance and the performance with a 64x64 interleaver. The simulated code performs

better'"vithin a few point of a dB for all RS codes except for the (63,21) code. However,

tlre RS(63,27) perfonnance is the only one to still increase lvith the interleaver of size

64x64 so the expected performance can be reached or outperformed for larger interleaver

sizes. This section justifîed the use of the interleaver between the RS code and the

convolutional code. It also showed that the goal performance is reached or outperformed

as the interleaver size grows. The next section cornpares the concatenated code

performance with block and random interleaver.

5.2.4.2 Random Interleaver vs. Block Interleaver performance

Random interleavers and block interleavers working on the same number of bits

are compared (e.g., an 8x8 block interleaver is compared with a 64 random interleaver).

The random interleaver is based on the rand48 RNG which as we saw in Section 5. I .1 has

a period long enough for the numbers generated to be independent. The theory in Section

2-6 is once more verified by experimentation: the random interleaver performs worse or

equivalently to the block interleaver at equivalent sizes (see Fig. 5.17.). Random

interleaver which are twice the size of block interleavers are needed for equivalent

performance (see Fig. 5.18.).
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Fig. 5.18. Concatenated code with a double size random interleaver (512 bits) vs. 16x16
block interleaver.

The use of block interleavers is then better than random interleavers for the

specific burst noise characteristic at the output of the convolutional decoder. The next

section compares the performance of the concatenated code with bit block interleaver and

symbol block interleaver.

-1

1-L

þo

Ð
ú-3
lrl

-5

-6

-4

-126-



Valid. Syst. for Printed Docs Ch. 5: Exp. Resr¡lts & Discussion

0

-rl

^"1
o1
-l
H-l-.1

-4 
1

I

-51

I

-61

or
I

-rl't

^"t:Í"1
;"1
r,l J I..-l

-51
I
I

-6[

0

-I

3

n

-t

n

-I

=
--ìr-

-4

-6

-3

n

-6

4x4 sr:mbol interleaver 
-8x8 bit interleaver'-

68
sNR (dB)

l2r l2 s_r'nlbol intcrleaver 
-/-¿tx¿4 DI tnteileavef _

68
sNR (dB)

28x28 symbol interleaver 
-56x56 bit interleaver-

8x8 svrnbol interlea\rer 
-l6x I 6 bit interlear'er-

68
sNR (dB)

6 svnrbol interlea\/er 
-i2ri2 bit interlea\/er-

ÓE
sNR (dB)

24x24 symbol interleaver 
-48x48 bit interleaver-

0

-l

=
co

n

-6

a

-t

=
--ìU-
co

-4

-6

0

-l

2

-J

Å

-6

-l

I
õ-r

-4

-5

68
sNR (dB)

32x32 symbol inlerleaver 
-64x64 bit interleaver-

-/- -+-¿u¿
sNR (dB)

Fig. 5.19. Symbol interleaver vs. block interleaver for RS(15,7), N:18.

20x20 symbol interleaver 
-40x40 bit interleaver-

sNR (dB)

121

Õð
sNR (dB)



Vaìid. Syst. for Printed Docs Ch. 5: Exp. Results & Discussion

5.2.4.3 Bit Block Inte¡leaver vs. Symbol Block Interleaver

Intuitively, the bit block interleaver is not optimum for the RS code decoder thal

follows it: if a burst of bits of the size of the RS symbol are in eror, the bit block

interleaver spreads the bits on several symbols which can produce a decoding error if the

affected symbols number is higher than the error corïecting capability of the code. The

goal is then to use an interleaver that works on the RS symbols instead of single bits. The

experiment is performed on interleaver workirlg on the same number of bits. For example,

a 24x24 bit block interleaver (which processes 57 6 bit at a time) is compared with a l2xl2

symbol block interleaver with symbols of 4 bit (which processes l2x12x4:576 bit at a

time). The results using different interleaver sizes with RS(15,7) and CSOC with N:18 is

shown in Fig. 5.19.. It can be observed that the symbol interleaver always outperforms the

bit interleaver even at large interleaver sizes. The use of symbol interleavers is then

recommended over bit interleavers.

5.2.5 CSOC and RS choice

Figure 5.20 illustrates the performance of the concatenated code with RS(7,3), bit

interleaver of different sizes, and CSOC of constraint length N:7 and N:i8. The lower

constraint length CSOC outperforms the longer constraint length with small or no

interleaver as the decoding errors at the output of the longer constraint length CSOC are

more clustered in longer bursts hence the RS code makes a decoding error. As the

interleaver length increases, the code performs closer to the expected performance as the
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output noise of the convolutional code decoder is closer to random. From Fig. 5.12., the

cross over performance between the two CSOC codes happens at 2dB; as the interleaver

size increases, the cross over point becomes 2dB which illustrates the fact that the code

performance approximates better and better the expected performance of the code. The

CSOC code should then be chosen according to the expected functioning SNR point of the

communication system: if the SNR is less than 2dB, N:7 is a better choice but if the SNR

is greater or equal to 2dB, N:l8 outperforms largely the other code.

The choice of the RS code does not make a difference for middle SNR less than

0.5d8. if tlie SNR at the output of the convolutional decoder and the interleaver is

considered random, it is equivalent to a BER of 10-l '2 and for the concatenated code with

N:2 it is a SNR less than -1.36d8, for N:7, -0.96d8, and for N:l8, -0.45d8. For any

SNR larger than the previous values, the bigger the RS block size, the better the

performance. As an example, for a SNR of 2dB and CSOC N:l8, the concatenated code

withRS(7,3)hasaBER of 10-4'2'7 wherethecodewirhRS(31,13)hasaBERo¡19-6.43.4,

2dB, the performance is multiplied by more than ten each time one bit is added to the

symbol size.
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5.2.6 RS and Concatenated Code Comparison

The performance under gaussian noise of the concatenated code using N:l8 and a

symbol interleaver is compared to the performance of the RS code alone. Codes with

comparable rates are chosen. The concatenated code has an output rate of (n-2 t)/2n and the

RS code has an output rate of (n-Zt')/n. The unknown is t', the number of errors correction

capability of the RS code. Solving for l' we get:
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n+2t
(s.12)

The codes compared are: conc(m:3,t:2,N:18,I:16,mi:3) with RS(m:3,t:3),

conc(m:4,t:4,N:18,I:16,mi:4) with RS(m:4,1:6), conc(m:5,t:g,N:1 g,I:14,mi:5)

with RS(m:5,1:11), and conc(m:6,1:18,N:18,I:8,mi:6) with RS(m:6,t:23) (see Fig.

s.21.\.

The concatenated code performs significantly better after OdB and a little worse

below OdB. However, the code is used at a point where the BER is much less than i 0-3 so

the performance before OdB is irrelevant.

5.2.7 Concatenated Code and RS Code Timins

To prove the fact that the concatenation of two codes while keeping the same rate

can increase performance and speed, both the RS alone and the concatenated code are

timed on the coding and decoding of a million bits with AV/GN noise. The two codes are

selected to have similar rates as described in the previous section. The results are shown in

Table 5.2. The concatenated code is always faster at coding and decoding but really makes

a difference when decoding under heavy noise conditions: at OdB, the RS code takes twice

as long as the concatenated code to decode the information.
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Table 5.2. Timing comparison of RS and concatenated code under AWGN

Code SNR
Coding

Time (s)
Decoding
Time (s)

concm:5,
t:7, N:i8

5dB 1AIT A1

RS m:5,
t:11

5dB l1 52

concm:5,
t:7, N:I8

0dB 1Át+ 61

RS m:5,
t:1 1

0dB t7 120

5.2.8 Summary

The experimentations allowed to dehne guidelines for the choice of the best code

parameters:

- The code performs best around 2dB;

- The RS code can be chosen according to the targeted BER: the bigger the
block length the better the performance;

- The CSOC has a crossover of performance around 2dF after which the higher
the constraint length the best the performance. However, the performance gain diminishes
with the longer constraint length;

- The best interleaver is the symbol block interleaver which outperforms the bit
block interleaver and the random interleaver;

- There exists a ceiling size for the interleaver after which no signifîcant
additional gain is obtained; and

- The concatenated code outperforms significantly RS code alone at equivalent
rate in both noise protection and speed.
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With this code parameters, perforrnance of 10-7 can be achieved at 2dB with

simple decoder components.

5.3 Ðecoding Procedure Testing

This section goes through each step of the decoding process and selects the best

method to use at each step based on tests performed on live pattem data. The decoding

steps tested are: scanning resolution, line detection algorithm in conjunction with edge

operators, and demodulation algorithm. The actual decoding of tlie code is tested in a

separate section under noisy conditions. A series of example pattems is shown in Fig.

5.22..

5.3.1 Scanning Resolution of Rotated and Unrotated Pattern

Figure 5.23 shows the scaruring in B&W and 8 bit grayscale of thepattern using

resolutions equal, double and quadruple of the initial printed resolution. The experiment is

performed for a printed pattern at37.5 ppi (pixel per inch). The first conclusion is that the

original printing resolution does not matter as long as the required printing quality can be

achieved. The real factor is the ratio between the printing and the scanning resolutions.

Second it can be noted that for equivalent results, the B&W image has to have at least

twice the resolution of the grayscale image. A slight misalignment in the scanned image
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(c) \u''

F\9.5.22. Example of patterns: (a) RS(3,1) Conv(l8); (b) RS(3,1) Conv(7); (c) RS(6,5)
Conv(2); and (d) RS(4,3) Conv(18).

implies the complete loss of bits in the binary image whereas the grayscale image

gives lighter or darker pixels but the original pattern pixel is still very distinguishable. The

equal ratio between printing and scaruring is too prone to misalignment errors. However,

the double ratio is already a workable sample which agrees with [Palm95]: "As

expounded by Nyquist, the sampling theorem suggests that it might be possible to build

equipment that can successfully decode linear modulated symbols with a Beta (ratio

between printed and scanned resolution) approaching 1.0. In the real world scaruring

situations, this is impractical, and most equipment employs a Beta of 2.0 or greater for

width modulated symbologies. 2D Matrix symbologies use even larger values of Beta."
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Fig. 5.23. Scanned patterns at different printing and scanning resolutions: (a) original
pattern printed aT37 ppi; (b) scanned pattern in B&W at37 dpi; (c) gray level at 37 dpi;

(d) B&w at75 dpi; (e) gray level at 75 dpi; (Ð gray level at 100 dpi; and (g) gray level ar
1 5Odpi.

136



Valid. Syst. for Printed Docs Ch. 5: Exp. Results & Discussion

Figure 5.24 illustrates the rotation process applied to a pattern scarmed rotated.

The transformation has to be performed on a gray scale image for best results. Once more

the Beta 2 seems to be a sood rule of thumb.

(b)

Fig.5.24. (a) Scanned rotated image and (b) image after transform.

5.3.2 Line Detection Tests

The two line detection algorithms considered in this thesis are the Radon and the

Hough transform. The Radon transform is more computationally expensive but gives

clearer peaks for the identified lines. The Radon transform cost is based on the size of the

original image and the size of the image to generate in the transform space. The Hough

transform can be as computationally expensive as the Radon transform but its

computational time depends not only on the same factors as the Radon transform but also

on the number of non zero pixels in the original image. This is a very important fact

because a lot of computation can be saved with a clever way of thresholding the original

imase.

IJ I



Valid. Svst. for Printed Docs Ch. 5: Exp. Results & Discussion

30

25

li

.=

l-fough Tirne 

-
x/2250 

-

r 0000 20000 30000 40000

Nunrber of Pixels

(a)

Hough Transfoml Time 

-
.038*sqrt(x)-3 

-

I e+06 1.2e+06 1.4*06

l0

70000

o
E

40

35

30

25

20

l5

l0

5

0
200000 400000 600000 800000

Number of Output Pixels
(b)

Fi5.5.25. Hough transform time (a) against number of pixels in the input f,rle and (b)
number of pixels required in the output file.

r38



\¡alid. Svst, fbr Printed Docs Ch. 5: Exp. Results & Dìscussion

The Hough transform is tested with an image containing a square of non zero

pixels of increasing dimension. The time to execute the transform is recorded and is

plotted against the number of pixels. The output of size of the transform is left relatively

ìarge so the tinre taken by the transform is high enough to be relevant. The result is shown

in Fig. 5.25.. There is a linear relationship between the number of non zero pixels and the

time taken by the Hough transform. The goal is then to reduce as much as possible the

number of pixels in the input image while keeping the lines features. The Radon transform

time is the same as the Hough transform time for an image where all pixels are non zero.

The second graph illustrates the Hough time to transform an image with all non zero

pixels of fixed size but the transfom image is of varying size. The time decreases with the

size of the outpttt image on a square root profile. The mle is then to decrease the size of the

output image while still keeping enough dots to identify the line peaks.

From the first experiment, the goal is to reduce the number of pixels in the input

image while keeping the line features. Edge detection operators with thresholding can

perform this function. The goal was originally to test several edge detection operators and

compare them with one another. However, a Hough transform package developed by Pr.

John Gauch at the University of Kansas implemented the idea that I wanted to develop in

this thesis with a few interesting additions [KUIM99]. The package performs the

following steps:

1. Apply the first order Sobel gradient operator in the x and y direction and

calculate the norm of the calculated vector:
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2. Threshold the resulting image (the threshold is a function parameter);

3. Apply the Hough transform to the thresholded Sobel image;

4. Use a 5x5 neighborhood operator to threshold the transformed image and

threshold the image (the threshold is a fr_rnction parameter);

5. Apply an averaging opelator to the thresholded Sobel image to thicken the

lines and fill in any gaps in the lines; and

6. For each pixel in the thresholded Hough transform image, follow the

associated line in the blurred Sobel image and record a pixel in the final image when the

line hits a series of n non zero pixels in a row (n is a function parameter).

In the Sobel image, edges are enhanced creating a number of non zero pixels

around the edge. The transformed edge is not a single point in Hough transformed space, it

is an oval. The 5x5 neighborhood operator helps to isolate a local maximum that is not iust

a dot but a group ofpixels.

Usually, the inverse Hough transform results in non localized lines that go through

one side of the image to the other. The localization of the lines on the image is performed

by blurring the Sobel image and by following the lines in the blurred image which

parameters are left in the thresholded Hough transform image. If a segment of non zero

pixel with a minimum length is found along the line then the segment is drawn in the final

image. The images for each step of the process are shown in Fig. 5.29..
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Fig. 5.26. Hough transform of rotated pattern.
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(a)

(e)

Fig. 5.27. Hough transform

(Ð

of translated pattern.
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Fig. 5.28. KUIM line identification process: (a) original image, (b) after Sobel, (c) Hough
transform, (d) Hough thresholded, (e) image from (b) after averaging, and (f) identified

lines.

Fi9.5.26. and Fig. 5.27. conespond to Hough transform of the rotated and

translated pattem respectively. The strong dots correspond to the pattem frame. The X

axis is the angle parameter of the line and the Y axis is the rho parameter of the line. A

t+5 -
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rotation of the pattem means a change in the theta argument (translation in Hough space).

The frame dots are still grouped in two parallel pairs spaced 90 degrees in theta parameter.

Similarly, the translation leaves the characteristics of the lrame dots the same.

It can be noted that specialized DSP processor, FPGA, or ASIC would diminish

the time of execution of the transforms specially if the transform is pipelined as described

in various papers [BrYo92][CHSA90][GoDr95][KeMa93]. It is advantageous to take the

Radon transform if the number of pixels in the final image cannot be reduced or if the

extra processing power can be performed in minimal time.

Fig. 5,29. Misaligned pixel and scanning grid when scanning at twice the printing
resolution.

5.3.3 Demodulation Theorv and Choice

A scanner is a series of photo sensors (usually CCDs) arranged in a square grid

that measures the intensity of the light reflected by the scanned material. From the

previous paragraph, the document is scanned at twice the resolution it is printed: there are
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two scan dots for each printed pixel. The line detection procedure seen in the previous

section allows the pattern to be straightened (no more rotation). However it does not avoid

the pattern to be imperfectly aligned with the scallner grid' Figure 5'29 shorvs a scanned

pixel (dark dot) and the scanning grid. Each scaping pixel has been numbered'

The following equations give the percentage of the total pixel intensity that is

sensed by each scanner dot:

cl = (t-Xofl)(t-Yoff
c2: (t-Yo.fJ)

c3 = Xofl\t -Yofi)
c4: (l-XoJj)
c5=l
c6 : Xoff

c'7 = (1-XoffiYoff

c8 : Yoff

c9 : XoffYoff

(s. 13)

Fig. 5.30. illustrates the real scanned pattem and the simulation of the scanning

physical pïocess using Eq. (5.13). The simulated result is very close to the scanned result'

The only main difference is due to imperfections in the paper, the printed pixels and the

eventual non uniformity of the scanning cells and grid. However, the result is satisfying so

the model can be used for a back processing algorithm during demodulation'

t45



Valid. Svst. for Printed Docs CIl. 5: Exp. Results & Discussion

(a) G)
Fig. 5.30. (a) Scanned pattern and (b) simulated scanning pattern.

Al. The algorithm can scan the first contour of the pattem and as it is a complete

black pixel contour and the outside of the contour are all white pixels, the X

offset and Y offset can be determined by the intensity of the pixels on the

outside of the contour. Once the X and Y offsets have been determined, the

pattern is demodulated from top down and left to right. The intensity of the top

pixel in c7 and c9 is subtracted to the intensity of dot cl and c2 of the pixel

being demodulated; the intensity of dot c3 and c6 of the left pixel are

subtracted to the intensity of dot cl and c4 of the pixel being demodulated;

and the intensity of dot c9 of the top left pixel is subtracted to the intensity of

dot cl of the pixel being demodulated. The remaining intensities f dot cl, c2,

c4, and c5 of the pixel being demodulated are respectively divided by the

coefficients associated to each pixel and a majority vote is performed between
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the four. If a tie occì-rrs, a majority vote of c2, c4 and c5 is perfonled. This

algorithrn requires the exact identification of which line in the decoded pattern

is line c5 otherwise, the wrong coefficients are applied to the wrong scanned

dots and this can lead to effoneous demodulation. This algorithm when

applied properly is the best demodulation algorithm as it is an exact inverse

transform of the scanning process.

Fig. 5.31 . Demodulation grid over the scanned pattern.

42. Another simplified algorithm that does not depend on the proper identification

ofc5 is to take four decoded dots arranged in a square, take the average ofthe

four intensities and threshold it with a mid point (Fig.5.31. shows the

demodulation grid over the scanned pattern zoomed on the top left comer).

i::ri:l
I

i
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The pixel c5 is always part of the four dots selected and drives the average of

the four pixel under or over the threshold as it always has the intensity of the

original pixel.

43. An even simpler algorithm is to take four dots in a square and identify which

. of the four is the closest to a 0 intensity or a 1 intensity (this process seeks c5)

and decode the pixel to the intensity of that pixel.

The second algorithm (42) is the one implemented in this thesis.

5.4 Error Altered Pattern Testing

5.4.1 Gaussian Noise Testins

The noise is generated over the scanned image. This kind of noise simulates bad

printing quality and poor paper quality (the printed dots in the pattern smear creating a

random looking noise in the scanned pattern) as well as the crumbling of the paper

throughout its life. Fig. 5.32. illustrates the KUIM Hough transform performance under

noise. The Hough transform performs very well still clearly highlighting the lines around

the pattem. The algorithm fails to recognize the lines at around 1dB. The performance of

the pattem is linked to the analysis of the codes carried earlier in this chapter and will not

be performed again. However, the previous decoding step techniques are correctly chosen

as they still perform their task under white Gaussian noise.
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Fig.5.32. (a) original image, (b) identified lines, and (c) associated Hough transform.
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Fig. 5.32. (a) original image, (b) identif,red lines, and (c) associated Hough transform.
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5.4.2 Burst Noise

The pattern is tested under burst noise, The pattern is erased and scanned and

demodulated. Exarnples of the scanned patterns after demodulation are shown in Fig.

5.33. (note all those patterns decode properly).

Fig. 5.33. Demodulated patterns after burst noise is applied (a) m:5, t:l5, (b) m:6, t:7,
and m:6, t:20.

The resulting decoding process is visually illustrated in Fig. 5.35.
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Fig.5.34. Difference between the decoded pattems with and without noise, (a) for the
pattern, (b) after random deinterleaver, (c) after the convolutional decoder, and (d) after

the symbol interleaver.

152



Valid. Svst. for Printed Docs Ch. 5: Exp. Results & Discussion

Fig. 5.35. Decoding process of m:5,1:15 (see previous figure), (a) after random
deinterleaver, (b) after the convolutional decoder, and (c) after the symbol interleaver.

The result after the RS decoder is not shown in this figure as it is not a pattern

anymore, it is a text file. The next figure (Fig. 5.34.) shows the subtraction between the

decoded patterns without noise and the decoded patterns with noise.
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The rancloll interleaver at the beginning of the decoding process does randomize

the burst noise as said in the pattern design section. However, after testing all pattems

under burst noise, the maximum size of the burst is around 15%o of the pattem size. The

problem comes from the convolutional code that does not bring any decoding gain, it

actually gives a negative gain to the decoding process: the pattern after random

irrterleaving has 3,127 bits in enor, after the convolutional decoder. it has 4.4701In this

case, the random interleaver and the convolutional code interfere with the good burst

decoding properties of the RS code. This remark started a series of testine with the RS

code alone as well as the RS with symbol interleaving.

Figure 5.36 shows examples of patterns that decode properly. Similarly to Section

5.2.6, RS code and concatenated codes of identical rates are compared for performance

under burst noise. The concatenated code with m:5, t:7 has a similar rate to the RS code

alone with m:5, t:l1 as well as concatenated m:6, t:7 and RS m:6, t:19, and finally

concatenated m:6, t:20 and RS m:6, t:26.For all RS codes a symbol interleaver is used

and for RS m:6, t:2J apattern without symbol interleaver is also tested. The results of the

biggest scratch on each pattern is illustrated in Fig. 5.34..
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Table 5.3 Worst case scratch handled by equivalent rate concatenated and RS codes.

Code Type
Max

Scratch Size

conc m:5, t:7, N:l8 1s%

RS m:5, t:1 1 27%

conc m:6, t:7, N:l8 r6%

RS m:6,t:19 2t%

conc m:6. t:20. N:l8 1s%

RS m:6, t:26 34%

RS m:6, t:26 no interleaver 27%

Fig. 5.36. RS pattern with symbol interleaver (a) m:6, t:l9, (b) m:5, t:l1,(c)m:6,t:26,
and without interleaver (d) m:6, t:26.

From the experiment, in the worst case, the pattern decodes properly until more

than2lo/o of the pattern is scratched and the maximum of the tested patterns is 34o/o of the

pattem. The symbol interleaver helps as the pattern without the interleaver decodes up to

27o/o scratch when the one with interleaver decodes up to 34o/o scratch. Furthermore, the

shape of the scratch is very constrained as the RS lines are stacked up and the scratch
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cannot go any furtller horizontally without giving a decoding error. The performance of

the RS code alone is much better than the performance of the concatenated code ('p to a

factor of more than 2 for the small set of pattems tested) and the performance of the RS

code rvith an interleaver is better than without an interleaver as it allows for bigger and

more isotropic scratches.

5.5 Summary

This chapter guided the selection of the elements used in the pattern design:

1' Selectiori of tlie random number generator for noise generation and for

random interleaving (rand4g);

2' Choice of the optimal code parameters for optimal performance of the

concatenated code under AWGN:

3 ' Testing of the decoding process and selection of the optimal parameters for

the decoder; and

4' Testing of the pattern under burst noise and selection of the best code for this

kind of noise.

Sorne of the main results are:

l ' Bigger is better for the RS code symbol size, the convolutional code constraint

length, and the interleaver size:
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2. symbol interleaver with symbols of the size of the RS symbol size perform

best;

3- the concatenated code performs much better than RS alone under AWGN; and

4. RS with interleaver performs much better than the concatenated code under

burst noise.

The choice between RS with interleaver and the concatenated code depends a lot

on the noise type expected during the document's life. For example, on a scratch ticket

where the pattern would be printed under the scratch material, it is recommended to use

the RS rvith interleaver code. But in a document that is printed on poor paper with poor ink

and that has less chances of being scratched or will suffer smaller scratches the desisned

concatenated code is recommended.
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CuepIER VT

C oNcr-usloNs AND R.BcoIvIMENDATIoNS

6.1, Conclusions

The validation system developed in this thesis is complementary to the classic

forgery prevention techniques as it prevents the creation of new documents and the

alteration of the cunent documents (integrity) but it does not protect against exact

duplication of a document. The duplication protection has to be provided by another

standard technique (see Section 1.2 for a description of standard printed document

security techniques.)

Three levels of security system have been proposed according to the life span and

the value of the document to be protected. Increased security comes at the cost of

increased bandwidth requirements between the key server and the validation stations.

A line locator algorithm using the gradient edge enhancement operator and the

Hough image transform allow for automatic location of the validation pattem. The

technique can locate the pattern with SNR as low as 2 dB.

The code used to protect the encrypted signature can perform a BER of 10-6 
5 

at

an SNR of 2 dB. The best interleaver is the symbol interleaver, and the bigger code

components perform the best. However, there is a ceiling with little ¡eturn for the

interleaver size and the convolutional code constraint length. The RS performance
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increases linearly rvith block size. The concatenated code performs up to 2 dB better than

the RS code alone ar similar code rate for a BER of 10-6 
s. 

Cornparing the same codes for

decoding speed, the concatenated decoding can be r-rp to twice as fast than the RS

decoding at 0 dB br-rt only 20o/o fasfer at 5 dB.

However, the RS decodes rvith no error with blrrst error of up to 27o/owl'tereas the

concatenated code camot go beyond 15o/o of erasure due to tl-re poorperformance of the

outet convolutional code whicli amplifies the burst noise. Adding a symbol interleaver

before the RS code, the performance increased to 34o/o and the noise applied can be more

isotropic. The symbol interleaver breaks the noise into several RS frames without

spreading noise between symbols.

The code must be chosen according to the expected noise characteristics: the

concatenated code perfonns best under random noise and the interleaved RS is better at

burst noise. However, they both have acceptable performance in the other noise type.

6.2 Contributions

This thesis made the followins contributions:

' Design of a entire validation system from the creation of the pattern and its

validation, through the management of keys on the network;

' Analysis of the concatenated code with the selection of the optimal parameters

for the specific concatenated code;
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" Design of a multi level security system based on the value of the document to

be validated;

. Modelìng of the scanning transfonnation; and

" Analysis of two randorr number generators and the selection of the best of the

two.

6.3 R.ecommendations for Future Work

The concatenated code perforrnance was only compared to the interleaved RS.

Other codes can be implemented in the pattern to compare performance under Gaussian

and burst noise. The performance of concatenated convolutional interleaved with RS code

using Turbo decoding should be investigated.

The Radon and Hough transforms have a high computational cost. As mentioned

in Section 5.3.2, the transforrns can be parallelized and efficiently implemented on DSPs.

A hardware implementation should be performed as the current times for the transforms

using software only on a generic purpose processor are too high for our automatic

validation.

To reduce computation of the Hough transform, the pattera can be processed with

low pixelation first, cropped and processed at higher resolution. The large pixelation is a

low pass filter which increases the resilience of the location algorithm against noise.
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The pattern printing and scanning \.vere ideal (laser printing and flatbed scanning).

The pattern should be printed using a low resolution (75-100 dpi) inkjet printer and a

handheld scanner (using CCD technology) should be used to acquire the pattern. Those

condition would be much closer to real life application.
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Appnruplx A

Souncn Conn

A..1 Debugger

/ / rTat^',nat/
#inr-l rrde "dchrrõõer.h"

int binaire(int nbr,ostream& output,int size)
ÍI

f or (unsigned int i= (1<< (size-f ) ) ; i>0,.i>>=1)
output

)

4.2 Buffer

/ / buffer.h
#ifndef _buffer_h
#define _buffer_h

#include <iostream.h>

class buffer
tt

n¡nl-a¡ÈaÁ '

char *bufferPtr;
char *writePtr;
char * readPtr,-
char *wrapPtr;
int inMin, outMin;
char fu11;
char firstFilJ-;
char eof;
long bytesRead;
rlnqi anod clr¡rl âcl-NThrRi t-c .

public:
buffer (int size, int inMinimum=-1, int outMinimum=-1) ;

-buffer ( ) ;
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friend buffer& operator>> (bufferç is, buffer& buff) ;
friend istream& operator>>(istream& is, buffer& buff);
friend ostream& operator<< (ostream& os, buffer& buff) ;
int read(char* outstring, int minRead, int maxRead) ;
int testRead O ,-

int testWrite O ;
int get (unsigned char& info) ;
i ni- nrrl- lrrn<i anoÄ ñh-r i ñf ^\\ u¡rÐ f,:|llcu Uf tdMIL(J I î
int last (unsigned char info, unsigned char nbrBit.s) ;
int reSync O ;
void setEOF O ;
char atEOF O ;
long nbrRead O ;

void newData O ;

nrnl- anf aÂ .

int numberRead O ;
int numberWrite O ;

t.

#endif

I / hrrttô7 ô-

#include "buffer.h"

buffer: :buffer (int size, inL inMinimum, int out.Minimum) : inMin (inMinimum) ,
outMin (outMinimum) , ful1 (0) , firstFill (1) ,

bufferPtr (0) , writeptr (0) , readptr (0) , wrapptr (0) ,
eof (0),

bytesRead (0) , lastNbrBits (B)
it

if (size<=0)
It

cerr << "Buffer size must positive.,' << endl ,.

exit (o) ;
ìI

bufferPtr=new char IsizeJ ;

wri tePtr= readpt r=buf f erpt r ;

wrânÞi-r-l-rrrf f erÞf r+qi zo.
ì
I

buffer: : -buffero
tt

if (bufferPtr)
deleLe bufferPtr;

l
J
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istream& operator>> (istream& is, buffer& buff)
It

int bytesTowrit.e=buf f . numberwrite O ;
int tot.al-write=buff .testwrite O ;

buff . bytesRead=0;

if (buff .inMin>toLalwrite) //always false if the '.Ín,, minimum is
negat ].ve

return ts;// (thus no minimum input)

if (bytesToWrite==0)
return is,'

is. read (buff .writeptr, bytesToWrite) ;
hrrff ìrr¡l-pqPc¡rl--i c nnarr¡l- /\ ._re.Yvvu¡¡u\/,

if (buf f . bytesReadcbytesToWrite)
cout << "To read=

buf f . byt.esRead << endl ;
buf f . writePtr+=buf f . bytesRead ;

if (buff .wriLeptr>=buff .wrapptr)
{

if (buff. firstFill)
buff - firstFill=0;

buff . writeptr=buf f . bufferpLr;
buff. fu11=1;

if ( (bytestowrite=totalWrite-bytesTo!,frite) >0)
{

is . read (buff .writePtr, bytesToWrite) ;
buff.bytesRead=is.gcount ( ) ;
buff . wri teptr+=buf f . bytesRead;

if (buf f . writeptr>=buf f . wrapptr)
{

if (buff . firstFill )

buff. firstFill=0;
buf f . writePtr=buf f . buf ferptr ;
buf f . fu]1=1,'

)
)

]
raf rrrn i c.

)

buffer& operator>>(buffer& is, buffer& buff)
{

int bytesToWrite=buff . numberWrite ( ) ;
int toLalwrite=buff. testWrite ( ) ;
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buff . bytesRead=0 ;

if (buf f . inMin>total_Write) / /always f al-se if the "in,, minimum is
negat ive

return buff; // ftnus no minimum input)

buf f . bytesRead=is . read (buf f - writeptr, buf f . inMin, byt esToWrite ) ;
buf f . writePt r+=buf f . bytesRead ;

if (buff . writeptr>=buff . wrapptr)
{

if (buff. firstFill)
buff. firstFill=0;

buf f . writeptr=buf f . buf f erptr ;
buff. fuÌ1=1;

if ( (bytesTowrite=totalWrite-bytesTowrite) >0)
{

buf f . bytesRead=i s . read (buf f . writePt.r, buf f . inMin, bytesToWrite ) ;

buf f . writeptr+=buf f . bytesRead,-

if (buff .writeptr>=buff .wrapptr)
{

if (buff. firstFill)
buff . firstFiIl=0;

buf f . writeptr=buf f . buf f erptr ;
buff . ful1=1;

)

)
)
return buff;

)

ostream& operator<< (ostream& gs, buffer& buff)
{

int bytesToRead;
int bytesWritten=0,-

while ( (bytesroRead=buff.numberReadO ) >O)

{
if (buf f . outMin>bytesToRead cc/,/al_ways f alse if the "out.

*.;--i-"* .i^ ..^--È'rnJ_rrr_¡nurn J_ s negac ave
!buff .eof) / / (thus no minimum input)

return os;

os . write (buf f . readPtr, bytesToRead) ;
buf f . readPtr+=bytesToRead ;

if (buff . readPtr>=buff .wrapPtr)
{
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buf f . readPtr=buf f . buf ferptr;
buff. fu11=0;

I
I

ro|-rrrn nc.

l
)

lnt buffer: : read (char* outputstrg, int minRead, int maxRead)
{

int maxReadlocal=numberRead ( ) ;
int totalRead=testRead O ;

int f irstRead= (maxRead>maxReadl,ocal_ ) ?maxReadT,ocal_ : maxReadi
int i=0;

l'rr¡f acPa¡¡l-fì.

if (firstRead>=mi-nRead &c firstRead>0)
for (i=0;i<firstRead; i++)

* (outputsLrg++) =* (readPtr++) ;

if (readPtr>=wrapptr)
It

readPtr=bufferptr;
fu11=0-

I
)

maxRead - = f irs t.Read,-
totalRead - = f i rs tRead,-
int secondRead= ( maxRead>tot alRead ) t total_Read : maxRead ;

if (secondRead>=minRead && secondRead>0)
for (i=0 ; icsecondRead; i++)

* (outputstrg++)=* (readPtr++) 
,.

if (readPtr>=wrapptr)
{
t

readPtr=bufferptr;

Ì
J

byt esRead= f irstRead+ secondRead ;

return f irstRead+secondRead -

Ì
J

l-ong buf f er: : nbrRead ( )
tt

return bytesRead;
Ì
)
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void buffer: :newData o
{

f ull=0,-
firstFill=1-
eof=0;
wri LePt r=readpt r=buf f erptr ;

]

int buffer: :numberReado
{

if (readptr>=wrapptr)
{

readPtr=bufferpfr:
fu]1=0;

)

ar (Iu-Lt)
ret.urn (wrapptr-readptr) ;

e1 se
return (writeptr-readptr) :

)

int buf f er: : numberl¡lrite ( )

{
if (eof)

return 0;

if (writeptr>=wrapptr)
t

if (firsrFiLl)
firstFill=0;

wri t ePtr=buf ferPt r ,

ful-1=1;
)

if (ful1)
return (readptr-writeptr) ;

e 1se
return (wrapptr-writeptr) ;

)

int buffer: : resync ( )

{
if ( (writeptr>=lvrapptr) && (read.ptr>=wrapptr) 

)

{
if (firsrFilt)

f irstFil_l_=0;
readptr=bufferptr;
writeptr=bufferptr;
return 0;

)
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if (readPtr>=wrapPtr)
{

readPt r=buf f erptr.-
fulf=0-

)

if (writePtr>=wrapPtr)
{

if ( firstFill )

IlrSC.f ]-It=U;
wri tePtr=bufferptr;
fu]1=1-

)

i

woid buffer: : setEOF o
{

eof=1;
)

char buffer: : atEOF ( )

{
return (eofçç (testRead ( ) ==0) ) ;

)

int buffer::testReado
{

if (readPtr>=wrapPt.r)
{

readPt r=buf ferPt r;
ful1=0;

)

if (fu11)
return (wrapPtr-readPtr) + (writePtr-bufferptr) ;

e1 se
return (writePtr-readptr),-

i

int buffer: :testWriteo
{

if (eof)
return 0,-

if (writePtr>=wraoPtr)
{

if (f irstFill- )

f irstFill=0,-
writePtr=bufferPtr:
f ull-=1;
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)

if ( fu11 )

return (readptr-writeptr) ;
el- se

return (wrapptr-writeptr) + (readptr_bufferptr),

ìnf l¡rrf far..aal (¡
=--,.rnsi-gned char& info)

t
if (numberRead O )

{
info=* (readptr++) ;
if (readptr>=wrapptr)
{

readpt r=buf ferpt r ;

ful1=0;
)
if (eof çç readptr==writeptr)

return lastNbrBits -

el-se
return B,-

)

return 0;
]

int buffer: :put (unsigned char info)
i

if (numberWrite O )

{
* (writePtr++ ) =inf o,-

if (writeptr>=wrapptr)
{

if (firsrFill)
f i-rstFil_l_=0,.

writeptr=bufferptr;
!utf,=f,.

)

return 1,.

i

return 0,-

)

int buffer: :fast. (unsi-gned char info,unsigned char nbrBits)
{

if (numberWrite O )

{
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* (wrítePtr++) =info-
eof=1;
l-astNbrBit s=nbrBit s ;

if (writePtr>=wrapptr)
tt

if (firstFill)
rlrSE.¡ l_It=U i

wri tePtr=bufferptr;
¡- - ì fruf a=f ,.

ì
I

return 1,.
ll

return 0,-
I
J

,{.3 coDec

/ / couec.n
#ifndef _coDec_h
#define _coDec_h

#include "buffer.h"

class coDec
t
t

nrñl- êôl- ô.1 .

buffer* inBuffer;
buffer* outBilffer.
char eof;

public:
coDec ( ) ;
coDec (buffere in, buffer& out) ;

int setlnBuffer (buffera in) ;
int setOut.Buf f er(buf f erç out) ;
int setloBuffer(bufferç in,buffer& out) ;

virtual int processData ( ) ;
virtual void newData ( ) ;

char atEOF O { return eof; } ;Ì.

#endif
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/ / coDec.cc
#include "coDec.h"

coDec: : coDec O : inBuffer (0) , outBuffer (O) , eof (O)
It
)

coDec: : coDec (bufferc in, buffer& out) : inBuffer (&in) , outBuffer (&out) ,
eof (0)

{

)

int coDec: : setfnBuffer (buffer& in)
{

if (outBuffer==&in)
{

cerr << "the input and the output buffers

return 0;
)

i-nBuf f er=&in;
]

rnt. coDec: : setOutBuffer (bufferc out)
{

if (inBuffer==sout)
{

cerr << "the input and the output buffers "

return 0;
i

outBuffer=&out;
l
J

int coDec: : setlOBuffer (buffer& in, buffer& out)
{

if (&in==&out)
It

cerr << "the input and the output buffers '.

return 0;
.I

)

inBuffer=&in;
ouLBuffer=&out;

l
)

InF 
^ônê-- 

-ñr^^ôôôn-f- /\_ .l/!uusÞÞDava \ I
tt
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if (!inBuffer ll loutBuffer)
{

cerr

return -1;
)

if (inBuffer->arEOF O )

{
outBuffer_>setEOF ( ) ;
return 0;

)

unsigned char temp;
while ( (inBuffer->tesLReadO ) &&

(outBuf fer->test.Write O ) )

{
inBuffer->get (Lemp);
outBuf f er_ >put ( temp) ;

]

ret.urn 1,.

)

void coDec: : newData ( )

{
aI (anButter)

inBuffer- >newData ( ) ;
if (ouLBuffer)

outBuf f er- >newData ( ) ;
eof=0;

]

4.4 RS

/ / P.s.h
#ifndef _RS_h
#define _RS_h

#incl"ude "coDec . h,,
#include <math.h>
#include <limits.h>

class RS : public coDec
{

//friend int mainll.
protected:

- All
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int* alphaOf;
int* indexOf;
lnt m, GF, t, n, k, r;

/* m symbol size
GF (q^m)

9.=z
t correcting power
r=2t number redundanL bits
n number of bits in total- (q^m-f )

k number of data bits
n=k+r

int bitslnBuffer;

public:
RS(int mValue, int tValue); //cE(q^m) -- g=2 -- t correcting power

int alpha (int index) ;
int index(int number);
rnt getGFsizeO ;

nrol_anl-od.

int addOrNull(int operandl, int operand2, int modul-us);
int subOrNulI(int operandl, int operand2, int modufus),.

j,

#endi f

/ / as.cc
#include "RS -h"
#i ncl rlde "rìcì-rraoer - h,,
# i nr:l ttde "dcl-rrro þ-

RS::RS(int mVal-ue, int tValue) : m(mValue), t(tval_ue), GF(1), indexOf (0),
alphaof (0)

{
if (m<3 Il m>6)
tt

cerr << "m should be in bet.ween 3 and 6,, << endl;
exir (1) ;

i

f or I ì nl_ nnr¡ar--l -¿; power<=m,- power++)
GF*=2; / /cy=q^m (q=2)

r=t<<l ; / / r=2t nunùcer of redundant bits

if (r>=n)
It

cerr << "the number of redundant bits r=,, << r
<< " j-s great.er than the "
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exit (2 ) ;
)

ì.-n _ r -

cout << dec << "code: RS(" << n << << k <. ")" << endl;

// construction of Lhe two Lables:index -> number (alphaOf[index] )

/ / number -> j-ndex (indexOf [number] )

alphaOf = new int [n+1] ;
indexOf = new int [n+1] ;
alphaof [0] =1;
indexOf l0l =n;
al-phaOf [n] =indexof [1] =0;

int f ti ={0, 0x3, ox7, oxB, 0x13, ox25,Oxa3\ ;

/ / cal-ois Field generator polynomials

#ifdef _debug_
couL << "index\tnbr\tbinary" << endl;
couL << 0 << s\t' << I << "\t";
Ìri n¡'i rc l'l -t-,-, -3utrr;
cout << endl;
#endif

//oeneraf ion of the fiel-d and its associated indexes:/ / Jv¡¿v¡qe4vl

f or ( int index= 1 ; indexcn,. index++ )

t
alphaOf lindex] =alphaof lindex-1] <<1 ; / / slnift the registers
al-phaOf [index] ^= (alphaof Iindex] >>m) *f [m] ;

/ / feedback l-ast bit through generator polynomial
indexOf IalphaOf Iindex] I =index;

#ifdef _debug_
cout << index << "\t" << alphaof lindex]
binaire (alphaOf Iindex] , cout) ;
cout << endl;
#pndi f

i
alphaof [0] =1;
indexOf [0] =n;
alphaOf [n] =indexof l1l =0;

)

int RS: :alpha (int index)
{

reLurn alphaOf Iindex] ;

)

int RS: :index(int number)
{
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return indexOf [number] ;

l
)

tnt K5 : : gec'u¡ sl- ze ( /
tt

return GF;
'l
)

int RS::addOrNull(int operandl, int operand2, int modulus)
tt

inl- fomn.

'i f lnnar:nd'l ==mndrrl rrq I I onerand2==modul-us)t¡
return modul-us;

if ( (temp= (operandl+operand2) åmodulus) <0)
return temp+modulus;

else
return temp;

Ì
J

int RS::subOrNull(int operandl, int operand2, int modulus)
{t

'inl- l-amn-

if (operandl==modul-us)
return modulus,'

íf (operand2==modulus)
tt

/ / cerr<< t divide by zero! ! ! " << endl ,'

relurn INT M.AX;
.I

)

if ( (temp= (operandl-operand2) ?modulus) <0)
return temp+modulus;

e1 se
return temp;

)

4.5 RSEncoder

/ / t(5E;nCOqer. n
#ifndef _RSEncoder_h
#define _RSEncoder_h

#i-ncl-ude *RS.h"

class RSEncoder: public RS
It
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unsigned int* generator;,//indexes of generator polynomíal for the
code

unsigned int* systematic; // systematic symbols buffer.
unsigned int* FSR; / /feedback shift registers for redundant bits

unsigned int sBin; / / buffer to buifd symbols (Bbits->mbits)
int SBinBits;/,/number of bits in the symbol- buf fer
'i nl- n¡rìRi È c .

unsigned int SBout;// buffer to build symbots (Bbits->mbitsl
int SBout.Bits;//number of bits in the symbol buffer
i nÈ 'i nnrrtsñ¡rtrL f trf;uLLUUnt. r'

int outputcount,-
int lastWrite;

int bytesToOutput;
int nbrBytesOutput;
int remainingBits;

int symbot, feedback, FSRindex, FSRregister,
FSRregBiL, maxOutput, CBbits ;

unsigned intcharBuf f er, output,.
rrnsi oncrì charl- amnl-h¡r -

public:
RSEncoder(int mValue, int tVa1ue) ;

-RSEncoder O ;
int processData O ;
int processSl.mbols O ,-

void newDat.a O ;
Ì.

#endlf

I I ksts:ñô^ôêr ô^

#include "RSEncoder. h"
#i ncl llde "deìrrrcrrrer. h"
#inr-lrrde "rìal-rrro þ.,

RSEncoder : : RSBncoder ( int mva1ue, 1nt tValue ) : RS (mVa1ue, tvalue ) ,
acnar¡l-nr I fl ì

systemaric (0) , FSR(0) , SBin(0) , SBinBj-rs (O) , padBits (O) ,
SBout (0),

SBoutBiLs (0) , inputCount (O) , outputCount (0) ,
bytesToOutput (0) ,

nbrBytesoutput (0) , remainingBits (0) , l_astwrite (1) ,
symbol (0) , feedback (0) , FSRindex (0) , FsRregister (0) ,

FSRregBit (0),maxOutput (0), CBbirs (0),
charBuffer (0) , output (O) ,
l-amnl-lr¡rlñ\

tt

^ 
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int nbrBits;

nbrBits=k*m; / / tlne output is done with chars
bytesToout.put=nbrBits/e ; / / determine ther number of bytes in the
remainingBits=nbrBitsåB; / / inprt information (k symbols of m bits)

generator=De\d unsigned int Ir+1] ;

ôôñârãf^r fnl -1 .LvJ -r,
ñôñôrâ+-^r f1 I -n.L¿J -v.

int index;
int power,.

constructs the code generator polynomial

for (power=2; power<=r; power++)
{

generator [power] =9;
f or (index=po\¡/er- 1 ; index>=1 ,. index- - )

generator Iindex] =
indexof I alphaof laddorNulf (power, generator Iindex] , n) l

^ alphaOf Igenerator Iindex-1] I I ;

the program switches between indexes and numbers because
addition is easj-er w/ numbers (XOR) and
multiplication is easier with indexes (sum of indexes mod

generator IO] =r¿¿OrNul-l- (generator IO] ,power, n) ;

#ifdef _debug_
f or (power=r; po\^rer>=0 ,- power- - )

cout << s \\ << generator lpower] ;
cout << endl;
#endif

systematic=new unsigned int [k] ;
FSR=ner¡/ unsigned int [r] ;

for (int FSRindex=0;FSRindex<=r-1;FSRindex++)
FSR IFSRj-ndex] =¡; / / al-p]¡a [n] =0

FSRregister=r- 1 ;

)

RSEncoder : : -RSEncoder ( )

i

n)
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rfcl ol- a nancr_.._,raEor,.
delete systematic;
rìôl ôt-ô FeÞ.

)

int RSEncoder: :processData ( )

{
int inNbrBiLs=O;

if (!inBuffer ll toutBuffer)
i

cerr << '.please assign me with some input and output

return -1:
]

datalnput_process:
eof =inBuf f er- >atEOF ( ) ,.

if ( (inputcount==o) cc (ourpurcounr==0) cc (sBinBits==o I IpadBits>0 )

&& (SBouLBits<=0) && (eof) )

{
outBuffer->seLEOF O ;

return 1;
)

input the first k symbols (of length m bits) outputs them(x^r*i (x) )

and process them throuqh the FSR

while ( (inputcount<k) && (outBuffer->testwriteO) cc
( inBuffer->testReadO || (eof=inBuffer-

>atEoFO) ) )

{
if (SBinBirscm)
t

i-nf ormation

pad)

/ / padBits flags when the system started padding the

/ / (when there is not enough info to fitl info block so 0

if (eof)
{

SBin= (SBin<<B ) +0x0,-
padBits+=8,-
inNbrBits=B .

)
el- se
{

inxbrBit s=inBuf f er- >get ( tempChar ) ;
SBin= (SBin<<in¡brBits) + (tempChar>> (B-inNbrBits) ) ;
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)
SBinBit.s+ = inNbrBit s ;

Ì

while (SBinBiLs>=m)

t
if (inputCount>=k)

goLo outputFSR;
/ / extract symbot from symbol buffer (Sein) :

StJlnljLCS-=m;
symboì-=SBin> >SBinBit s ;

syst ematic IinpuLCount] =s]¡mb61 -

SBin^=symbol < <SBinBi t s ;
ì ñ-"ts^^'.-r ,rrrPuLLUultL++;

#ifdef _debug_
cout << "ne\n/ data: " << symbol <<
binaire (s1'rnbo1 , cout, m) ;
cout << endl -

#endif
/ / ssn:

#ifdef _debug_
couL << "before: ";
for ( FSRindex=r- 1 ; FSRj_ndex>=0 ; FSRindex- - )

couL << alphaOf IFSR lFsRindex] l
cout <<endl;
#endif

feedback=indexof [alphaof IFSR Ir-1] I ^symboll ;
f or (pSRindex=r-I i FSRj.ndex>=1 ; FSRj_ndex- - )

FSR IFSR1ndex] =i¡¡¿s>cg¡ ¡
alphaof laddorNull (feedback, generator IFSRindex] , n) l

^a]phaOf IFSR [FSRindex-1] I I ;
FSR [0] =addOrNull (feedback, generaLor IO], n) ;

#ifdef _debug_
cout << "after: ";
for ( FSRindex=r - 7 ; FSRindex>=0 ; FSRindex- - )

cout << alphaof IFSR [FSRindex] l
cout <<endl;
#endif

l

output the content of the Feedback Shift Register

output FSR:
El f^ê1 

^ôhìrñ

cout << endl-;
#endi f
whil-e ( (inputCount>=k) && (outputCountcn) && (outBuffer-
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:t.oct-f¡triÈa/lì \LçV\I J I

{

// output systematic information and then redundant info
#ifdef _debug_
cout << "outputFSR: " << outputCount << endl;
#endi f

while (SBouLBits<B && FsRregister>=0)
{

. r-f (outputCount<k)
,/ / systemat ic

SBout= ( SBout < <m) +systematl c IoutputCount. ] ;
^l qcg-_ _

// redundant
{

SBout= (SBout<<m) + (alphaOf IFSR IFSRregister] I ) ;
FSRregister- - ;

)
SBoutBits+=m;
oìtf nlìf Côìtn1. +¿'

)

if (SBoutBirs>=B)
{

SBoutBits - =8 ;
output= (char) (SBout>>SBoutBits) ;

outBuffer->put ( (unsigned char) output) ;
SBout^ =output < <SBoutBits ;

)
)
// after this stage SBoutBits is strictly less than B

// íf at end of file and stil-I some bi-ts in SBout, output. them
if ( (inputCount>=k) && (outputCount>=n) && (SBinBirs==O | |

padBits>0 )

&& (SBoutBlts>0) && (eof=inBuffer-
>atEOF O ) )

{
if (l_astWrite=outBuffer->testwrite O )

{
output= (char) (SBout<< (B-SBoutBits) ) ;
outBuffer->1ast ( (unsigned char) output, SBoutBits) ;

SBoutBits=0;
)

)

initial-ize alI Lhe variables and buffers for the next set of
data to be processed (unless j_t.s the end of the fj_le)

if ( (inputCount>=k) && (outputCount>=n) && (last.Write) )
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inputCount=0;
outputCounL=0;
FSRregister=r- 1 ;
nbrBytesoutput=0;

for ( fSRindex= 0 ; FSRi_ndex< =r - I ; FSRindex++ )

FSR lFsRindex] =n,- / / alp]na [n] =O

goto datalnput_process,-
)

return 1,-

)

woid RsEncoder: :newData ( )

i
if (inputCountt=0 && (!eof) )

cerr << "Warning from Reed Solomon encoder: new data,,

RS::newDataO;

SBin=0;
ÞlJl_nlJtCS=U,-
padBits=0;
SBout=0;
SBoutBits=0;
rnputCount=0,-
outputCount=0;
bytesToOutput= 0 ;
nbrBytesOut.put=0;
remainingBits=0;
f ast.Write= 1 -

)

int RSEncoder: :processsymbols ( )

t
static unsigned int feedback=O, FSRindex=O, PsRregister=r-

1, FSRregBit=0,
maxoutput =0, CBbits= 0 ;

static unsigned int charBuffer=0, output=O;
static unsiqned char tempChar=0, syrnbol=0;

if (!inBlrffer ll tnrrt.Rrrffarl,I
I
t

cerr << "Please assign me with some input and output

return -1;
Ìt

-A20-



Valid. Syst. for Printed Docs AppendixA:SourceCode

claf aTnnrrf Process:
if ( (inputcount==o) cc (outputCounr==o) aç (sBinBits==0 I I

padB j-ts >0 )

&& (SBouLBits<=0) && (eof=inBuffer->atEOFO) )

{
outBuffer->setEOF O ;
return 1;

)

input the first k symbols (of length m bits) outputs them
(x^r* i (x) )

and process them throuqh the FSR

while ( (inputCountck) && (outBuffer->testwriteO) cc
( inBuffer->test.ReadO ll (eof=inBuffer->atEOFO) ) )

{
if (eof)
{

symbol=0xb;
padBits=1;

i
el- se

inBuf f er- >get ( syrnbol ) ;

systemat ic I inputCount] =s]anbe1 -

inputCount++;
#ifdef _debug_
cout << "new data: '. << symboJ_ << .. ";
binaire (s1nnbo1, cout , m) ,-

cout << endl;
#endif

/ / vsp.'
#ifdef _debug_
cout << "before: ..,'

for ( FSRindex=r - I ; FSR1ndex>=0 ; FSRindex- - )

cout << alphaOf IFSR lFsRindex] I << ..

cout <<endl;
#endif

feedback=indexOf falphaof IFSR [r-1] I ^symboll ;
for (FsRindex=r -I iFSRindex>=1 ; FSRindex- - )

FSR IFSRindex] =j¡¿s*9¡ ¡

alphaOf IaddOrNull (f eedback, glerÌerator IpsRindex] , n) l
^alphaof IFSR [FsRindex-1] I I ;

FSR [0] =addorNull (feedback, generator [0] , n) ;

#ifdef _debug_
cout << "after: ";
for ( FSRindex =r - 1 ; FSRindex>=0 ; FSRindex- - )
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couL << alphaOf IFSR IFsRindex] l
cout <<endl;
#endif

)

output the contenL of the Feedback ShifL Register

outputFSR:
#ifdef _debug_
cout << endl -

#endif

while ( (inputCount>=k) && (outputCount<n) && (outBuffer-
>testWrite O ) )

{

// output systematic information and then redundant info.
#ifdef _debug_
couL << "outputFSR: " << outpuLcount << endl_,.
#endif

if (outputCount<k)
| / -..^r ^--È i ^/ / ÞyÞLs[ldLau

output=systematic IoutputCount] ;
el se
/ / rer\¡nclan+-
t
t

output=al_phaof IFSR IFSRregister] I ;
k \Prôñr crôr- - -

Ì
J

outBuffer->put ( (unsigned char) output) ;
Õrrl- ñrÌl- f-^ìrnl_rr.

rlvt | |

i

initialize al-l the variables and buffers for the next set of
data to be processed (unl_ess it,s the end of the file)

if ( (inputcount>=k) && (outputCount>=n) )

{
inputCount=0;
out.putCount=0;
FSRregister=r- 1 ;
nbrBytesOutput=0 ;

f or ( FSRindex= 0 ,- FSRind€x< =r- 1 ; FSRindex++ )

FSR [FSRindex] =¡; / / al-p]na [n] =O

-^!^ 
J-L^ T-atll- Þrôôêcc.yuLU uaLdalt!/uu_Ã !vuçÞÞ,

Ìl
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return l-,'

)

A'.6 RsDecoder

/ / }(S;UeCOOer. n
#ifndef _RSDecoder_h
#define RSDecoder h

#include "RS.h"
#incl-ude <iomanip . h>

class RSDecoder: public RS

{
int* codeWord;
int* syndrome;

ìnf innrrl- l-nrrnl. .

ìnl- nrrl-nrrl- f-ôrrnl. .

rrncinnaÄ inr- aÞi,-.- ---rl-;
anE. SH]-nIJaCS;
ch¡r ¡rrl_ nrrÈllrl-¡E'l ¡n.qgvg9g¡ ¿gJ,

rrnq-i a¡arì i nl- QEtnrrÈ .

ì nr sHôìrr R1 r a .

ì nÈ ì.rl nnì¡lrTl.rr.

int codeWordcounter;

unsigned
unsigned
unsigned
unsigned
unsigned
unsigned
int

unsigned char syrnlcol, nìâsk;
unsigned char tempChar,-
int frameCount;

public:
RSDecoder ( int mValue , int tValue ) ,-

int processDat.a O ;
i-nt processSymbols O ;

r¡nirì naurll¡|. ¡ ll

1 nr x( .

int*Ctp;
inl.**errT.n¡-

int *X1oc ;
inl-*orr\/¡lrro.

N T, rìcl l- : fli |- amn reqrr'l l- con ni r¡af crr.
,9v|l¡yyfwvç

- /\LJ
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Ì.

int printMaLrix (int matrix [5] [3] , RS& cF) ;
#endi-f

I I RSI)êôôdôr ô-

#include "RSDecoder,h"
#include "debugger.h"
#i nr-l rrrìe "rìcl-rrro þ"

RSDecoder: :RSDecoder(int mValue, int tval-ue) : RS(mVal_ue,tvalue),
codeWord (0) ,

syndrome (0) , inputcount (0) , sBout (0) , sBoutBits (o) ,
out.putCount (0), SBin(0), SBinBits(0), outputDataFtag(O),
bl-ockNbr(0),

symbol- (0) ,mask ( (1<<B) -1) , tempChar (O) , frameCount (0)
It

codeWord=new int [n] ;
syndrome= new j_nt [r+1] ;

for (int syndromeCounter=0; syndromeCountercr+1; syndromeCounter++)
syndrome [syndromeCounter] =ni / / alphaOf [n] =0

C=new unsigned int Ir+1] ;
D=nev/ unsigned int Ir+1] ;
Ctp=¡srn/ unsigned int Ir+1] ,-

errloc=new unsigned int* [2* (r-1) ] ;
for (int errlocCount=o; errloccount<2* (r-1) ;errloccount++)

errloc [errlocCount] =¡s\^/ unsigned int [r-1] ;
Xloc=new unsi-gned int Ir-1] ;

errVal_ue=new unsigned int Ir-1] ;

errloc=new unsigned int* [2* (n+1) ] ;
for (int errlocCount=O; errloccount<2* (n+1) ;errloccount++)

errloc [errlocCount] =¡sv¡ unsigned int [n+1] ;
Xloc=new unsigned int [n+1i ;

errValue=new unsigned int [n+1J ;
ìt

ì nf RSDpcndor . . nr^ôêc all: t-: 1 \sus \ /
Ít

int slmdrCounter,.
// unsigned int C[r+1],D[r+1],Ctp[r+1],errloc lZ* (r-1)l tr-11,
/ / Xloc [r-1] , errVal-ue [r-1] ;
/ / static unsigned int
*C=0, *D=0, *Ctp=6, **errloc=Q, *{leq=O, *errVal_ue=o;

int
unsigned char charl.)rrf .
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1nt

if (linBuffer ll loutBuffer)
{

cerr

return -'l ,

I
)

/ / This algortihm drops any impartially input RS frame at the ena
// of the algorithm so it does not matter if it gets the exacr
/ / number of bits from the input because it will- drop the ext.ra bits

anyways
startProcess:
if ( eof=inBuffer->atEOFO && (inputCountcn) )

It
outBuffer->setEOF O ;

if (i-nputCount I =O )
t
t

cout << "RSDecoder: dropped " << inputCount

rnputCount=0,.
l
)

return 1;
I
I

while ( (inputcountcn) && (inBuffer->testReadO) )

{
if (SBinBitscm)
{

inBuffer- >get (tempChar) ;
#ifdef _debug_

cout << "buf f er input:,, ;
binaire ( tempChar, cout ) ,.

cout << endl;
#endif
SBin= (SBin<<B) + (tempChar&mask) ;
SBinBits+=B;
#ifdef _debug_
cout << "data ín:";
binaire (SBin, cout ,32) ;
cout << endl_;
#endif

)

while (SBinBits>=m && inputCountcn)
{

/ / extract symbol from symbol- buffer (Sein) :

ljIJ]-nIJl_ES - =m;
symbol =SBin> >SBinBi t s ;

nbrBits=0;

- 
^25
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#ifdef _debug_
cout << "new data: ";
binaire (symbol, cout, m) ;

cout <<

#endif
SBin^=symbol- < <SBinBi t s ;
codeWord IinputCount] =indexOf Isymbol] ;

/ / svndrome r-al r:ul_at.ion:
for ( syndrCount er= 1 r syndrcount er< r+ 1 ; syndrcount e r+ + )
tt

syndrome IsyndrCounter] =
indexOf I
alphaof I addOrNull (syndrome IsyndrCounter] ,

syndrcounter, n) I ^
alphaOf I codeWord[inputCount] I I ;

#ifdef _debug_
cout << "syndrome " << syndrcounter <<

<< alphaOf Isyndrome IsyndrCounter] J << endl-;
#endif

Ì
J

i nnrr|- l-arrnf-r_--r**___*r_, + r.

'l
J

if (inputCount.>=n)
{

#ifdef _debug_
cout << ..remaining bits .. << SBinBits << endl_;

#endif

t11ñôl dôhrrñ

f or ( syndrCounter=1 ; syndrCoun.ter<r+1 ,. slmdrCounter++ )

{
couL << "syndrome " << syndrcounter <<

<< alphaOf lsyndrome lsyndrCounter] I << endl;
)
#endif

/ /coul<< "Decoding block #,,

)

int Lold;

if (inputCount>=n && outputDataFl-ag==O)
{

Massey algorithm to cal-culate the error locator pollmomial
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for (c1=0,-c1<=r;c1++)
C Ic1] =D Ic1] =Ctp Ic1] =¡t

/ /ct]l =D [1] =L=0;
C [0] =D [0] =r,=ot
f or (N=1;Ncr+1;N++)
{

#ifdef _debug_
cout << "it.eration #" << N << endJ_;
cout<<'.syndrome''<<dec<<a.lntr¡Ôf|.errnrlrnrr¡g[}l]]<<

endl;
#endi f

delta=alphaOf Isyndrome lN] I ;
#ifdef _debug_

cout << "del-ta " << indexOf Ide]_tal << endl ,-

#endif
for (c1=1,-c1<=L;c1++¡
{

#ifdef _debug_
cout << "CS " << C [c1]

#endif
delta=delta^alphaof IaddorNull (c Ic1] , syndrome [N-

c1l,n)l;
ott""Jorf?n-o"r-.. 

'. << indexof [delral << endr;
#endif

]
#ifdef _debug_

couL << "delta " << lndexOf [de]_tal << endl;
#endif

if (de1ta!=0)
t

Di=indexOf [delta] ;

ctp Io] =c Io] ;

/ / for (c1=0,'c1<=L+1;c1++)
for (c1=1; c1<=r; c1++)
{

//temp=addorNul-1 (Ði, D Ic1], n) ;
temp=¿¿¿grNull (Di, D Ic1-1] , n) ;
#ifdef _debug_

cout << ',de1*D[" .. cl-1 << "]=" << temp <<
s C=' << C[c1] << endl;

#endif
Ctp [c1] =indexOf [alphaOf [C tcl] I ^

alphaOf ItempJ J ;
)

Jli f 11øF Áal-rrrn
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cout << "C* ";
f or (c1=0,'c1<=L+1 ,.c1++ )

couL << Ctp lcll
cout << endl -

#endif

if (2 *L<N)

{
for (c1=0; c1<=r; c1++)

if ( (D lcl] =subOrNull (C Ic1] , ¡i, n) ) ==INT lvriÐ{

ôrrl_nrrt- nâÈãF-la9=1;
::::-:_::.::::gotro ourputruata,-

I
)

#ifdef _debug_
cout << "D: ";
for (c1=0;c1<=L+1;c1++)

cout << D [c1]
cout << endl;

#endif
L=N-L;

#ifdef _debug_
couL << \L=/ << L << endl;

#endif
Il
else
It

for (c1=L+1;c1>=1;c1-- )

D Icr] =D Ic1-1] ;
D [0] =¡;

ì
)

for (c1=0 ;c1<=L,'c1++)
C Ic1] =Ctp Ic1] ;

#ifdef _debug_
cout << "C ";
for (polyPower=0 ; polyPow€r<=L ;pol-yPower++)

cout << C [polyPower]
cout << endl;
üêndr 1

l
)

el se
Ít

for (c1=L+1; c1>=1; c1- - )

D Ic1] =D Ic1- 1] ;
D [0] =¡;

Ì
)

nl Tñêt dôhrìñ

cout << "D: ";
f or ( cl=0 ,'c 1<=L+1 ; c1++ )
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cout << D [c1]
cout << endl;

#endi f
Ì

#ifdef _debug_
cout << "C ";
for (polypower=O,.polypower<=L;polypower++)

cout << C [po]ypowerl
cout << endl;
#endi f

/*
chien search of the roots of the error r-ocator polynomiar_*/

ôrr-fì -

#ifdef _debug_
cout <<'.error places: .,;

#endi f

f or (int trypower=0,. trypower<=ri_ 1 ,.trypower++ )

{
result=nì / / o (initiafization)
for (polypower= 0 ; polypowêr< =L; poÌypov/er++ )

resul_t=indexOf [alphaOf [C lpolypower] I ^
alphaOf [addOrNulf (resu]-t, trypower, n) I I ;if (result==n) / / al-p]haOf ftrypower] is a roor

{
êrr++ .

Xloc Ierr] =tryPower,.
#ifdef _debug_

cout << err << ":,, << Xloc [err]
#endif

i
if (err==L)

break,.
)
#ifdef _debug_
cout << endl 

,_

#endif

#ifdef _debug_
COut < < "error plaCeS : .' 

;
for (c1=1;c1<=err,-c1++)

cout << c1 <<
cout << endl_,.

#endif

// íf there j_s more error than the code can correct, justoutput
/ / tne data wit.hout correction
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if (err ! =L)
{
#ifdef _debug_

couL << "The number of errors is greater"

cout << "number of errors " << err << endl;
cout << *L " << L << endl;

#endif
l.-ãrr -

/ /out.PutDataFlag=1 ;

/ /goto outPutDaLa;
f /return -I;

)

Cal-cul-atlon of the error values (inversion of the error
locator matrix)

f or (co}:1; col-<=L; col++)
{

for (row=1 ; row<:L; rov/++)

if ( (Xloc Icol] ?n) ==0 && XLoc lcol] I =O)

errloc [cof] [row] =n;
else if ( ( (Xloc Icof] *row) en) ==0)

errloc [col] [row] =0;

errloc [co]-l [row] =addOrNull (Xf oc [col1 *tot, 0 ' n) ;

errloc Icol+L] [row] =¡;
if (row==col)

errloc lcol+L] [row1 =9,

)

#ifdef _debug_
f or ( row= 1 ; rour< =L ; ro\^/+ + )

i
for (coI=1 ; coI<=2*L; col++)
{

cout << dec

)
cout << endl-;

)
#endif

/ / íf (L>o)
/ /PrinL[atrix (errloc, *thls) ;
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for (diag=1 ; di-ag<=L; diag++)
{

pivor=errloc [diag] [diagJ ;
for (col-=diag ; col-<=2*L; col++)
{

errloc Ico1] [diag] =
subOrNull_ (errloc [col] ldiag] , pivot, n) ,.if (errloc Icot] [di-a9] ==INT ¡4Àx)

outputDataFl-ag= 1 ;
goto outputData;

)

/ /printYatrix (errloc, *this) ;
Ì
for (row=1 i row<=L; row++)
{

if (diagl =row)
{

con=errloc ldiag] [row] -errloc ldiagi ldiag] ;for (col=diag ¡co¡<=)*L; coJ.++)
errloc Icol] [¡6r¿1 =
indexOf Ialphaof Ierrloc [col] [row] I ^
al_phaof IaddorNull (errloc Icol] [diag] ,con,n)ll;

/ /príntYatrix (errloc, *this) ;

)

for (row=1 j row<=L; row++)
{

for (coI=1,. col-<=L; col++)
{

errloc lcol] [row] =n;
for (int i=1;i<=L; i++)

errloc [cof] [row] =
indexof Ialphaof Ierrloc Icol] [row] I ^
alphaOf [addOrNu]]- (errloc Ii+L] [row] ,

addOrNul-l (Xloc IcoÌ1"i,0,n) ,n) ] I ;cout << alphaOf Ierrloc Ico]] [row] l
)
cout << endl;

]

#ifdef _debug_
cout << endl_ << endl;
for (row=1 | ïow<=l; row++)
{

for (col=1 ; col-<=2*L;col++.¡
{

cout << dec
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)
cout << endl;

]

for (syndrCounter=1 ; syndrcounLer<=L; syndrcount.er++)
{

cout << "syndrome ',

<< syndromeIsyndrCounter] << endl;
)

#endif

/*
cal-culates the error correction terms:

*/
f or (row=1i row<=L; rov/++)
{

result=0,.
f or (col-=1,'col<=L; col-++)

rcqrrl l- ^=e'ìnhaOf IadrìOrNrr] I lqr¡ndrnme f co'ì II rquuvrrruf f \o1¡___

errloc Icol+L] [row] , n) I ;
errValue Irow] =indexOf Iresult] ;

#ifdef _debug_
cout << "error at " << dec << (n-Xloc [row] )

endl-;
#endif

corrects the input stream
*/
l_nt errPos;
for (c1=1;c1<=L;c1++)
II

errpos=Xloc Ic1] ;
codeword [n-errPos-1] =indexof IalphaOf IcodeWord [n-errPos-

1l I ^
alphaOf IerrValue Ic1] I I ;

l
)

outputDataFlag= 1 ;

)

ôrìfnrrf.nâl-â.

whife ( (outputDataFlag) && (outputCount<k) &&
(ouLBuf fer->t.estwrite O ) )

{
while (SBoutBits<B && outputCount<k)
{

SBout < <=m,-

)
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SBout+=alphaOf IcodeWord IoutputCount] I ;
SBoutBits+=m;
lutputcounL++;

)

if (SBoutBirs>=8)
{

SBoutBits_=B;
charOut. =SBout > >SBoutB i t s ;
SBout.^ =charOut < <SBout.Bi t s ;
outBuffer_>puL ( (unsì-gned char) charOut&OxFF) ;#ifdef _debug_

cout

#endif
)

]

if ( (out.putDataFlag==1) && (outputCount.>=k) 
)

{
#ifdef _debug_

cout << endl- << endl << dec << ++frameCount << ,.\tnew frame,, <<

#endif

outputDataFlag=0;
outputCount=0;
inputCount=0;

for (int syndromeCounter=O; syndromeCountercr+1;
slmdromeCounter++ )

syndrome IsyndromeCounter] =n; / / alphaOf tnl =o

inBuffer_>reSync ( ) ;
outBuffer_>reSync ( ) ;

goto startprocess;
i

#ifdef _debug_
cout << ,.That,s al1 folksl !1,, << endl;
#endif

]

int printMatrix(int matrixt5l [3],RS& cF)
{

f or (int row=1 i row<=),. row++ )

{
for (int col=1;co1<=4;co1++)
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cout << setw(2) << setfill(' ')
<< cF.alpha (matrix Ico1] [row] )

cout << '. '.;
for (int col=1,-col_<=4;col-++)

cout << setw(2) << setfill (' ')
<< matrix Ico]-l Irow] <<

cout << endl;
)
couL << endl;

i

void RSDecoder: : newData ( )

{
RS::newDataO;

inputCount=0;
out.putCount=0;
SBin=0;
bljlnIJl_tS=U,-
SBout=0;
SBoutBiLs=0;
outputDataFlag=6;
blockNbr=0,-

for (int syndromeCounter=0; syndromeCountercr+1; syndromeCounter++)
syndrome IsyndromeCounter] =n; / / alphaOf [n] =O

Ì
J

int RSDecoder : :processsytùcols ( )
tt

static unsigned char ask=(t<<B) -t;
i nj- qr¡ndrf-arrnf ar.
-"* 'l

static unsigned char tempChar,symbol=0;

if llinBrrffar | | lnrrt-Prrffarl.vuç!qr!ç!/

II
cerr

rêl-rrrn -1 .

]

startProcess:
if ( eof=inBuffer->atEOFO && (inputCountcn) )

{

out.Buf fer- >setEOF ( ) ;
return 1 i

I
J

whil-e ( (inputCount<n) && (inBuffer->t.estReadO ) )
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inBuffer- >get (s1'rnbol ) ;

codeWord IinputCount] =indexof Isymbol] ;

/ / ^..^Ã-^^ ^ ^-r -ulation:/ / Þ/¡¡u!uLllç udfu

for ( syndrCount er= 1 ; syndrcount er< r+ 1 ; syndrcount e r+ + )
It

syndrome I syndrCounter] =
indexOf I

alphaof I addOrNull (syndrome IsyndrCounLer] ,

syndrCounter,n) I ^
alphaOf I codei^]ordIinputCount] I l;

#ifdef _debug_
couL << "syndrome " << syndrCounter <<

<< alphaof Isyndrome IsyndrCounter] I << endl ,-

#endi f
'l
I

r nnrìl- l-ôrlnÈ++ -

if (inputCount>=n)
tt

#ifdef _debug_
for ( syndrCounter= 1 ; syndrcount er<r+ 1 ; syndrCounter+ + )
tt

cout << "syndrome " << syndrCounter <<
<< alphaOf Isyndrome IsyndrCounter] I << endl;

I
)

#endif

cout << "Decoding block #"

)

//unsigned int Clr+1l ,Dlr+1l ,Ctp[r+lJ,errloc12*(r-1)] tr-11 ,

/ / xloc [r-1] , errvalue [r-1] ;

rrnq'i oncd i nt- *l- *Tl *f-l- n **êrrT.ô- *Yl n¡ *arr\/:'l rra.ut 
"rt,L 

r!!ve

C=new unsigned int Ir+1] ,-

D=new unsigned int Ir+1] ;

Ct.p=¡sç unsigned int [r+1] ,'

errloc=new unsigned int* 12* (r-I)l ;
for (int errloccount=0; errloccount<2* (r-f ) ;errloccount++)

errloc lerrl,ocCount] =¡sç unsigned int Ir- 1] ;
Xl-oc=new unsigned int Ir-1] ;
errValue=new unsigned int [r-1] ;

sfâi-ic inf lrT T. da'l f¡ fli Èamn rocrr'l| ¡nn ni1r^1- õv,--"'r 'r+vv-.-.jf,'
i nf e I e al rnr^r rl-i :a na] r¡Þnr^rar .

, yv¿f
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unsigned char charOut,.

if (inputCount>=n && outputDataF]ag==g)
{

/*
Massey algorithm to calcul-ate the error locafor nolynomial*/

for (c1=0,-C1<=r;c1++)
C Ic1] =D Ic1] =CtP Ic1] =¡;

c Io] =D [1] =L=o -

f or (N=1;N<r+1;N++)
{

#ifdef _debug_
cout << "syndrome " << syndrome[N] << endl;

#endif

delta=alphaOf Isyndrome [N] I ;
f or (c1=1; c1<=L,'c1++)

delta=de1ta^alphaOf IaddOrNull (C IcfJ , syndrome [N_
c1l ,n)l ;

üi fdof âohrrn

cout << "del-ta .' << j-ndexOf IdeltaJ << endL,.
#endif

if (delta I =0 )

{
Di=indexOf ldelta] ;

f or (c1=0,'c1<=L+1; c1++)
{

temp=addorNull (Di, D Ic1] , n) ;
Ctp Ic1] =indexof Iatphaof IC Ic1] I ^

alphaOf [tempJ J ;
i

rl lñô1 dôhìr-

cout << *C* ,';
for (c1=0;c1<=L;c1++)

cout << Ctp [c1]
cout << endl;

#endif

if (2*L<N)
{

for (c1=0;c1<=L,-c1++)
D Ic1] =subOrNull (C Ic1] , Di, n) ;

L=N- L;
)
for (c1=0; c1<=L; c1++)

C Ic1] =Ctp Ic1] ;
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#ifdef _debug_
cout << ..C .,,.

for (polypower=O ;polypower<=L;poì-ypower++)
cout << C lpolypower]

cout << endl;
#endif

)
for (c1=L+1;c1>=1;c1--)

D Ic1] =D Ic1-1] ;
D [0] =n;
#ifdef _debug_

cout << "D: ,' 
;

for (c1=0;c1<=L+1;c1++)
cout << D [c1]

cout << endl;
#endi f

)

#ifdef _debug_
cout. << "C ";
for (polyPower= 0 ; polypower<=L; polypower++ )

cout << C [polypower]
couL << endl;
#endif

chien search of the roots of t.he error locator polynomial

#ifdef _debug_
cout << '.error places: .',-

#endif

for (int tryPower=O ; trypower<=n-1 ; trypower++)
t

resul-t=n; / / O (initialization)
for (polyPower= 0 ; pofypower< =L; polypower++ )

result=indexOf Ia1phaOf IC lpolypower] I ^
alphaOf [addOrNu]1 (result, trypower, n) I I ;if (result==n\// elnh:ôf ff':ypowerl j-s a rooc

{
eTT++.

Xl-oc Ierr] =tryPower,'
#ifdef _debug_

cout << err <<
#endif

i
if (err==L)

break;
)
#ifdef _debug_
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couL << endl;
#endi f

#ifdef _debug_
cout << "error places: ";
for (c1=1; c1<=€rr; c1++)

cout << c1 <<
cout << endJ-;

#endif

// if there is more error than t.he code can correct, just
output

/ / the data without correction
if (err! =L)
{

cout << .,Decodinq failure:\nThe number of errors is
greater"

//outputnataFlag=1;
/ /goto outputData;
return -1;

)

calculation of the error val-ues (inversion of the error
l-ocator matrix)

f or (col=1; col<=L; col-++)
{

f or (row=1,- row<=L,. row++)
{

errloc [cof] [row] =addOrNull (Xloc lcolJ *ror, 0, n) ;
errloc Ico]-+Ll Irow] =¡,
if (row==cot)

errloc [col+L] [row] =9,-
i

)

//it (L>o)
/ /nri ntMaf ri v (arrf ,¡o *t-l-ìi e\ .I t r,14Lv, \e!!uvç, wLttÐI ¡

for (diag=1 ;diag<=L;diag++)
{

pivot=errÏ,oc fdiagl ldiag] ;
for (col=diag i co]-<=2*L; col++)
{

errloc [co1] [d1¿g¡ =
subOrNull (errloc [co1] [diag] ,piwot,n) ;
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/ /príntYatrix (errloc, *this) ;
]
J

for (row=1 | row<=L;row++)
{t

1I (qtagl =row)
I
L

con=errloc Idiag] [row] -errloc [diag] [diag] ;
for (col=diag ; co|<=)*l; col++)

errloc [co]-l Irow] =
. indexOf IalphaOf Ierrloc Icol] [row] I ^

alphaOf IaddOrNu]l_ (errloc Ico]l ldiag] ,
con,n)ll;

/ /prini-Matrix (errloc, *this) ;

)
't
J

l
)

/*
calculates the error correction t.erms:

*/
f or (row=1,- row<=L; row++ )

It
resul-t=0,-
f or (col-=1; col<=L; col++)

resul-t^=alphaof IaddOrNull (syndrome Ico]],
errloc IcoI+L] [row] , n) L-

errValue [row] =indexOf Iresult] ;
#ifdef _debug_

cout << "error at " << Xloc [row]

#endif
it

l*/\
corrects the input sEream

*/
int errPos;
for (c1=1;c1<=L,c1++)
{t

errpos=Xloc Ic1] ;

codeWord In-errPos- 1] =indexOf IafphaOf IcodeWord In-errpos-rl I ^

alphaOf IerrValue Ic1] I I ;
II

outputDataFlag=1;
Ì)

ôrri- nrrf nâf-â '
while ( (outputnataFJ_ag) && (outputCountck) &&
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(outBuffer->testwrite o ) )

t
symbol=alphaOf IcodeWord IoutputCount] I ;

outputCount+ + ;

outBuffer- >put ( (unsigned char) symbol&OxFF) ;
]
#ifdef _debug_

cout << endl << endl-;
#endif

if ( (ouLputDataFlag==1) && (outputCount>=k) )

{
outPutDataFlag= 0 ;

outputCount=0;
inPutCount=0;

for (int syndromeCounter=0; sYndromeCounter<r+1,'
syndromeCounter++ )

syndrome lsyndromeCounter] =n; / / alphaOf [n] =o

inBuffer->reSync ( ) ;
outBuffer->reSync O ;

goto startProcess,'
)

#ifdef _debug_
cout << "That's all folks! ! !" << endl ,'

#endif
)

4.7 interleaver

/ / i nt ør1 o¡r¡ar Ït

#i fndef _interleaver_h
#def ine _interl-eaver_h

#include "RS.h"
#include "coDec.h"

cl-ass interleaver: public coDec
{

int
int
int
int
int

nbrRow, nbrCol;
rowOut;
col-Out;
bufSize;
nbrChar;
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unsigned char**buf fer;
unsigned charcharln,.
unsigned charcharOut;

unsigned int SBin; // bu|-fer to build symbols (Bbits_>mbits)
int sBinBits; //number of bits in the 

"y-,olor bufferrnt padBits;
rnt realBits;
unsigned int SBout; // buffer to build symboLs (Bbits_>mbits)
int SBoutBits,. //number of bits in the =ynfof bufferint last.Write,.

int bytesToOutput;
int. nbrBytesoutput,.
int remainingBits;

int inputCount;
tnt outputCount;

public:
interleaver( int Size );
interleaver( int _nbrRow, int _nbrCo1);
-int.erl_eaver ( ) ;

i_nt processData O ,.

void newData O ;
it

#endif

/ / inter:-eaver. cc
#include "interl_eaver. h,,

interleawer: : interleaver (int ci za\nbrCol (Size) , nbrRow (Size) , inputCount (0) ,
outputcount (0) , charln (0) , bufSize (0) , rowout (O) ,colOuL (0) ,

nbrchar (0) , sBin (o) , sBinBits (0) , sBour (0) , sBoutBits (o)
t

if (Size<=O)
{

cerr << "The size of the ínterl-eaver is negatr-ve or null-l !!,, <<

exÍt (-t) 
,-

)

bufsize=Sì-ze*Size;
bytesToOutput=bufS íze/ I ;
remainingBi ts =buf S izeZ B ;
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buffer=new unsigned char* [Size] ;

if (lbuf fer)
{

cerr << "Coufdn't allocate memory for the interl-eaver of size .'

< < Si ze << endl ,.

exit (-2) ;

i

for (int i=0;i<Size;i++)
{

buffer Ii] =new unsigned char [Size] ;

if ( !buffer Ii] )

{
cerr << "Couldn't al-l-ocate memory for the interleaver of

size " << Size << endl;
exir (-2) ;

)

)

for (int i-=0,'icsize;i++)
for (int j=0;j<Size;j++)

buffer til tj I =0;
i

interleaver: : interleaver (int. _nbrRow, inL nbrCol_) :
nbrRow (_nbrRow) , nbrCol (_nbrCol_) , inputCount (0) ,

outputcount (0) , charln(0), bufsize(0), rowout (O),
colOut (0),

nbrChar(0), SBin(0), SBinBits(0), SBout(O), SBourBits(0)
{

if (nbrRow<=0 ll nbrCol<=0)
{

cerr<<''Thesizeoftheinter1eaverisnegativeornu1].lll',<<
end'l

exit (-r) ;

)

buf Si ze=nbrRow*nbrCol 
,.

tlr¡tcsTnChrtnrli. =hrrf R i za / p. .pvLeLLet e,

rema i n incrÊi tq=hrrf Ri za2p..

buffer=new unsigned char* lnbrCol] ;

if ( !buffer)
I
L

cerr << "Coul-dn't allocate memory for the interleaver of size "
<< nbrRow << << nbrCol << endl;

exit (-2) ;
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)

f or (int i=O ; i<nbrCol ,,i++ )

{
buffer Ii] =new unsigned char [nbrRow] ;

if (lbufferlil )

{
cerr << "Couldn't allocate memory for the interleaver ofsize " << nbrRow << << nbrCol << endl ,.

for (int ¡=9r j.i; j++)
delete buffer [1] ;

delete buffer;
buffer=0;
exir (,-2) 

,.

)

)

for (int i=0;i<nbrCol;i++)
f or (int j =0 ,- j <nbrRow; j ++ )

buffertil Ijl=o;
Ì

interleaver : : -int erleaver ( )

{
if (bufferl=0)
{

f or (int i=0 ,. i<nbrCol_ ; i++ )

if (buf f er tiì t =9 ¡

delete buffer [i] ;
delete buffer;

]
)

int. interl-eaver: : process¡ata o
{

int i=0, )=O,colIn, rowIn, bitCount ;

startProcess:

if ( (eof=inBuffer->atEOFO) && inputCount==0 && outputCount==O)
{

outBuffer- >setEOF ( ) ;
anf-1 -

return eof;
)

while ( (inputCount<bufsize) &&
(inBuffer->tesrReado | | (eof=inBuffer->atEoFo ) ) )
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if (SBinBits==0)
{

if (eof)
charfn=0;

e1 se
inBuf f er- >get ( charfn) ;

SBr-nBats+=B;
)

while (SBinBits>0 && inputCountcbufSize)
{

rowln= input Count /nbrCol ;
col- In= inputCount ?nbrCol ;

rowout=coIIn;
colOut=rowIn;
l-r ( (Cnar-tnò(tUXl-<<(Sljl-nlj].ts-!) ) ) )

buf f er IrowOut] [co]-Outl =1;
el-se

buffer [rowOut] [colOut] =O;
lnputCount++,'
5B].nijr-ts - - ;

)

/ /cout<< "coucou" << endl-,'
)

while ( (inputcount>=bufsize) &&
(outputCountcbufSíze) && (outBuffer->testwrite O ) )

{
while (SBoutBits<8 && outputcountcbufsize)
{

rowout =output Count /nbrRow ;
col Out =output Count ?nbrRow,'
SBout= (SBout<<1) +buffer [rowOut] lcolOut.] ;
outputCount++;
SBoutBits++;
//cowt<< "Gutten tag" << endl;

i

if (SBoutBits>=8)
II

SBoutBits-=8;
charOut=SBout > >SBoutBit s ,'

arrl_ Rrrf f or- snrrl- l¡harChri- I/Fse \v¡¡urvv¿t t

SBout ^=charout < <SBoutBi t s ;
//cout<< "bonjour" << endl;

l
)

e1 se
l-r tUiJOUtrtJltrS<ö è(è{ eOI J

t
t
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charOut=SBout<< ( B -SBoutBits) ;

outBuf f er- >put (charOut ) ;

SBoutBits=0;
/ / cout<< "hel-1o" << endl;

if ( inputCount>=bufsize && outputcount>=bufSize )

t
inPutCount=0;
outPutCount=0,'
charln=0;

eof=inBuffer->atEOF ( ) ;
goto startProcess;

)

reLurn 1;
)

void interl-eawer: : newData ( )

{
coDec::newDataO.-

inputCount=0;
outputCount=0;
charln=0,-
for (int i=O;icnbrCol;i++)

f or (int j =0 ; j <nbrRo\"; j ++ )

buf f er Iil tj I =o;
)

4.8 interleaver rand

/ / inferl êâvêr rand.htt

#if ndef 
-int 

erleaver-rand-h
#def ine _interl-eawer_rand_h

#include "coDec.h"
#incl-ude <std]ib. h>

-1 --- ¡-!^-r ^^,-^r r¡nd. nrll-ll ic coDecLfdÞÞ rrrLg!rgdvgr !af¡u. yuvrru u

{t
int interleaverSize;
int rowOut;
int colOut,'
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int bufSize;
int nbrChar;
rr¡¡-i an¿rl ^1-¡r*l-rrrf f ar.ulrÞrYtrçu ur¡qr !u!!u!,
rrnqi oncd cher*f orrclrcd -

unsigned charcharln,.
rlnqi onpd eharch:rôrrl- .

unsigned int SBin; // buffer to build symbols (Bbits->mbj_ts)
int SBinBiLs; //number of bits in the symbol buffer
i nf n¡¡lRi t- c -

int realBit s ;

unsigned int SBout; // buffer to build symbols (Bbits->mbits)
int. SBoutBits; //number of bits in the symbol buffer
int f astWrite,.

int bytesToOutput;
int nbrBytesoutput;
int remainingBits;

int inputCount;
1nt outputCount;

public:
int.erleawer rand( int Size );

int processData O ;

void newData O ;
l.
)l

#endif

/ / inLerleaver rand. cc
#include " inteil-eaver rand . h,,

interfeaver_rand: : interl-eaver_rand (int Size) :

interÌeaversize (Size) , inputCount (0) ,

outputcount (0) , charln (0) , bufSize (0) , rowOut (0) ,
colOut (0),

nbrChar (0) , SBin (0) , SBinBits (O) , SBour (0) , SBoutBits (0)
It

if (Size<=0)
I

cerr << "The size of the interleawer is negative or null!l!,, <<
endl;

exir(-1);
I
)

-hrrf Qi zø-Qi za.
l'rwt cs'Foôrrj_ nrrl- =l-rr r f Q i z ø / a -pvL¿LLet e I
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rema'i n i noRi iq=l¡rrf S'i zø2P,.

buffer=new unsigned char[Sizeì ;
touched=new unsigned char [Size] ;

if (lbuffer ll Itouched)
It

cerr << "Couldn't allocate memory for the interleawer of size "
<< Size << endl ,.

exit (-2) ;

)

for (int i=0;icSize;i++)
{

buffer Ii] =0;
touched Ii] =0;

)

srand4B (0);
)

int interleaver_rand: :processData ( )

{
int i=0 , )=O , co1In, ro\rln, bitCount, index;

startProcess:

if ( (eof=inBuffer->atEOFO) && inputcount==O && outputCount==O)
{

outBuffer->setEOF();
anf - t .

rci- rrrn cnf .

i

while ( (inputCount<bufsize) &&
(inBuffer->testReadO I | (eof=inBuffer->atEOFO ) ) )

{
l-t (SBrnBrts==0)
{

if (eof)
charln=0,.

eISe
inBuf fer- >get (charln) ;

SBÍnBits+=8;
)

while (SBinBits>0 && inputCountcbufsize)
{

/ / tndex=Irand4 I ( ) ?interleaverSi ze ;
do
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index=lranda B ( ) ?;interleaverSize ;
while (touched [index] ) ;
f/cerr<< index << endl;

touched Iindex] =t;
if ( (charln& (0x1<< (SBinBiLs-1) ) ) )

buffer Iindex] =t;
else

buffer Iindex] =o;
inputCount++;
SBinBits--,

I
I

//cout-<< "coucou" << endl;
I
)

while ( (inputCount>=bufSize) &&
(outputCountcbufSize) && (outBuffer->testwriteO ) )

{
while (SBoutBits<B && outputcount<bufsize)
Ít

SBout= (SBout<<1) +buffer [outputCount] ;

outputCount++;
SBoutBlts++;
/ /cout<< "Gutten tag" << endl ,-

)

l-r ( sljoututts>=8 )

{(

SBoutBits - =8 ;

charOut =SBout > >SBoutBit s ;
outBuf f er- >put (charOut ) ;

SBout ^ =charOut < < SBoutBit s ,-

/ / cout<< "bonj our" << endl ,-

Ìt
e1 se
if (SBoutBits<B && eof)
It

charOut=SBout<< ( B -SBoutBits ) ;
ouLBuf f er- >last ( charOut, SBoutBits ),-
SIJOUC}J]-CS=U,.

//cout<< "he11o" << endl;
i

if ( inputCount>=bufsize && outputCount>=bufSize )
I
t

inputCount=0;
outputCount=0;
charln= 0 ;
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for (i=0 ; i<interleawerSize; i++)
touched Ii] =0;

eol=anljulrer- >aCEUb ( ) ;
goto startProcess;

)

return 1;
)

void interleaver rand: : newData ( )

t
L

coDec::newDataO,-

inputCount=0;
outputCount=0;
charln=0;
for ( int i=0 ; icinterleawerSize; i++)

buffer Ii] =0;
)

4.9 deinterleaver rand

/ / deinterleawer_rand. h
#ifndef _deinterleaver_rand_h
#def ine _deinterleaver_rand_h

#include "coDec.h"
#include <stdlib.h>

class deinterleaver_rand: public coDec
tt

int interl-eawerSi ze ;
int rowOut;
int colOut;
int bufSize;
int nbrChar;
rrnqì onod ¡h¡r*hrrf f ar.
/ /ttnçi oned clrar**l. nrrclrorl .

int* table;
rrnqì onorì ch:r¡h=rTn.
..*^i -*^l ^Leralaarôtri- .u¡f ÞI\jIIçU UllG_ _---_ _ *_ ,

unsigned int SBin; // buffer to build symbols (Bbits->mbits)
int SBinBits; /,/number of bits in the symbol buffer
'i nt- n¡dRì l- c .

int realBits;
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unsigned int SBout; // buffer to build symbols (BbiLs->mbits)
int SBoutBits; //number of bits in the s1'rnbo1 buf f er
int lasLWrite;

int bYtesToOutPut;
int nbrBYtesOutPut;
int remainingBits;

int inPutCount;
int ouLputCount;

public:
deinterleawer rand ( j-nt Size ) ;

int processData O ;

inr inittable o ;

int printTable O ;

woid newData O ;

);

#endif

/ / àci nt- cr'l êâver rand . ccIT

#include "deinterleaver-rand - h"

dej-nterleaver-rand : : deinLerleaver-rand ( int Si ze ) :

interfeaverSize (Size) , inputCount (0) ,

outputcount(0),charln(0),bufSize(0),rowout(0)'
colOut (0) ,

nbrChar (0) , SBin (0) , SBinBits (0) , sBout (0) ' SBoutBiLs (0)

{
if (Size<=0)
{

cerr << "The size of the interleaver is negative or nulf!!!" <<

anÁ'i '

exlt ( -1) ;

i

bufsize=Size;
bytesToOutPut=buf S ize / B ;

-^-îì -i nnÞi r_s=bufsize?B;
! clllaf 11r ¡rY! 4 r

buf f er=nel,v unsigned char [SizeJ ;

table=new int ISize] ;

if (tbuffer ll ltabl-e)
{

cerr << ..couldn, t allocate memory for the interleaver of size "

<< Size << endf;
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exit.(-2);
)

for (int i=0;icSi-ze;í++)
{

buffer Ii] =0;
table Ii] =0;

)

srand4B (0) ;

inirTable ( ) ;

)

¡-! r^i*È^-r r:nâ. -nrn¡a<cñataoI I tL UCf lrLet rCdVgr_!Allu.

{
int i=0 ,)=o, cof In, rowfn,biLCount, index,'

startProcess:

if ( (eof=inBuffer->atEOFO) && inputCount==O && outpuLCount==0)
It

outBuffer- >setEOF ( ) ;
eof=1;
return eof;

)

while ( (innuLCount<bufSize) &&
(inBuffer->testReadO | | (eof=inBuffer->atEoFO ) ) )

{t
l-1 (slj]-nljl-ES==U)
tt

if (eof )

charfn=0,-
else

inBuf f er- >get (charln) ;

SBinBits+=B;
\
J

whil-e (SBinBits>0 && inputcount<bufSize)
{

index=tab1e I inputcount] ;

if ( (charrn& (0x1<< (sBinBits-1) ) ) )

buffer Iindex] =t;
e1 se

buffer Iindex] =O;
innrrfCnrrnf+___---.+,'
SBinBits - - ;

)
/ /cout<< "coucou" << endl;
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)

whil-e ( (inputCount>=bufsize) &&
(outputCountcbufSize) && (outBuffer->testwriteO ) )

{
while (SBoutBits<B && outputcountcbufSize)
{

SBout= (SBout<<1) +buffer loutputCount] ;

outputCount++;
SBoutBits++,'
f f couL<< "Gutten tag" << endl ,'

Ì

if (SBoutBits>=B)
{

SBoutBits -=B ;

charOuL=SBout > >SBoutBits ;

nrrl- Rrrf for--Out (ChafOut);
SBout ^ =charout< <SBout.Bits ;

f/cowL<< "bonjour" << endl;
)
else
if (SBoutBits<B && eof)
i

charOut=SBout<< ( B - SBoutBits ) ;
outBuf fer- >Put (charOut ) ;
SBoutBits=0;
//couL<< "hello" << endl;

Ì

if ( inputCount>=bufSize && outputcount>=bufsize )

{
inPutCount=0;
outputCount.=0;
charln=0;

eof=inBuffer->atEOF ( ) ;
inirrable ( ) ;

goto startProcess;
i

returrÌ 1;
)

void deinterleaver rand: : nev/Data ( )

t
coDec : : newData ( ) ;
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ÍnputCount=0,'
outputCount=0;
charln=0;
f or (int i=0; icinterleaversize,' j-++)

buf f er Ii] =0;
ì
)

int deinterl-eawer rand: : initTabl-e ( )

tt
int
int
1nt
int

index,-
rÕ\^rôrrf co'l C)rrf

rar^r ¡n l .

for (i=0 ; icinterleaverSize; i++)
table Ii] =-r;

for (i=0; i<interleaverSize; i++)
{

/ / índex=7rand4 B O %interleaversi ze,'
do

index=1rand4 I ( ) ?interl-eavers ize,'
while (table Iindex] !=-1) ;

/ /cerr<< index << endl-,'

t'able Iindex] =i,'
)

)

int
deinLerleaver_rand : : printTable ( )

{
for (int i=O;icinterleaversize;i++)

cout << table [i]
cout << endl;
return 1,-

)

4.10 interleaverSx

/ / int.erl eaverSx. h
# i f ndef _interl-eaver8x_h
#def ine _interl-eaverBx_h

#incfude "RS.h"
#inc]ude "coDec.h"

r-l ¡qs 'i nt-crl c¡r¡crRx. nrlbl'i a' rìôDec
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ant interleawerSíze;
r-nt rowOut.;
int colOut;
int bufSi-zeinChar;
int nbrChar;
unsigned char**buf f er,-
trnqi oncd clrarnharTn .

int inputcount,.
int output.Count,'

public:
j-nterleaverBx ( int Size ) ;

int processData O ;

void newData O ;

),

#endi f

// tnter\eaverBx.cc
#include "interl-eaver8x. h"

interleaver8x::interleawer8x(int Size):
interleawerSize (size) , inputCount (0) , outputcount (0) ,

charfn (0) , bufSizeinChar (0) ,

rowOut (0) , colOut (0) ,

nbrChar ( 0 )

{
if (Size<=0)
{

cerr << "The size of the interl_eaver is negatiwe or nul_l_!!!,, <<
endl;

exit (-1) ;

]

if ( (Size?e) l=0)
t

cerr << "The size of the interleaver should be a multipte of 8,
" << Size;

cerr << " is not a multiple of 8" << endl;
exit(-3);

)

nbrChar=Size/B;
buf Si zeinChar=nbrChar* S i ze :

buffer=new unsigned char* [Size] ;
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if (lbuf fer)
{

cerr << "Couldn't alfocate memory for Lhe interleaver of size "

<< Size << endl-;
exiL (-2) ;

Ì

for ( int i=0 ; icsize; i++ )

{
buffer Ii] =new unsigned char lnbrChar] ;

if ( lbuffer Ii] )

{
cerr << "Couldn't allocaLe memory for the interleaver of

size " << Size << endl;
exit ( -2) ;

)
)

for (int i=0,'icSize;i++)
for (1nt j=0; jcnbrChar; j++)

buf f er til Ijl =o;
]

int interleawer8x: :ProcessDaLa o
{

int i=0 , j=O , co1In, rowIn, bitCount;

startProcess:

if ( (outputCount>=bufsizeinChar && inBuffer->atEOFO) | | eof)
{

outBuffer->setEOF O ;
eof=1;
recurn eof ,'

i

while ( !eof)
{

while ( (inputCount<bufsizeinChar) && (inBuffer->testReadO) )

{
inBuf f er- >get ( charln) ;

rowln= inputCount / nbrChar ;

col-fn= ( inputCount?nbrChar) <<3 ;

for (bitCount=7 ;bitCount>=O ;bitCount- -)
{

rowout=col- In;
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colOut=rowIn,-
È'll€far|r¡r,llllrÈì[co1out/B]+=((charln>>bit'Count)&1)<<

(7-colOut?;B);
colIn++;

Ì
inputCount++;

)

The buffer used to be reversed so had to push the data as if

now the data are put at the right place right away not pushed

if ( (inputCount<bufSizeinChar) çç (eof=inBuffer->aLEOFO) )

{
for (i=0;icB;i++)

buffer Ii] <<= (B-inputCount) ;
inputCount=B;

)

zeTo

1rÌ

while ( (inputcount>=bufsizeinchar | | inBuffer->atgoFO) &&
( outputCount <bufSizeinChar) &&

(outBuffer->testWrite O ) )

outBuf f er- >put (buf f er Ioutput.Count/
nbrCharl [ (outputCount++) ?nbrChar] ) ;

if ( inputCount>=bufSizeinChar && outputCount>=bufsizeinChar )

{
inputCount=0;
outputCount=0,-
charfn=0;

for (i=0 ; i<interleaverSize,. i++)
for (j=O ; j <nbrChar; j++)

buf f er til t j I =o;

eof =inFrrf f er- >:l- ÊôF- I I .

)

if (outputCount>=bufSizeinChar && inBuffer->atEOFO )

{
outBuffer->setEOF ( ) ;
oaf-1 .

return eof;
i

return l,-
)
return 1;
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)

void interl-eaverBx: .nerr,f)â't- â I )

{
coDec: :ne\rData O ;

rnputCount=0;
outputCount=0;
charln=0;
for (int i=0; icinterleawerSize; i++)

for (int j=0; j<nbrChar; j++)
buf f er til t j I =o;

)

A.l l convolEncoder

/ / convolEncoder.h
#ifndef _conwolEncoder h
#defi-ne _conwolEncoder h

#include "coDec.h"

/ / lfd,af i na rìaì-rrr¡

class convolEncoder: public coDec
I
t

unsigned char charln;
rrnsi oncd char radrrnrìR.i l- c .

int redundCount,'
,,.^-; ^*^l l 

-runs:-gneo rnt FSR;

int _no; // biock length
I 

-Lr_ntr _k0; // information length
inL _N,. / / Constraint length
unsigned intgenerator; / / polynomial generator
unsigned intmask; / / mask to cl-ear the output redundant bit from the

FSR

ì nf i nnrrl-l-nrrni. .
-__- -__v*-
i nf ntrl- nrrl-l-ñì1nl- .

^L-- lUIIAI IdÞ UUdLdTTI;

char fastDataOut;

unsigned chartempChar ;

publ-ic:
conwolEncoder(int n0, int k0, int N);
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int processData O ;

woid newData O ;'t.
ll

#endi f

/ / convol-Encoder. cc
#incfude "conwolEncoder.h"
# i ncl ude "dcl'r rcroer . h"
#inr-lrrdc "rìehrro þ-

convolEncoder::convolEncoder(int n0, int k0, int N):
_n0 (n0) ,_k0 (k0),_N(N) ,
¡l-r=rrn /rì\ -^.lundBits (0) , FSR (0) , inputCount (0) ,

;;;;;;¿;;".ìãr , lasrDaraour (0) , lasrDararn (0) ,

f amnl-lr¡r lô)
I
t

// generator polynomials list for (2,L) sel_f-orthogonal codes
/ / The index is the constraint J-ength
// if the generator is 0, it is not defined
static unsigned int

generators_listtJ={0,0,0x3,0,o,0,0,0x53,o,0,0,0,0,o,o,0,0,0,0x28a:-3};

if (_no<=o ll _ko<=o ll _N<=o)
t

cerr << "The Conwolut.ional- code parameters have to be positive,,
<< endl;

exit (-1);
)

if (_N>18 ll generarors_Iisrt_Nl==0 ll not=2 ll k0l=1)
I
t

cerr << "This implementation only supports (2,a) self-
orthogonal codes with constraint length 2, 1 or l_8,,<< endl;

exit (-2) ;

)
generator=generators_l ist [_N] ;
mask= (1<<_N) -1;
#ifdef _debug_

cout. << "mask: " ;
binaire (mask, cout ,32) ;
cout << endl_;
cout << "generator: " ,-

binaire (generator, cout ,32) ;
couL << endl;

#endif
]

int convolEncoder: : processData ( )
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int
r-nt inNbrBits;

startProcess:
eof=inBuf fer- >atEOF ( ) ;

if ( (lastDataOut) && (eof) && (inputCount==0) && (outputCount==0) )

{

outBuffer->setEOF ( ) ;

return eof;
)

// tnis loop does atomic input, processing and output.
while ( (inputCount==O) tc

( (inBuffer->tesrReadO) I | (lasrDataOut<= N &&
eof) ) cc

(outBuffer->testWrite O >=2) )

{
redundBits=0;

j-f (lastDataOut<= N && eof )

t
charln=0;
l_astDataOut+=B ;

)
else
{

inNbrBits=i_nBuf f er- >get ( charln ) ;
if linNì^rrR'ifqr=Rì
{

l-astDataout+= ( B - inNbrBits ) ;
anf-1 .

]
]
#ifdef _debug_

couL << endl_ << ..data:,, << hex << (int)charlrÌ << endl,.
#endif
outBuf f er* >puL ( charln) ;
for (í=7 i i>=0;i--)
{

pgp^=generator* ( (charln>>i) c1) ;

#ifdef _debug_
colrL << "FSR=,' ;
binaire (FSR, cout ,32) ;
cout << endl;
cout << '.input bit:,, << hex << (int) (s¡¿¡1r¡ << endl;
#endi f
FSR<<=1;
redundBits<<=1;
redundBits+= (FSR>> N) ;
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#ifdef _debug_
cout << "redundBiLs=";
blnaire (redundBits, cout ) ;

cout << endl;
#endi f
FSR&=mask;

ì
I

outBuf f er- >put ( redundBits ) ;
I
I

/ / The two folJ-owing loops execute the prewious loop breaking it
down into

/ / input 1oop, processing loop, and output loop so that if the
^atÈñtrÊ 

i 
^uuL[,uL fÞ

// not ready, the processing and input can still happen. This is
I ust

/ / a minor tweaking though

/*v/hile ( (inputCount<1) && ( (inBuffer->testRead O >0) l l

(!lastDataout && eof)) )

It
if (llastDataout && eof)
tt

charln= 0 ;
iastDataout=1;

l
I

e Ise
inBuf f er- >get (charln) ;

#ifdef _debug_
cout << "data'" << hex << (int)charln << endl;
#endif
input Count++ ,-

)

while ( (inputCount>=1) CC (outputCount<2) Cc (outBuffer-
\l-ôat.I^lrif-a/\l I

{t
switch (outputCount )

It
case 0:

outBuf f er- >put (charln) ;
break;

case 1:
radrrndRi l-c-fì.

for (i=0 ; icB ; i++ )

tt
PgP^=generator* (charln&1) ;
FSR<<=1;
redundBits=redundBits | ( (FSR>>_N) ..i) ;

#ifdef _debug_
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cout << "redundBits=";
binaire (redundBits, cout) ;

cout << endl;
#endif
FSR&=0x7F;
charln>>=1;

)
outBuf f er- >put ( redundBits ) ;

break;
)
outputCounL++;

I* /

if ( (inputCount>=1) && (outputCount>=2) )

{
inputCount=0;
outputCount=0;

goto starLProcessi
)

eof =inBuf fer- >atEOF ( ) ;

if ( (l-asLDataOut) && (eof) && (inputCount==0) && (ouLputCount==0) )

{
outBuffer->setEOF O ;
return eof;

i
)

void convolEncoder: :newDaLa ( )

{
coDec::newDataO,'

charln=0;
redundBits=0;

inputCount =0 ;
outputCount=0;
lastDataout=0;
l-astDataln=0;

)

A.l2 convolDecoder

/ / e.onwol Deeocler.h
#i fndef _convol-Decoder_h
#def ine _conwo]Decoder_h
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#include "coDec.h"
/ / JlrløF i na ÄaÈrrr¡*--- _*-"*J_

cfass convolDecoder: public coDec
I
L

rrna-i¡-^Ä ^l- ¡r -infnR.i t-c.urrù ¡Yrrgu LI¡_-
"*^i --^l --âr rorlrrndP.i l- <.utrÞ r:j¡rçu Llt__
rrnoja-^.1 ^È¡r inf^Ê.if.uf rÐ rYrrçu uIl*,
rrnaìa-^.1 ì-¡ f-ifn.urrù¿Y¡lçu ftl_ -**_,
rrnoj¡-^.1 ^l- ar ¡rri_l¡.i fn-urrÞ ry¡1çu LI¡*-

unsigned int FSR1;
unsigned char outFSRl;
unsigned int FSR2;
rrnqi oncrì i n,|. f aarì'l-r¡¡lr.

int _nO; // block length
int _kO; // information length
int _N; / / Constraint length
rrncì n¡a.l ì -fcanara1_ar. / / ¡Ol wnomi: l õpnêrâLO,./ | r Ysrrçra
unsigned intfeedbackvector; / / feedback vector of the syndromes
unsigned intmask; / / mask to clear the output redundant bit from the

FSR
rrnsi oncd i ntma-i ori f r¡'1"Ìrroqlrnl ¡l .

lrnqionerì ìnl. cr¡nrìrnmac .rrrerÌrru!v¡¡¡uo,

rlnqi onod ì nf cr¡nrìrl-ôrrñt- .

.,-^ j ^-^J i -l. qr¡nr:lrM=cl¿ .u¡¡ÞIyl¡CU IIrur )/

tlnsi onpri 'i nl- ¡Ìr¡rfìrt. .

int bitsOut;

int inputCount;
l-nt outputCount;

public:
convolDecoder(int n0, inL k0, int N);

int processData O ;

void newData O ;
1.

#endi f

/ / convolDecoder.cc
#include "convolDecoder. h,'
#incl rrde "clebrrooer. h"
# i nel rrde "rìel-rrro þ'

convolDecoder::convolDecoder(int n0, int k0, int N):
n0 (n0) , k0 (k0) , N (N) ,
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rnfoBits (0) , redundBits (0) , fifo (0) , FSR1 (0) , FSR2 (0) ,

feedback (0) , charOut (0) , inputCount (0) , outputCount (0) ,

infoBiL (0) ,bitsout (1-N)

// generator polynomials list for (2,r\ self-orthogonal codes
/ / rne index is the constraint length
// if thc oencr¡f.or is O. ìt is not definedll

-!^!r^ ..-^j--^r iñFñôñôr3Fnrc t;st []=ÞLdLru urrÞa'rrcu r¡rL,errcrdLUrÞ-rr 

{0, o, ox3, 0r0, 0, o, 0x53,

0, o, 0, o, o,o, o, o,o, 0,0x28413) ;
static unsigned intfeedback_vector_list [] =

{0, o, oxr, o, o,o, o, 0x13,

o, 0, 0, o, o,o, 0, 0, o, o,0x18a13),-

if (_no<=o ll _ko<=o ll _N<=o)
{

cerr << "The Convol-utional code Darameters har.¡e 1- o be nosiLiwe"
<< endl;

exit ( -1) ;

)

if (_N>18 ll generators_list[_N]==0 ll not=2 ll k0l=1)
i

cerr << "This implementation only supports (2,I) sel-f-
orthogonal codes with constraint length 2, '7 or IB" << endl;

exit(-2);
)
generator=generators_list [_N] ;
feedbackVector=feedback vector list I N] ;
mask= (1<<_N) -1;
unsigned intthresholdMask=1 ;

maj orityThreshold=0;
for (int. i=0;i< N;i++)
{(

if ( (generator&thresho]dMask) !=0)
maj oritythreshold++ ;

threshol-dMask<<=1 ;
)
ma j orityThreshol-d>>=1 ;

+; €J^€ J^L,,^fr!uç! _uc!uv_
couL << "majority threshold: " << majorityThreshofd << endl;

#endif
Ì
)

int conwofDecoder: :process¡ata ( )
It

int i=0;
int pos=0;
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rnt temp;
int nbrToRead=0;

startProcess:
//íf ( (inputCount<2) && ((bitsout-_N+1)<=0) && (eof) )

if ( (inputcount<2) && (eof) )

t
ouEljuI Ier- >seE EUt ( ) ;

return eof ,'

)

while ( (nbrToRead=inBuffer->testneadO) &&
(out.Buf fer->LestwriteO ) )

{

/ / Those two tesL are there Lo handle corrupt files with odd
number

/ / of charaters.
if (nbrToRead==1 && inputCount==O)
{

rnBuf fer- >get ( infoBits) ;
break,'

i

if (nbrToRead==1 && inputCount==1)
t(

i nRrrf f ar-:ccl- lradrrndRì l- ql '/Yeu \!vuu¡ruurur/ ,

break;
I
)

inBuf fer- >get (infoBits) ;
i nRrrf far- :aal- lrarlrrn¡lP-i Icì .resu¡¡u!¿ur/,

frr!uç! _us!u9_
cout << endL << endl << "infoBits=";
binaire ( infoBits, cout) ;
aatt|. -¿ anÄl .

cout << "redundBits=";
binaire (redundBi-ts, cout) ;
õ^i1+- ?¿ anÁ'l .

cout << "data:" << hex << (int)infoBits << endl;
#endi f
for (pos=Z ;pos>=Q;pos--)
tt

infoBit= ( infoBits>>pos ) &1 ;
f oaÄÈ.:¡l¡-n.

/ / f ; fn -i¡n,,r c ^,,È.^,,ÈI / !f!v ¿¡¡PuL c uuLPuL

fifo+=infoBit;
f I ïñôT ñôhìrõ

cout << "fifo=";
binaire (fifo, cout ,32) ;
cout << endl;

#endi f
f if o<<=1,'
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outFifo=fifo>> N,-

fifoç=mask;
#i f daf rlahrrn

cout << "outFi-fo=",-
cout << "\t\t"
couL << endl;

#endi f
/ / tpper FSR input & output
FSR1 "=generator* inf oBit ;

*li fdcf dahrrn

couL << "FSR1=";
Ðr-nalre (!siR1 . couc ,3¿) ;
couL << endl;

#endif
FSR1<<=1;
outFSRl=FSRl>> N;

rr!uc! _ug!uy_
cout << "out.FSRl=" ;
couL << (inL)outFSRl;
cout << endl;
couL << "redundant biL=";
cout << (int) (redundBits&1);
cout << endl

#endi f
FSR1 &=mask ;

/ / Iower FSR input & output
#i fdof ¿lal.rrrn

cout << "FSR2=";
binaire (FSR2, cout) ;
cout << endl'

#endif
FSR2+= ( (redundBits>>pos) &1) ^outFSR1;

#i fdof dohrra

cout << "FSR2=";
blnal-re (FSR2, cout ),.
cout << endl.

#endif
syndrome s = FSR2 &generator ;
syndrcount=0;
cr¡nrìrM¡aÞ-1 .

for (i=0; i<_N; i++)
It

if ( (syndromes&syndrMask) l=0)
syndrcount++;

syndrMask<<=1;
l
)

#i fdaf dctrrra

cout << "syndrome count: " << syndrcount << endl;
#endif

i f ( syndrCount >maj ori t yThreshol-d )

feedback=1;

-A65-



Valid. Syst. for Printed Docs AppendixA:SourceCode

FSR2 ^ = f eedbackVecf or* f ecdl-re r-k .

FSR2<<=1;
FSR2 &=mask;
if (bitsOut>=0)
{

charOut<<=1;
charOut+= (outFif o^f eedback) ,-

#ifdef _debug_
cout << "charOut=";
binaíre (charOut, cout ,32) ;
cout << endl;

#endi f
i
bitsOut++;

#ifdef _debug_
cout << "original bit:"
cout << "correcLion:"
cout << "after correction:"

endl;
#endif
i
if (bitsOut>=B)
{

bitsOut -=B ;
outBuf f er- >put (charOuL>>bitsOut ) ;

#ifdef _debug_
cout << "output: ";
binaire (charOut&OxFF, cout) ;
cout << endl;
cout << "output:" << hex << (charOut>>bitsOut) << endl;

#endif
/ /clnarOuÌu&= (1<< (bitsOut+1) -1) ;

)
i

/ / This is to deal- with the case when there is not an even number
/ / of characters in the input file so program does not loop forever
eof =inBuf f er- >atEOF ( ) ;

if ( (inputcount>=2 ) && (out.putCount>=1) )

{
inputCount.=0;
outputCount=0;

goto startProcess;
i

)

void convolDecoder: :newData ( )

{
coDec::newDataO,-
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infoBits=0;
redundBíts=0;
f i fn-lì.

FSR2=0;
feedback=0;
charOut=0,-
inputCount.=0;
outpuLCount=0;
infoBit=0;
bitsOut=1 -_N;

]
)

,{.13 Interleav_symb

/ / Tnrerl eav svmb.htt

#ifndef _inLerleav_symb_h
#def ine _interleav_symb_h

#include "coDec. h"

cl-ass interleav_synb: public coDec
tt

/ / syntbol Síze
int m;
/ / inlerl eâver size=n*n; interleaversize=nIt

int interleaverSíze¡
int rowOut,'
int colOut;
// n*n
int bufSizeínChar;
rrnci ana¡l ¡h¡r**crml'rP.rrf f ar -

unsigned J-ong int SBin;// b:uffer to build symbols (Bbits->mbits)
int SBinBits;//number of bits in the symbol buffer
unsigned long int SBout;// buffer to build symbols (Bbits->mbits)
int SBoutgits; //nunber of bits in the symbol buffer

int inputCount,'
int outputCount;

public:
int.erleav_symb( int syrnblsize, int Size ) ;

int processDat.a O ;

int newData O ;
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t.

#endif

/ / f nterl eaw sr,.rnb. cc"J"*

#incÌude "interfeaw_symb. h"

inter'l eaw swmtr:.inferlear¡ svmbl'inf crmhnlqiza i-t Size) :

. interleaversize (Size) , inputCount (0) ,
ôrÌl_nrrFf-ôrrñl- 1nì

bufSizeinChar (0) , rowOut (0) , colOut (0) ,

SBin(0), SBinBits (0),SBout (0), SBoutBits (0),
m ( symbolSi ze )

tt
int nbrBits;

if (size<=o ll symbolsize<=o)
It

cerr << "The size of the interleaver or the symbol-s is negative
or nullll!"

<< endl;
exit(-t);

ì
)

bufSi zeinchar=Size * Size;

symbBuf fer=ner¡r unsigned char* [Sizel ;

jf ltormì-rnrrffs¡)

{
cerr << "Couldn't. allocate memory for the interl-eaver of size "

<< Size << endl;
exit (-2) ;

)

for (int i=0;icsize,'i++)
{

symbBuffer [i] =new unsigned char [Size] ;

if ( !synbBuf f er Ii] )

tt
cerr << "Coul-dn't allocate memory for the interleaver of

size " << Size << endJ-;
exít (-2) ;

't
l

Ì
)

f or (int i=0 ,'icSize; i++ )

for (int j=0;jcSize;j++)
sYmbBuffer til Ij ] =0;
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't
I

int interleav_symb: : processOata ( )

{
static int symbol=O;
static unsigned long intcharBuffer=0, output=O;
static unsigned chart.empChar=0 ;

int i=0 , )=0 , co1In, rowIn, bitCount ;

if (!inBuffer ll toutBuffer)
{

cerr << "Please assign me with some input and output

endl;
return -1;

)

l-Ê-T'^*-,È ñ-ClaE.a]-npur_yrocess:
eof =i-nBuf f er- >atEOF ( ) ,-

if ( inputCount==O && outputCounL==O && SBinBits==0 && SBoutBits<=0
ò(òr gOI )

{
outBuffer->setEOF O ;
return 1;

Ì
)

while ( (inputCountcbufsizeinChar) aç ( inBuffer->testReadO ll eof
))

I
t

if (SBinBitscm)
{

/* you have no more data to give and the rest. is padded to zero
iììts^--Èi^^ft--a q LU[rd L rudt ¿y

when the buffer is originally initíall-ízed */
if (eof)
{

SBin=SBin<< (m-SBinBits ) ;
SBinBits=m;
inputCount=buf Si zeinChar - 1 ;

i
el_se
It

i nRrrf f cr- >ocl- l|. amnl'Ìrer) 'çe¡¡¡¡/v¿¡qr / ,

SBin= (SBin<<B ) +tempChar ;

SBinBíTs+=B;
]
J

)

whí1e (SBinBits>=m)
tt
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if ( inputCount>=bufSi zeinChar)
break;

// ext-ract s1'rnbol f rom symbol buf fer (SBin) :

SlJf nljatrS - =m,'
syrnbol =SBin> >SBinBi t. s ;
// do vorrr swmhol ìni-erleer¡inc here...tl

ro\,rIn=inputCount / interl-eave rsize ;
col- In=input Count åinterleave rSíze ¡

rov/Out=colIn;
-^'l ôrrl--r^r^rTn .

symbBuf f er IrowOut] [cof Out] =s]¡rnbol;

SBin-' =symbol < <SBinBit s ;
i nnrrl- f-¡rrnl_ r¡.

)

whil-e ( inputCount>=bufSizeinChar && outputCount<bufsizeinChar çç
(out.Buf f er-

>testwrite O ) )

{
whil-e (SBoutBits<B )

{
if (outputCount>=bufsizeinChar)

break;
rowout=out.putCount / interleaverS i ze ;

col Out = out put Count ? interl- eav er S i z e ¡

SBout= (SBout<<m) +symbBuffer IrowOut] [colOut] ;
SBout.Bits+=m,-
ouf nìlt Corrnf ++ -

i

if (SBoutBits>=8)
{

SBoutBits-=B;
output= (char) (SBout>>SBoutBits) ;
outBuffer->put ( (unsigned char) output) ;
SBout-- =output< <SBoutBits ;

I

/ / af.ter this stage SBoutBits is strictly less than B

// íf at end of file and still some bits in SBout, output them
if ( (inputCount>=bufsizeinChar) && (outputCount>=bufsizeinChar)

&& (SBinBits==0) && (SBoutBits>0) && (eof) )
t
t

if (outBuffer- >testwrite ( ) )

{
output= (char) (SBout<< (B-SBoutBits) ) ;
outBuffer->put ( (unsigned char) output) ;
SBoutBits=0;
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]
)

if ( inputCount>=bufSizeinChar && outputCount>=bufsizeinChar )

I

inputCount=0;
outputCount=0;

for ( i=0 ; i<interleawerSize,' i++)
f or (j =O; j < j-nterleaverSize; j ++)

symbBuffer til tj I =0;

eof=inBuffer->atEOF ( ) ;

goto datalnput_Process ;
Il

return 1;
])

'i nf erl eew sr¡mb: : newData ( )

t
int í,j;

if (inputCount!=0 && (!eof) )

cerr << "Warning from Reed Sol-omon encoder: new data"

coDec : : newData O ;

:iljl-n= U ;

SBinBits=0;
SBout=0;
!;jJOUEIJrES=U;
inputCount=0;
outputCount=0;

for (int i=0;icinterleaverSize;i++)
for (int i=0; jcinterleaverSize;j++)

symbBuffer til tj I =0;
1
)

A.l4 random test

#incl-ude "ran4.h"
#lfdef _cplusplus
êYl. êrn \ l-l t
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#endif /* _cplusplus */

#define NITER 4

#define NBRIT 100000

l-ong idums=0, idum=1;

void psdes (unsigned long *lword, unsigned long *irword)
It

:rñôi^ñ^/-l I^ññ ì .iî ì}1 ..i -,.,-ñ .it-mnl-r-ô ì¡mnl_ô.urrÞryllsu ru¡ry !t Ldt t!, f ÞwdF,, rLrilprr_vr rLlil}/t_v,

staLic unsigned l-ongc1 INITER] ={

cÈrf- ì^ ìrncinnaÀ rorÌg C¿ tI\J- I-EKJ = {

Oxbaa96BB7L,
0x1e17d3 2cL,
f-lvO?l-r¡rìn?¡T.

^ ì- ' ^- ìuxurJJctJ_þzL_l ;

0x4b0 f 3b5 BL,
OxeB74f0c3L,
0x6 95 5c5a6L,

. .- \ux55a /ca46L'l ;

for (i=0;icntrER;i++) {
ia= (iswap= (*irword) ) ^ c1 [i] ;

itmpl = ia & Oxffff;
itmph = ia >> 16;
ib=itmpl*itmpl+ - (itmph*itmph) ;
*irword= (*lword) ^ ( ( (ia = (ib >> 16) 

I

( (ib c oxffff) << 16) ) ^ c2 [i] ) +itmp1*itmph) ;
* l-word=iswap;

]
)

void sran4 (1ong seedval-)
{

idums=seedval;
idum=1;

i

unsigned J-ong nran4 (1ong* stateO,long* statel)
{

/ /void psdes (unsigned long *1word, unsigned long
*irword) 

,-

unsigned long irword, itemp, lword;
//extern long idums, idum;
static unsigned long jfl_one = 0x3f800000;
sLatic unsigned long jflmsk = 0x007fffff;

irword= (*statel) ;
l-word= (*state0);
psdes (clword, &irword) ,-

++ (*statel),'
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return irword,.
)

unsigned long lran4 ( )

{

/ /void psdes (unsigned long *lword, urj.signed long*irword);
unsigned J_ong irword, itemp, l_word,.
//ext.ern long idums, idum;
static unsigned long jfl_one = 0x3fBOOOOO;
st.atic unsigned long jflmsk = 0x0O7fffff;

if (idum < O) {
idums = -idum;
idum=1.

)
irword=idum,.
lword=idums;
psdes (&lword, &irword) ;
++i-dum;
reLurn irword;

)

float fran4 ( )

{

/ /woid psdes (unsigned long *lword, unsigned long*irword),.
unsigned long irword, itemp, lword;
//static long idums = 0;
static unsigned long jflone = 0x3fBOO000;
st.atic unsigned long jfl_msk = OxO0Tfffff ;

irword=idum;
lword=idums;
psdes (&lword, eirword) ;
iremp=jflone | (jflmsk c irword);
++ idum;
return (* (ffoat *) Citemp) -1.0;

i

float eran4 (long* state0,long* statel)
t

//void psdes(unsigned tong *1word, unsigned long*irword) 
;

unsigned long irword, itemp, lword,.
/ /extern J-ong idums, idum;
static unsigned long jflone = 0x3f800000,.
st.atlc unsigned 1on9 jflmsk = OxO0Tfffff;

irword= (*st.ate1) ;
l-word= (*state0) ;
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psdes (&lword, airword) ;
itemp=jflone | (jflmsk ç i_rword) ;

++ ( *statel) ;
return (* (float *) aitemp) -1.0;

ì
I

Ûl 1^ô1 ^ñ rlrañ | us
l
J

#endif /* _cplusplus */

main(int argc, char** argv)
¡t

long int number;
1rñôi ^ñ^^ I ^naracrrl ,1- .ur¡Þr9r¡gu ru¡rYr çÞ ur L ,
f l-oat resuJ-t2,-
double count [3] ;

double countup8 [B] ;
doubl-e xsq;
int i;

count [0] =0;
count [1] =0;
count l2l =o;
for (i=0;i<B;i++)

countupS [i] =O;
number= - 1 ;
dran4 (enumber);
number=1;
while (number< (NBRIT+1) )

{
resuLt=dran4 ( &number) ;
count Iresult?3 ] ++,-
countup8 [result>>29] ++ ì

)
printf ( "?;.0f Z.Of Z.Of\n", counL [0] , count [1] , count l2l) ;
xsq= (count [0] -NBRrr/3) * (count [0] -NBRrr/3) / (NBRTT/3) + (count [1] -

NBRrr/3)* (count [1] -NBRrr/3)/ (NBR]r/3) + (count [2] -NBRTT/3)* (counr [2] -
NBRIT/3) / (NBRIT/3) ;

nrint- f l\2 
"nf\ñ" 

vcõl .
À/!¿¡¡ur\ o.¿vr \¡¡ r^ÐY/,

xsq=0 -

for (i=0; i<8; i++)
xsq+= (countup8 [i] -NBRIT,/B)* (counrup8 [i] -NBRTT/B) / (Nenrr/a) ;

nrintf l\Z 
"nf\n,, 

vcn\.¿,eat .

i
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,4..15 gasdev

/ / gasdev.cc
#incl-ude <stdio. h>
#incl-ude < iostream. h>
#ifdef _unix_

#include <stdlib. h>
#ef se

#include "rand4B.h,,
#endif
#include "gasdev. h,.
#incf ude "ran4 . h,'
#incl-ude <math. h>
#include <time. h>

float gasdevo
{

statÍc int. i-set=0;
static f l-oat gset;
static long numberl=1, number2=100000000 ;
f l-oat f ae, r ,wI ,v2 ;

if (iset == 0)

{
do
{

wI=2.0*fran4 O _1. 0;
w2=2.0*fran4 O _f. O,
r=v1*v1+v2*w2;

)
whil-e (r ¡= t. O) ;
//cowt<< r << endì_;

fac=sqrt ( -2.0*1og (r) /r) ;
gset=vl* fac;
ì cat--1 .

return v2*fac;
i
e fse
{

iset=0;
return gset;

)

)

void initseed o
{

long int randSeed,-

^ 
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time (&randSeed) ;

/ /sran|(0) ;
sran4 (randSeed) ;

)

ffoat gasdew4B ( )

{
static int iset=0;
static float gset;
float fac,r,vI,v2;

if (iset == 0)

{
do
t

wI=2 .0*drand4B ( ) -1. 0 ;
v2=2.0*drand4B O _f. O;
r=vl- *vl+v2*v2 

;

)
whil_e (r >= 1.0);

fac=sqrt ( -2 .0*Iog (r) /r) ;

gset=v1*f ac;
'i cat--'l

return v2*fac;
)
el se
{

i cat. -fì.

return gset,-
)

)

void iniLSeed4B o
{

unsigned long int randseed;
time ( (long int*) &randSeed) ;
srand4B (randSeed) ;

)

.4.16 factor

#ifndef _factor_h
#define _factor_h

int factor (unsigned long number, unsigned int factors [] , unsigned
maxNbrFactor) ;
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#endif

#include <iostream.h>
#include <stdio. h>
#include "factor.h"

int factor (unsigned long numlcer, unsigned int factors [] , unsigned
maxNbrFactor)
J
t

int primeTablelndex=O, factorfndex=O;
static unsigned primeTabl-e []
{

2 1, q '7 l't 1? 11 lq )1
) I ?'l a,'7 a1 ¿,2, 

^'7 
q ? q q 6,'l

6't, '7 I, J3, fg, 83, gg, 97, 101, 103,
107, 109, 113 , I21 , 13 1 , a31 , a39 , 749, 151 ,

I5'7 , 163 , 167 , 7'73 , 179, 181, 191 , a93, I9'7 ,

199, 2a7, 223, 227 , 229, 233, 239, 24L, 25I,
25'7 , 263 , 269 , 2'7L, 2'77 , 2Bt, 283 , 293, 3O'7 ,

311, 313 , 377, 331 , 337 , 347 , 349, 353 , 359,
367 , 3'73, 3'79, 383, 389 , 39'7 , 40a, 409, 4L9,
42I, 43I, 433 , 439 , 443 , 449 , 45'7 , 461, 463 ,

467, 4'79, 481, 49!, 4gg, 503, 509, 52L, 523,
54I , 54'7 , 55'7 , 563 , 569 , 5'/L , 5'7'7 , 58'7 , 593 ,

599, 601, 60'7, 613, 6L7, 6L9, 631, 647-, 643,
647, 653, 659, 66L, 673, 6'Ì'7, 683, 69a, 70I ,

109, 719, '72'7 , '733, 739, 743, '751 , 75'7 , '767-,

769, 7'73 , 781 , 797, 809, 811 , 82L, 823 , B2'7 ,

829, 839, 853, 857, 859, 863, B7'7, BB1, B83,
887 , 907 , 9rI, 9L9 , 929 , 937 , 94L, 947 , 953 ,

961 , 9'7I, 977, 983 , 99I , 99'7, 1009,1013 ,L01-9,
1,02I,1031, 1033, 1039, r049,1051, 1061, 1063, I069,
1,081,1091, 1093, IO9'7, 1103, 1109, 17-l-'7,II23, II29,
1151, 1153, 11_63,IL'7 I,1181, !IB7 ,1193, r21r,1213,
r2I'7 ,1223 ,1229 , r23I , L23'7 ,1_249 , L25g , r2'77 , I2'7 g ,
1283, 1289, 129L, 129'7, 1301, 1303, 1307, )-3I9, r32I,
132'7, 1361, 1367, I3'73, 1381, 1_399, I4O9, L423, 1-427,
]-429 , t433 ,I439 , 144'7 , L45I , L453 ,1459 ,3-471 ,I4BI ,

1483, L487 , 1489,1493 , L499 ,1511, ]-523 ,1531, 1-543 ,

1549,1553, 1559,156'7, L5'77, I579,1583, 1597,1601,
7607 , L6O9 , 167-3 , L6a9 , r621_ ,1_627 , r63-t ,1_657 , 1663 ,

1667, 1669, 1693, a697, L699, r709, r121-, r723, L133,
I7 4I, I7 47, I7 53, 17 59, I7 7 7, I'7 83, I'7 B'7, I7 89, 1 B 01,
1811, 1,823, 1831, LB4'7, 1861, 186'7, I871-, L873, L8'77,
7879 ,1889, 1901, L90'7 ,1913, 1931, 1933, ]-949 ,1951,
r973 , L9'7 9 ,7987 ,7993 , r997 , 1999 ,2003 ,2O7-L ,2Or7 ,

2021,2029,2039,2053,2063, 2069, 208r, 2083, 2087,
2089 , 2099 ,2III ,2rr3 , 2129 , 2L31- , 2l.37 ,2141_ , 2L43 ,

2]-53 ,21,61, ,277 9 ,2203 , 220'7 , 22L3 ,222I , 2237 , 2239 ,
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2243 ,225a ,226'7 ,

2309 ,23al_ ,2333 ,

23'7'7 ,238I ,2383 ,

2A2,'7 )44't )44'7
?q?1 2q?q 2q4?

2609 ,261,1 ,262r ,

26'7'7 ,2683 ,268'7 ,

2719,2'729,273r,
27 9r ,2'7 97 ,2BOr ,

285't,286r,2879,
?q?q ?qq? ?qq?

3019, 3023 ,303'7 ,

3089,3109,3119,
378'7 ,3197 ,3203 ,

???q ??, 11 ??4?

33 91, 340'7 ,341 3 ,
?4Áq ?4q1 ?4qq
?q4r ?q4? ?qq?

3 613 , 36r't ,3623 ,

361'7 ,3697 ,369'7 ,

3'767,376'7 ,3769,
3833,3847 ,3851,
?q11 ?qt? ?q1q

3989 ,4001,4003,
405r,405'7 ,4073 ,
41)9 4 1 ?? 41 ?q
4?1'7 4)19 4?29

42'7 I,421 3 ,4283 ,

A2,q'7 41Á4,4'2,'72,

^¿.I'7 
¿.4tr.''t ¿.¿.q'7

aÊ,11 ¿- ql q ¿q2?

459'7 ,4603 ,462L,
4663 ,4673 ,4679,
4'7 5I , 4'7 59 , 4'7 83 ,

481,'7 , 4B3r ,4861_ ,

4q?1 ¿q?? 4q?7
4qQ'7 Ãqq? 4qgq

5051, 5059, 507't ,
q11q q147 q1q?

5227 ,5231,5233 ,

5303,5309,5323,
5399,5407 ,54t3,
qA^q q,a,'7 1 ç,a'7'I
qq,.l q.q?? qtr?1

cÁr? qÁ"q tr,Ãd1

qÁc? qÁRq qÁq?

5'7 49 , 57'7 9 , 5'7 83 ,
qR?q qe¿? qR¿q
qQql qeq? qqn?

600'7 ,6011, 6029 ,

2269 ,22'73 ,228r ,

2339 ,234r,234'7 ,

"?eq 
??q? ??qq

)LÇ,4 )4€,1 24'74,

2549,255r,2551 ,

2633 ,264'7 ,2651 ,
) âea ) 

^q1 
) ç,qq

)'1 
^1 

)'7AA )'7Ê,2,

2BO3 ,2819 ,2833 ,

2BB'7 ,289'7 ,2943 ,

2963,2969,2917,
3047,3O49,3061,
372L,3r37,3163,
3209,3217 ,3221,,
3299,3301, 330'7 ,

3347,3359,3361,
3433 ,3449 ,345'7 ,

3 511 , 35r7 , 352'l ,

3559,351r,3581,
363r ,363'7 ,3643 ,

3'7 0r , 3'7 09 ,31]-9 ,

3'7'79,3193,3791 ,
?aq? 1AÁ? ?e?7
?q?? ?q?q ?q?1

4OO'7 ,4013, 4079,
40'79 ,409r,4093 ,
¿1q? ¿. 1q7 4'ìqq
¿-)'),'l a,ta,1 Ã24),

4289 ,429'7 , 432'7 ,
¿?q1 a,1,q'7 44n.q
LA€,1, A.4P,'1 44R1
4qa'7 4q4q 4qÁ1

4631 ,4639,4643 ,

469r,4'703 , 4727 ,

4'787,4'789,4793,
487r,4871 ,4889,
4q4? 4qq1 4qq'7

5003 , 5009, 5011,
5081,5087,5099,
5167,5a7r,5L79,
5237,526r,5273,
q??? q?¿.7 q?q1
tr,L1'7 tr,L1 q q¿ ? 1

5479,5483 ,5501,

ç,^a'7 qc,tr,1 qÁq?

5'7OI ,51rr,5'7r'7,
5't97,5801,580'l ,
qÂq1 qQq? qAÁ'l

qq"? qq?7 qq?q

603'7 ,6043 ,604'7 ,

2287 ,2293 ,229'7 ,

235r,235'7,237),,
24Ia ,24I] ,2423 ,

24'7'7 ,2503 ,252a ,

25'7 9 , 259r ,2593 ,

2659,2663 ,26'7r,
21 0'7 ,2'7l-1, ,2'7L3 ,

27 6'7 , 27 17 ,2'7 89 ,

283'7 ,2843 ,285r,
2909,2911 ,2921 ,

2999,3001,3011,
306'7 ,30'79,3083,
3L67 ,3169 ,3181,
3229,3251,,3253 ,

??-r? ??1q ??r?

33'71,,33'73,3389,
346r ,3463 ,346'7 ,

?trro ?q,?? ?q,?q

3583,3593,360'7 ,

3659,367r,36'73,
372'7 ,3'733 ,3'739 ,

3803,3821,3823,
3881,3889,390'7,
3943 ,3947 ,396'7 ,

4021, ,402'7 ,4049 ,

4099 ,414L ,472'7 ,

4r'7'7 ,42O1 ,42l_L ,

4253 ,4259 ,426r ,

¿,a,-7'7 ¿,??q ¿?¿q
44)1 44)a 44A1

4493,450'7 ,4513,
¿,ç,ç,'7 dqA1, ÃqQ1

4649,465r,4651 ,

4'721 A'1 2q ¿???

4't99,4801,4813,
4903 ,4909 ,49r9 ,

aq6,'7 aqÁq 4q??

502r , 5023 ,5 03 9 ,
5101, 5rO7 ,5113 ,

518 9 , 519'7 , 5209 ,

52't9 ,528r ,5291 ,
q-ìc'l q?A? q?q?
c,a2,'7 Ê,a.a 1 q¿4 ?

qqn?, qqn? qqlq
qq?? qqQl qqql
q6,q'7 qÃqq qÁÁq

5737 ,5747,5'743,
5813, 5827,5827 ,
qRÁ7 qcÁq qA?q

6053, 606'7 ,6073 ,
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6O'79 ,6O89 ,609r,6101, 6113, 642L,
6151, 6163 ,6r'73 ,61,9'7 ,6199,6203 ,

6229, 6247, 625'7, 6263, 6269, 62'/r,
6301,6311, 6377 ,6323,6329,6337 ,

636r, 6367, 63'73, 63'7 9, 6389, 639'7,
645r, 6469, 64'73, 648r, 649r, 6521,
6553. 6563, 6569, 65'77, 65'77, 6581,
âÂ1.1 

^âq?. 
ÁÁqq 

^GÂ1 
ÂÃ'72, ÃÃ'7q

67 03, 67 09, 6'719, 6733, 6'7 3'7, 6'7 67_,

67 9L, 6'7 93, 6803, 6823, 682'7, 6829,
ÂAÁ1 ÂAÂq 

^A'11 
ÁRR? ÁAqq Ágn7

6949 ,6959 ,696r,696'7 ,691r,691'7 ,

7001,70l-3 ,10I9 ,7021 ,1039,7043,
'7 703 , 't IO9 , 1r2r , '7 r2'7 , '7 r29 , 7I51_ ,

7L93,'720'7, 7 21,1, 7 2r3, 7 2I9, 7229,
'72s3,'7283,'7297,'7 307, 1309,'732r,
735r, 7369, "7 393,'7 4l-L,'7 4L'7, 1 433,
7 477,'7 487, 7 487,'7489,'7 499, 7507,
'7531, 754L,'754'7,''t549,'7 559,'7 56r,
1589 ,'7 59]. ,'7 603 ,160'7 ,162r ,7 639 ,

'7 6'73, 7 6BA, 1 68'7,'7 69r,'7 699,'7't 03,
'7'7 4r, 1'7 53, 1'7 51,'7 1 59,'7'7 89,'ì'Ì 93,
'7 B4r ,'7 853 ,'7 867 ,'t B'7 3 ,'7 B'7'7 ,'7 B'7 9 ,
'7 9I9, 7 927,'7 933, 1 93'7, 7 949, 7 95]-,
8011, BOr'7,8039, 8053, 8059, 8069,
8093, 8101, 8111, Brr'7, 81,23, 8147,
B1'7 9, 8191, 8209, 8219, 8221, 823r,
8263 , 8269 ,8213 , B2B'7 ,8291 ,8293 ,

8329, 8353, 8363, 8369, 8377, 83B'7,
8429 , B43a , 8443 ,844'7 , B46r , 8461 ,

eq?7 eq?7 Rq?q Âq4? RqÁ? Rq??vJvJ, v¿ r r,

8609, 8623, 8621, 8629, 864r, 864'7,
8681, 8689, 8693, 8699, B'7 O'7, B'7 l-3,
B'7 4I, 8'7 47, B'753, B'7 6r, 877 9, 87 83,
8821., 8831, BB3'7, 8839, 8849, 8861,
8893 , 8923 ,8929 ,8 933 , 8941, ,8951,
8999,9001, 9001 ,9011,9013, 9029,
9059 ,906'7 ,909L ,9103 , 9IO9 ,97-2'7 ,

9I57 ,9I61_,91,'73 ,9181, 9rB7 ,9199,
922'7 ,9239 ,924L ,925'7 ,92'7'l ,928r,
q?1 q q??? q??? q?¿1 q?4? q?4q

939'7 ,9403 ,94r3 ,94r9 ,942r ,943r ,

9467, 9463, 946'7, 9473, 9479, 949r,
qq?? qq?q qq47 qqq, 1 0qa? qÁat1

qÁ?q qÁ?r qÂd2, qÃ4q 9ÂÃ1 q^'71

9t 19 , 972r ,9'733 ,9739 ,97 43 ,97 49 ,

978'7, 91 9t_, 9803, 9811, 9817, 9829,
oQq? qaqo qQ?'r qeq? qqcT qqô't

993r, 994r, 9949, 996'7, 9973, 10007
10061, t-oo67, 1006 9, AOOT 9, 10091,
10133, 10139, 1,O141, 10151, 10159,

613r ,61,33 , 6r43 ,

6271,6211 ,6221,,
627'7,6281 ,6299,
6343 ,6353 ,6359 ,

642L ,642'7 ,6449 ,

6529,654'7,6551,
Ê,c,qq Â6,ñ'7 Â6,-t q

Ê,ê,Aq ç,âa1 6,1 1,1

6'763,67'79,678r,
6833, 6841_,685"7 ,

69rr,69r'7 ,6947 ,

Áqa? Áqq1 Áqq?

1057 ,1069 ,'7 019 ,

7 r59 , 't 77'7 , '7 rB'7 ,
'7237 ,'7243,'724'7 ,

733a,7333,7349,
7 451_ ,'7 45'7 ,7 459 ,
'75r7 ,'7523 ,'7529 ,

7573,'7577,'7583,
1643 ,7 649 ,'7 669 ,

7'7 17,'7123,172'7,
18r1,7823,1829,
7 BB3 ,190I , 7 90'7 ,

7963,'7993,8009,
BOB1,BO87,BOB9,
B 161 , 816'7 , 81,1 \ ,

8233,8237 ,8243 ,

829'7,8311,837'7,
8389, B4r9 ,8423 ,

8501, 8513, 852r,
RqRl AqqT Âqqq
AÁÁ.'), p.Ê,Á9 AC,'7'7

B'7 L9 , B'7 3r , 87 3-7 ,

BBO3,BBO7,BB19,
aaÁ" aaÁ? aaa?

9O4r ,9O43 , 9O49 ,
ql ?? q'l ?? ql q''l

9203 ,9209 ,922r ,
ota2 0to2 0?'t1

937r,9371 ,9397 ,

q4?? q4?7 q4?q

9497 ,9511, 952r,
qÁ1? qÁ1q qÃ??

9'7 67 , 9'7 69 , 9'7 8L ,

qqrì? qq?? qq?q

, 10 0 0 9 , 1003'Ì , 10 0 3 9 ,
10093, 10099, 10103, 10111,
10163, 10169, r]r'7 t, 10181,

419
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10r93 ,r02rI,
ro2'73 , 10289 ,

10343 , I0357 ,

IO45'7 ,I0459 ,

10531,10559,
10631,10639,
10711 ,r0723,
IO'7 99, 10 831 ,

10889,10891,
IO979,aO9B'7,
11071,11083,
11159 ,1-]-16a,
1L25L, tI257 ,
't't ??1 1 1 ?2q
't 14)a 11A2,'7

71_49'7,11503,
IT597 , LI6I'7 ,

117 01 , rt'7 r7 ,

11BO1,ITB01,
aag6'7 ,I7BB7 ,

11C4'1 11qq1

42037 , L204r,
1,2109 , L2II3 ,

1,2203 , r22r1 ,

1221'7 , L2281 ,

123]'7 ,1237 9 ,

1,245a ,12457 ,

72511 , L252'7 ,

72589 ,7-260r ,

1,2659 ,7.267 r ,

I2757 ,7_2't63,
1284I , 12853 ,

12923 , ]-2941, ,

13003,1300'7,
13099,13103,
43173_,13177 ,

1??qq 12,)ç,'7

1 ?4 q1 12,A,q'7

13633 ,l-3649,
L37 09 ,I3'7LI ,

13781 ,I3'789,
13817 ,13879,
1 ?q?? 1 ?qÂ?

14051,L4O57,
141q? 1¿1qq

1,425I ,I42BI ,

1_4369,1438'7,
1444'7 'l 444'1
1 AC,1,-7 'l 

^tr,L2.

10223,70243,
10301,10303,
10369,10391,
10463,104'7'7,
IO56'7,10589,
10651 ,1065'7,
IO'729,A0'733,
10837,1_0847,
10903, 10909,
10993.11003,
11087, 11093,
7TI7I , III73 ,

1126I ,II2'73,
11351,11353,
11444, 114¿,'7

11519,Ia527,
1162I,11633,
IIl L9 , r7'7 31_ ,

11 B 13 , 11,821_ ,

11897, 11903,
110q,q 1 'ì qÁo

12043 ,12049 ,

I2II9 ,I2I43 ,

12227 ,12239,
t 2289 , I230a ,

r239I , 12401_ ,

1t4'72, 1)A'7q
'ì ?q?q 1)qa,1

12617 , 12613 ,

t 2689 ,12697 ,

I2'7 Ba ,I27 9r ,

r2BB9 ,72893 ,
l rqq,? 1 ?oq,o

13009, 13033,
13109 ,I3r2r,
13183,I3r81,
r329r , a329't ,

13381,r339'7,
13463 ,73469 ,

13567 ,135'7'7 ,

1,3721, ,I3'723 ,

1,3799 , 1380'7 ,

13883,13901,
13967 ,73991,
140'tI, 14081,
a4I'73,74r'7'7,
14293 , L4303 ,

L4389 , r440l- ,

1 4449 'l A0,Ã,1

14q49 14qq-t

L024'7 ,IO253 ,

10313,I032I,
10399,IO42'7,
1048'7 ,10499 ,

10591, 10601,
10663 , 1066't ,

70139 , LO'7 53 ,

10853,10859,
10937 , a0939 ,

17021 ,Ar04'7 ,

11113 , rrar't ,

II7'77 ,7ar9'7 ,

I),2'79,71287,
11369, 11383,
1L461 ,7147I,
rrs49, 11551,
7165'7,11,67't,
7I743,Ia'7'7'7,
L782'7 , 118 31 ,

11909,rr923,
).'t,971, 119 81 ,

1207r,120'73,
L2!49,12757 ,

7224r , r225r ,

L2323 , 12329 ,

12409 , 1241,3 ,

L2481 ,72491,,
1)q4'7 1?qq?

12619 , t263'7 ,

r27 03 , 72'7 73 ,

1_2'7 99 , r2BO9 ,

12899 ,129O'7 ,

12961 , 129'73 ,
13037,73043,
13721 , L3r4'1 ,

L32r'7 ,I32I9 ,

1??nq r ??1?
1 1?qq 1 ?¿'',t'ì

13471 ,1348'7 ,

13 5 91 , I359't ,

13681,13687,
L37 29 , r3'7 5I ,

73829,13831,
13903,1390'7,
't 3999 ,I4009 ,

14083,1408'7,
14197,14207,
141)1 1A1,)2,
'l 4Añ'7 1 

^A11
14d'7q 1¿,¿,Aq

14q,q'7 14qÊ,1

IO259 , 1026'7 ,702'/r ,

10331,10333,1033'7,
ro429, 10433, 10453,
10501, 10513 , r0529 ,

10607, 10613 , rO627 ,

10687,10691 ,1,0'709,
IO'7'7 1,, 10781, 7-O'7 89,
10861 ,rOB6'7, 10883,
10949,a095'7,I09'73,
11057,11059,11069,
11119, 11131 , II749 ,

rI2I3 ,1,a239 ,17243 ,

11299,11311 ,r131,'t,
11393,11399 ,r1_4I\,
114 B 3 ,1,L489 ,7149A ,

11,5'7 9, LL5B't, 11s93,
11681 ,l-1,689,11699,
1I719,1,r1 83,a7'789,
11833,11839,11863,
rL927,11933 ,1,3-939,
1L987 ,I2OO7 ,1,2OrI ,

12097 ,I2IOT , r2rj'7 ,

1276I ,121,63 , a2r9'7 ,

12253 ,12263 ,1_2269 ,

12343 ,12347 ,723'73 ,

1 2427,72433 ,a2437 ,

1249'7 ,I25O3 ,1,25II ,

r2569 ,125'1'7 ,1,2583 ,

1264I,12647 ,]-2653,
r2'72L ,72739 ,I2'7 43 ,

r2B2I , 12823 , 12829 ,

729rr,L29r7 ,r29L9,
1297 9 , 12983, 1 3 0 0 1 ,
13 04 9, 13 063 , 13 093 ,

13151, 13159, 13163,
13229 , r324r ,1,3249 ,

13321 , 13 33 r , 1333'7 ,

L341_'7 , ].342] , r344r ,

L3499,13513 ,13523,
13613 ,1_36t9,13627 ,

13691,13693 ,13697 ,

137 5'1, t 3't59, 13'7 63,
13841,13859,138'73,
13913 ,1392r,1393r,
14011 ,14O29,74033,
L4IO'7 ,I4I43 ,I4I49 ,

1 4221 1 4241 1 4?49
1,4327 , r434I ,I4347 ,

144I9 , 14423 , I443I ,

14503 , 1451,9 , L4533 ,

14qÁ? ì4qq1 1¿q,q?
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7462r , 1462'7 ,

14699 , L4'7 73 ,

t- 't 59 , I4'7 67 ,

14831 , 14843 ,

14923 , 14929 ,

15017, 1503 1 ,
15107,t5I2I,
I ql q? l ql qq

1_5211_ , 1527'7 ,

1 q??'1 -ì q?¿q

15413 ,1,542'7 ,

1,5497, 15511,
15601,Is607,
15667 ,156'7r ,

I5'7 49 ,I5"7 6r ,

15817,1,5823,
1qq1? 1qo10

16007,16033,
16091 , L609'7 ,
1Á1Rq 1Á1q?

46273, 16301,
16381 ,1641L,
164'77 ,1648L ,

16567 ,]-6513,
L6657 , 16667- ,

16'7 47 , 767 59 ,

16871,!6879,
L693'7 ,16943 ,

I'7 02'7 ,I7 029 ,

I'7 I0'7,I'77_L7,
17203 ,I'72O7 ,

I73r7 ,1,'7321 ,

r7387 , r'7389 ,

17 467 , r'7 4'7 L ,
17q?q 1?qq-1

r'7 623 , r'7 627 ,

I7'729 ,j.'7'737 ,

17 827 , A'7 837 ,

I7 9tI , 1,'7 921_ ,

17981 ,1-'7981 ,

18061,4807'7,
18143 ,1,8749,
1,8229 ,18233 ,

18307,18311,
1,8397,18401,
18461,18481,

18691 ,rB-70r,
LBj87,IB'793,
I Rq1? l qqr 7

19013, 19031,

74629 , t_4633 ,

74'7 r7 , r4'7 23 ,

I4'7'7L,14179,
14851 ,L4B61 ,

I4q?q 1Aq4'7

15053, 15061,
15131,15l-31,
I52I'7 ,1522'7 ,

L52B'7 ,75289 ,
1q?qq 1q?Á l

1 q4?q 1q,4A1,

1qq2'7 1qq41
1qÁ19 1qÁ.)q

156'79,15683,
r5'7 6'7 , a5'7'7 3 ,
l qcqq l qq??

l qq?? 1qq??

16057 ,7606I,
1610 3 , 161 11 ,

I62I't , a6223 ,

16319,A6333,
1_64I'7 ,I642I ,

1648'7 , a6493 ,

16603 ,16601 ,
16,G,'7a. 1€,Aq-'l

16'7 63 , L67 8't ,
1ÁÂC? 1ÁAAq
1ÁqÁ? 1Áq?q

17033,1_'704r,
I'7a23 ,7_'713'7 ,

r72O9 ,r7237-,
17327,r'7333,
1 ??q? 111rñ1

r1 477,1,1 483,
[t569,J_J5'73,
I7 657 ,l,'7 659 ,

177 47 , L'77 49 ,

17839 ,A7B5r,
1 ?q?? 11a,)A

L7989, 18013,
18089,78O97,
1816 9 , 181 81 ,

1 Â?q1 't q?q-ì

18313 ,r8329,
18413,a842'7,
18493, 18503,
l AqA7 l qqq?

T8173,L8719,
L8'797,18803,
18919,r894'7,
1903'7,19051,

14639 , 14653 ,

r4'7 3r ,'l_4'7 37 ,

r4'7 83 , r41 91 ,

14869,14879,
'ì4gq'ì 14qq'7

750'73 , 1501'7 ,

1q]?q 1qt 4q
1q??? 1q241

75299 ,r530'7 ,

1q??? 1q???
1q¿q1 1c,4^1

7564L, 15643 ,

7512't ,'L5'7 3r ,

I51 87 , 1,57 9I ,

l qqqq 1qq?1

16063 , 1606'7 ,

a6I2'7 ,16L39 ,

1_6229 ,1623I ,

16339 , l-6349 ,

L642] , L6433 ,

16519,I6529,
166a9 , 1663I ,
1â^a2, 1ÁÁqg

16811 ,76823,
16901,76903,
1ÁqR1 1^qp''7

a'7 04'7 , a'7 053 ,

a] r59 , 177_6'7 ,

7'7239 , r'725'7 ,
1'7141 'ì ?? q1

r1 4r7 , a'7 4r9 ,

7'7 489 ,1'7 491, ,

r7579,r'758r,
1_1 669 ,7'7 68I ,

r'7 7 6r , r'7'7 83 ,

r1 B 63 , r'7 BBl_ ,

r7939,r'795'7 ,

18041,I8O43,
1B 119 , rgr2f- ,

18191,r8r99,
rB25'7 , L8269 ,

18341,18353,
18433 ,I8439,
18517 , IB52I,
18617,r863'7,
18731,r8'743,

l Rqqq 1Aq7?

19069 ,]-9073 ,

14657 , 14669 , 14683 ,

1,4'7 41 , r41 4'7 , r4l53 ,

14 B 13 , r4g2r , 1482'7 ,

I4BB'7 ,I4B9I ,I489'7 ,

74969 , 14983, 15013,
15083, 15091, 15101,
15161, 15173 ,r5t97 ,

15259 , l-5263 , L5269 ,

153 13 , 153 19 , 15329 ,

153 B3 , 15391 , 1540r ,

1546'7,\541 3,15493,
15569,15581,15583,
1564'7 ,15649 ,1566L,
15733 ,75'73'7,l-5139,
r5197, 15803 , 15809,
15889, 1s901 ,r590'7 ,

15973, 15991, 16001,
16069 , l-6073 , 1608'7 ,

1614r, 16183 , 16rB'7 ,

76249,76253,76267 ,

1 
^2.ç.1 

1 Â1.6,4. 1 Ê.1.6,q

1644'7 , 16457 , 16453 ,

7654'7, 16553 ,I656r ,
1 6.Ê.1.2. 1 

^6.¿ 
A 1 ç.Ê.tr,I ,

16'7 03 , 16729 , 76'7 4t- ,

16829,1683I,16843,
16927 ,16927 ,7693r ,

16993,710rr,1702r,
7'7 0'7'7, I'7 093, 17 099,
17183 , T1789 , L7L9I ,

I'7 291-, 7'7293, 17 299,
r7 359, 1_'73'7 7, 11 383,
11d1,1 11AA1, -l'7L¿-q

r7 49'7 , r'7 509 ,7_'7 519 ,

1,7 597 , 11 599 , L7 609 ,

1,'7 683, 7'77 07, L7 7 73,
r'7'789,l.1797,17807 ,

1,7 B9I , I'7 903 ,17 9O9 ,
r7 959, 1'7 9'7 I, L] 9'7'7,
1,8O4'7 ,IBO49, 18059,
181,27,18131,18133,
TB2II , IB2I7 , 18223 ,

18287 ,78289,18301,
r8367,18371,183'79,
18443, 18451 ,L8451 ,

78523,18539,l,B54r,
18661,a86'7I,I86'79,
1,87 49, 7B'7 5'7, a87'73,
18869,18899,18911,
l-897 9, 1 9 0 0 1 , 1 9 0 0 9 ,
1,9079, 19081 ,l.908'7 ,

A8l
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r9r2r , r9t-39 ,

1921_3 , r92I9 ,

193 01 ,1,9309 ,

1 q4 n? 1 q41'7

1945'7 ,19463 ,

19531 ,l-954r,

r9127,r9739,
19813, 19819,
-l oo1 ? 'r ool 0

1qqq1 1 qqq?

2OO63 ,200'7 1 ,
20143,20L47 ,

2023r,20233 ,

20333 ,2034r,
20399,20407 ,

2050'7 ,20509 ,

20599 ,206ra ,

201 1,7,20'119,
20773,20'789,
2OB91 ,20899 ,

2O981 ,20983 ,

2ro59 ,2r06r,
2rr49 ,271 5'7 ,

2r22r ,21221 ,

21323 ,2r34r,
2r4O7 ,2L41,9 ,

2r5O3,2r5r7 ,

2157'7 ,2]-587 ,

2L649 ,2166r ,

2I'7 5I ,2I7 57 ,

21839 ,2I84I ,

21929,2l-937 ,

2202'7 ,22031 ,

2209r,22093 ,

22157 ,22159,
22273,22217 ,

22367 ,22369,
22453,22469,
22549,22561 ,

22643 ,2265r ,

2272L,22'72'7 ,

2280'7 ,228l.7 ,

22907 ,2292r,
23011,230r'7,
23059 ,23063 ,

231_59 ,2316'7 ,

23251_ ,23269 ,

23333,23339,
23459,234'73,
2356a ,23563 ,

1974r,a9r51 ,

1C2?1 1q)2,'7
1q?'i q 1q???
1 q4)1 1 94)1
r q4Ãq 1 9411
1q(4? r qqq?

1qÊ,€,1 1 qÁe'l

r915r , a9'753 ,

t 9B4r ,19843 ,
100r? 100??

1999'7 ,200r7 ,

20089 ,20LOr,
20149 ,2076r,
20249,2026r,
20341 ,20353,
204rr ,2O43L ,

2052r,20533 ,

2062't ,20639 ,

207 3r ,20'/ 43 ,

20807,20809,
20903 ,2092r,
21001 ,2rOrr ,

2r06't ,2]_089 ,

2L163,21169,
2L247,21269,
21347 ,2137'7 ,

2L433 ,21,467 ,

2r52r ,21523 ,

21589 ,21599 ,

2L673 ,2L683 ,

2L1 67 ,2L7'73 ,

21851 ,2r859,
21943 ,21,961_ ,

2203'7 ,22039 ,

22rO9 ,221_1,1 ,

22L7I,22L89,
22279,22283,
2238r ,22391 ,

2248L,22483 ,

225'7L,225]3 ,

t)€,F,q ))^'7q

22739,2274I,
22817 ,22853,
22937 ,22943,
23021,23027 ,

2307 r ,23OBl, ,

23173,23l-89,
232'7 9 ,2329r ,

2335'7 ,23369 ,

2349'7 ,23509 ,

23567 ,2358r,

19163, 19181,19183,
19249 , 19259 , 1926'7 ,

L93'7 3 , a93'7 9, 1 9 3 81 ,

1q4)'7 1q429 1q¿??

7947'7,19483 ,79489,
tqq,E,o-rqq?l tqq,??
1q4,e1 1qÂ9'7 1 qÁqq

r97 59, r9'7 63, r9'7'77,
19853 , 19861 , 19867 ,

19949 ,1996r , 19963 ,

2002r,20023 ,20029,
20101 ,20173 ,20rr'7 ,

2071 3,20717 ,201,83,
20269 ,20287 ,2029'7 ,

2035'7 ,20359 ,20369 ,

2044a ,20443 ,204'7'7 ,

20543 ,20549 ,2055L ,

2064r ,20663 ,2068L ,

20741 ,20'749,20'753,
20849 ,20857 ,208'73 ,

20929,20939,20947 ,

21_OL3 ,2r0r'7 ,2ror9 ,

21_101 ,2Ll-07 ,2Lr21 ,

21,L7 9 , 2trg7 ,2rr97 ,

21277 ,2]-283,2r3r3,
2137 9 , 2]-383 ,2L39r ,

2I4BT ,2L4B7 ,2L49I ,

21529 ,21,557 ,21559 ,

21601 ,2l-6l-7 ,21613 ,

2r'7 0L ,2111,3 ,2r'72'7 ,

2r787,2r'799,21803,
21863 ,218'7r ,2rBBr ,

2197'7 , 2a99r ,2l-99'7 ,

2205)_,22063,22067 ,

22123 ,22129 ,22133 ,

22193 ,22229 ,22247 ,

2229r ,22303 ,2230'7 ,

22391 ,22409,22433,
2250r ,225rr ,2253r ,

226L3 ,22619 ,2262L ,

2269r ,2269'7 ,22699 ,

22't 5r , 227 69 , 22'7'7'7 ,
22859 ,22861 ,228]a,
2296r ,22963 ,229'73 ,

23O29 ,23039 ,23441 ,

23087 ,23099,23rr7 ,

2319'7 ,2320r ,23203 ,

)1.)q1. )'2,)A'7 ???'l'ì

23371 ,23399 ,2341_''t ,

2353r ,2353'7 ,23539 ,

23593 ,23599 ,23603 ,

1,920'7 ,I92ra ,

19273 , 19289 ,

19387 , r9397,
1 q1141 1q44'7

19501,19501,
19583,j-9597,
197 09 , 197r'7 ,

19'793, 19801,
1qÂRq l qAq'ì

20047 ,2005A,
20123 ,20]-29 ,

20207 ,2021,9 ,

20323 ,20321 ,

2O389 ,20393 ,

20479,20483,
20563 ,20593 ,

20693 ,20't 0'7 ,

20'7 59 , 20'7'7 7 ,
208'7 9 ,20881 ,

20959 ,20963 ,

21023 ,2103r ,

2L739 ,2rr43 ,

21793 ,212Lr ,

2137'7 ,273l-9 ,

2I39'7 ,2I40I ,

21493 ,2l-499 ,

21563 ,2]-569 ,

2I6L'7 ,27647 ,

2L'73'7 ,21_'739 ,

2181,1 ,2L82I ,

21,893 ,2r911 ,

22003 ,22013 ,

22073 ,220'7 9 ,
22147 ,22153,
22259 ,222'7 I ,

2t1,42,22a4a-
)tLA1 ))LA1
ttq41 )tq4a

2263'7 ,22639 ,

22'7 09 ,22'717 ,

221 83 , 22'7 B'7 ,

228'71 ,22907 ,

22993 ,23003 ,

23053,23051 ,

23r3r,23143 ,

23209 ,2322'7 ,

23321,,23327 ,

2343L,2344'7 ,

23549 ,2355'7 ,

23609 ,23623 ,
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23627 ,23629,
231a9 ,23't 4t- ,

23BOr ,2381-3 ,

238'79,23887,
23 9'7 7 , 23 9'7'7 ,

24041, )4o 4q

24ro't ,24109 ,

24rgr ,2419'7 ,

) A.1,1't ) 112,) q

)A,¿,1 ", )4A,1q

24509 ,245J-'7 ,

24623 ,24631 ,

) 4121, ) 4'7 4 q

) 4441 ) 11p,41

)1lcJ24 )4q42,

25O3r ,25033 ,

25r2r,25427,
1C110 

'tr110
25307 ,25309,
2539r ,25409 ,

25469,2541r,
?qqcq )q^o1

25667 ,25673,
?q?qq 2q'7Ã4,
)c,ALA )qp.6,'7

25939 ,25943 ,

26027 ,26029 ,

26179 ,26r4L ,

26209,26227 ,

2629'7 ,263O9,

)A¿,'74 )6,aAA

2659r,26597,
26681,26693,
2673r ,2673'7 ,

26839 ,26849 ,

2692L ,2692'7 ,

27 0rL ,27 O1,'7 ,

27 091_ ,27103 ,

272r1 ,27239 ,

27299 ,2'7329 ,

2743L,27437 ,

27529,27539,
27647,27653,
2'7739 ,277 43 ,

2'7193,2'7799,
27883,2'7893,
2'796I ,2'796'7 ,

28057 ,28069,
28151 ,28163,
282'7 9 ,28283 ,

??Á?? )16,Á2, )4,6,Ãq

237 43 , 237 47 , 231 53 ,

23819,23827 ,2383r,
??Aq? ??Aqq ??gng
2398L,23993,240Or,
2406r,2407r,240't'7 ,

24173 ,2412r ,24133 ,

24203 ,24223 ,24229 ,

) 411'1 ) 42,qq 2 44,'7 1

)44)1 2442,q )4442,

24527,24533,24547,
24659 ,2467A,2467'7 ,

24'7 63 ,247 6'7 , 24'7 87- ,

2485I,24859,24877 ,

24953,24967 ,249'7\,
25037 ,25057 ,250'73 ,

25147 ,25753 ,25].63 ,

25237 ,25243 ,2524'7 ,

)q1)1 ?q??q 2q,4,44,

254L7 ,25423 ,25439 ,

25523,25537 ,2554L,
25603 ,25609 , 25621_ ,
256'79,25693,25'703,
tq1'7 1 ?q?q? )c'7qq

25813,25889,25903,
rçotr1 1troÁo ttroa1,

26 o4r ,26053 , 26083 ,

26153 ,2616r , 26r'7 r ,

2623'7 ,26249,2625r,
26317 ,26327,26339,
26407 ,264L'7 ,26423 ,

26497 ,26501 ,2657-3,
) 6,C,)'7 ) 6,€,2.2. ) ÂÊ,A7 |

26699, 267 Or, 26'7 7-l_,

267 59 ,261 1 7 , 267 83 ,

2686r ,26863 ,268'79 ,

26947 ,26957,26953,
27O3r,21043,27059,
27 r07 ,2'7 rO9 , 27 r2'7 ,

2724r,2'7253 ,2'7259 ,

27337 ,2136I ,2'736'7 ,

27 449 ,27 457 , 2'7 4'7 9 ,
27 54L , 27 55r ,2'7 587 ,

2'7 67 3 ,27 689 , 2'7 69r ,

2'71 49 ,2'7 7 5r , 27 7 63 ,

27803,27809,27847,
27 9OL ,2'7 9)-1 ,2'7 9a9 ,

27983,27991 ,28001.,
28081 ,2808'7,2809'7,
28181 ,2BTB3,2B2OI,
28289 ,28297 ,2830'7 ,

2367 I ,236'71 ,

237 61 ,237 6'7 ,

23833,2385'7,
??qt 1 )4,q1'7

24007,240l-9,
24083 ,2409r ,

2413'7 ,24r5r ,

24?2q tÃ)41
2 A-2,1-2, 2 Ã2,'7 q

?114Ã9 244'7 1

2455a ,245'7 r ,

24683 ,2469r ,

24193,24799,
24889,24907 ,

249't'7,249'79,
2508'7 ,2509'7 ,

25169 ,254'7 r ,

25253 ,25261, ,

25349 ,2535'7 ,
)qaa1 ?q4q?

2556r ,255'77 ,

251r7,25733,
25801 ,25879,
2591,3 ,25919 ,

?qqq7 ?qqqq

26099 ,261,O'7 ,

261_'7'7 ,26L83 ,

26261 ,26263 ,

26347 ,2635'7 ,

2643r ,2643'7 ,

26'713 ,26'7r'7 ,

2680r ,2681,3 ,

?Áqqq )^qp.1

27 06r ,2'7 06'7 ,

27 L43 ,2'7r'7 9 ,
2'72'77 ,2'72'7'7 ,

2'7397,2740'7,
2'7 487 ,2'7 4B'7 ,

2'7 583 ,2'7 6II ,

27 69'7 , 2'7'7 01_ ,

2'7'767,27773,
2'7823,2782'7,
2'7 94r ,2'7 943 ,

280a9 ,2802'7 ,

28099 ,2BrO9 ,

2B2r), ,28219 ,

28309 ,28319 ,

)1Ãe.'7 ??ÁRC

23'7'7 3 , 23'7 89 ,

23869 ,238'73 ,

23929 ,23951 ,

24023,24029,
24097 ,241_03 ,

24169,24a'79,
242s1, ,24281, ,

24391,,24407 ,

)Ã4c{1 )4Aqq

24593 ,246rr ,

24697 ,24'7 09 ,

24809 ,2482r ,

)Aq1'7 1)4q1 q

24989 ,250l-3 ,

251_1L ,254r'7 ,

251_83 ,25189 ,

25301, ,25303 ,

2536"7 ,253'73 ,

)\AÊ,'7 )E:4Â2,

?qq7q ?qqR?
)qÂ41 )q6,q1

257 4r ,25-7 4'7 ,

2584r,25847 ,

?qq11 ?qg??

26003 ,2607'7 ,

2611r ,26113 ,
)c1 ao )Á)^1

26267 ,26293,
263'7r,26381 ,

26449 ,26459 ,

26'123 ,26729 ,

26821 ,26833 ,

?ÁRq? 2ç,9ñ2,
) Á99.'7 ) G,q92

2'70'73,2'70'7'7 ,

2'71,9r,271 9'7 ,

2'728r ,2'7283 ,

2'7 409 ,27 427 ,

27509,2'7527 ,

2'7 6I'7 ,2'7 63f_ ,

27733 ,2'7'737 ,

2'77'79,2'7'79I ,

27847 ,2785r,
27941,27953,
28031 ,2805r,
2gr1_r ,28123 ,

28229,28277 ,

28349 ,2835r ,

A83
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2B3B'7,28393,28403,
28463,28477,28493,
28549 ,28559 ,2857L,
28619,2862r,28627 ,

1aEÊO )Aê.91 1aÊ.47,

2B'7 59, 2B'l'7 I, 287 89,
28859,28867 ,2881l,,
?Qq¿q )AqG1 )9,q,'79

29059 ,29063 ,29O'7'7 ,

29153 ,29A61 ,29r'73 ,

29231,29243 ,2925r,
29333,29339,29341 ,

29411-,29423 ,29429 ,

29527 ,2953L,29537 ,

296rL ,29629 ,29633 ,

29'723 ,29'7 4L ,297 53 ,

2983'7 ,2985r ,29863 ,

2992'7 ,29947 ,29959 ,

30059,30071,30089,
30133 ,3073'7,30139,
3021L,30223,3024r,
30313,30319 ,30323,
30427, 3043r,30449 ,

30517,30529,30539,
30637 ,30643,30649,
30'707 ,3O'713 ,3O'727 ,

30817 ,30829,30839,
30881,30893,30911,
30983,31013 ,31019,
31081,31091 ,3rr23-,
31777,31181,31183,
3L247 ,3L249,31253,
3r32r,37327,31333,
31397 ,31469,31477 ,

31541,3].543,3154'7,
3L643 ,31,649 ,3165'7 ,

31'727 ,37_'/29 ,3r7 4r ,

3184'7 ,31849 ,31859 ,

31973,31981,3r99L,
32059 ,32O63 ,32069 ,

32r4a ,32143 ,32L59 ,

32233 ,32237 ,32254,
3232r , 32323 ,3232'7 ,

323'7'7 ,3238r ,3240r ,

32467 ,32479,32491,,
3256r ,32563 ,32569 ,

3262r,32633,32647 ,

32719,32749,32'77r,
3283r,32833 ,32839,
32933 ,32939 ,3294r ,

32999,33013 ,33023,

28429, 28433, 28439, 2844'7,
2B5r'7 ,28531 ,2854r ,2854'7 ,

2859r,2859'7 ,28603 ,28607 ,

28649, 2865'7, 2866r, 28663,
28123, 28729, 2B'751, 281 53,
28813, 2BBa7, 28837,28843,
28909,2892r, 28921, 28933,
29021-, 29023, 29027, 29033,
29129 ,29a3r ,29137 ,2974'7 ,

29201, 29207, 29209, 2922L,
2929'7 ,29303 ,293rr ,2932'7 ,

29381, 29389, 29399, 2940L,
29453, 294'73, 29483, 295Or,
29573, 2958r, 29581, 29599,
29669 , 2967 r , 29683 ,2971,1 ,

29'7 89, 29803, 298a9, 29833,
298't 9, 29BBr, 299a7, 2992r,
30011, 30013, 30029, 3OO4'7,

30103, 30109, 30113, 30119,
30181, 30rB'7, 30197, 30203,
30269 , 3027 1 ,30293 ,3030'7 ,

30361, 303 89, 3 o3 91 , 3 o4 o3 ,

3049r, 30493, 30497, 30509,
30559, 3O577, 30593,3063r,
306't'7, 30689, 30697, 307 03,
3O'7'73, 30781, 30803, 30809,
30853, 30859, 30869, 308'7 t-,
30941, 30949, 3097\, 30911,
31051,31063, 31069 ,31-019 ,

31l.47, 31151, 31153, 3rr59,
31-219, 3A223, 3L23r, 31231,
31271, 31277, 31307, 31319,
3r31 9, 3r387, 31391, 31393,
31511, 31513, 315L7, 31531,
31583, 31601, 31607, 3162'7,
31687, 3l-699, 3r72L, 34723,
3177 L, 3r'7 93, 3r'7 99, 3l_9r'7,
31891, 3r907, 3L957, 31963,
32021, 32029, 3205r, 3205'7,
32089, 32099, 32rr7, 327-7-9,

321-89 ,32a9]- ,32203 ,32213 ,

3229't ,32299 ,32303 ,32309 ,

32359, 32363, 32369, 323'7 7,
32423 , 32429 ,3244r ,32443 ,

32507 ,3253L ,32533 ,32537 ,

32587, 32603, 32609, 3261r,
32693, 32'1 01, 32113, 32'7 r'7,
327 89, 327 97, 3280r, 32803,
32BB't ,32909 ,329rr ,3291'7 ,

329'7r ,32983 ,32987 ,32993 ,

33049, 33053, 3301 L, 3307 3,

28409 ,284II ,

28499 ,28513 ,

28573,28579,
2863r,28643,
2B'7 03 , 287 7r ,

28793,28807 ,

2BB'7 9 ,289Or ,

29009,29017 ,

29r0L,29123,
,q1?q ?q1q1

29269,29287 ,

,q?Á? ,q1c?

2943'7 ,29443 ,
)aqÊ,'7 ?qqÁq

2964r,29663,
29'7 59 ,29'7 6r ,

2986'7,298'73,
?qqQ? 2qqAq

30091 ,3009'7,
30161 ,30169,
30253 ,30259 ,

30341 ,3034'7 ,

3O46't ,30469 ,

30553,30557,
30661 ,3O6'7L,
3075'7,30763,
3 0841, 30851,
30931,30937,
31033,31039,
3L123 ,3rr39 ,

31189,31193,
31259,31267 ,

31337 ,31357 ,

31481,3r489,
31567,3L513,
31663 ,3L66'7 ,

3r75L,3r't69,
31873,31883,
32003,320O9,
32017 ,32083,
32L73,32]-83,
3225't ,3226r ,

32341 ,32353 ,

324Lr ,32413 ,

3249'7,32503,
32513 ,325'7 9 ,
32653,32687 ,

32119 , 32'7 83 ,

32843 ,32869 ,

33029 ,3303'7 ,

A84
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33083,33091 ,33rO'7,
3 3 1 B 1 , 3 3 1 9 1 , 33r99 ,

33301,33311 ,333L'7 ,

?"?(q ????7 ???q1

33469,334'79,3348'7,
??

336r'7,33619 ,33623,
???1? ????1 ????q

L, JJ 

' 

J¿ 
|

???q1 ??"q? ??Rnq

33871,33889,33893,
3396't ,33997 ,340l-9 ,

3472'7 ,34129 ,34]_41- ,

34213,34217 ,3423r,
34297,34301 ,34303,
34367 ,34369 ,34381, ,

3447r,34483,34487 ,

34543 ,34549 ,34583 ,

2.LÂAq ?4Áq1 14á.Ã'7

34729,34't39,34'1 47 ,

3484L,34843,34847 ,

34919 ,34939 ,34949 ,

?c.nq,? ?qnÃq ?qnÁq

35117 ,35729,35141,,
3522'7 ,35251 ,3525'7 ,

?q?2? ?q?2? ?E??q

35479,35423,35437 ,

3552r,3552'7,35531,
35593 ,35597,35603,

35839,35851,35863,
, JJJv¿,

36011,36013 ,360L7 ,

36101,36109,36L3r,
362r'7 ,36229 ,36241, ,

36301,35313 ,363]-9 ,

36433,36453_,36457 ,

36523 ,3652'7 ,36529 ,
acEal 2Ãqoo 1c.Ê.^7,

36683 ,36691 ,3669'7 ,

367 6'7, 36'77 9, 367 87,,
76R4'7 . j6857 . 768'71,,
?Áq?? ?Áq?q ?Ãq?1,

37013 ,3't0r9,37021,,
371-17 ,3'7r23 ,37L39 ,

3'72r'7 ,37223 ,3'7243 ,

3732r,31337 ,3'7339,
37 409 ,37 423 , 37 441, ,

3'7 50'7 ,3'7 5II , 37 5I7 ,

??q?1 ?7q7? ??q?g

3'7 649 ,37 651 ,3'7 663 ,

37'7 83 ,37"t 99 , 3'7 Bt_r ,

33749, 33151, 33161, 33r'7 9,
33223 ,3324'7 ,33287 ,33289,
33343, 3334'7, 33349, 33353,
33413 ,33427 ,33457 ,33467,
3352r, 33529, 33533, 3354'7,
33589, 33599, 33601 ,33613 ,

33641- ,3364'7 ,3367 9 , 337 03 ,

33'751 ,33'7 6'7 ,33'7 69 ,33773 ,

33829, 33851, 33857, 33863,
3 3 931 ,3393'7 ,33947 , 33961 ,

34039 ,3405'7 ,3406L,34a23 ,

34159, 343-'7r, 34183, 342l-r,
3426r, 34267, 342'7 3, 34283,
3432't, 34337, 3435a, 3436r,
34429 ,34439 ,3445'7 ,34469 ,

34511, 34513, 345L9, 3453'7,
34603 ,3460'7 ,34613 , 3463r ,

3468'7 ,34693 ,34'7 03 , 3412r ,

347 63, 347 81-, 3480'7, 348r9,
3487't, 34883, 3489'7, 349L3,
34981 ,35023 ,35O2'7, 35051,
35089, 35099, 35rO'7, 35rrr,
35159, 35171, 352Or, 3522r,
35281,3529L, 35311, 353]-1,
35381, 35393, 35401, 35407,
3546a, 3549r, 35507, 35509,
?qq4? ?qqÁg ?qq7? fqSgiJIJJJ¿+I

356'7'7, 35'729, 357 3r, 357 4'7,
35803, 35809, 3583 r, 3583'7,
35897,35899, 35911 ,35923 ,

35983 ,35993 ,35999 ,3600'7 ,

36O67 ,36073,36083 ,36091 ,

36161, 3618'7, 3619r, 36209,
36269,362'17, 36293, 36299,

vr, ¿v¿v¿ |

36473, 3641 9, 36493, 36491,
36559, 36563, 36571, 36583,
36643, 36653, 3667 r, 366'7'7,
36'7 21-, 3 6739, 3 6'7 49, 36'7 6r,
367 93, 36809, 36821, 36833,
?Áaoa 2Áoar1 ?Áq1? ?Áq1q

I ¿ v J LJ

369'73, 36979, 36997, 3'7 003,
3705't ,3'706a,3'7087 ,3109'7 ,

37181, 3'71,89, 3'7 a9 9, 3'7 20r,
3'727'7 ,3'73O'7 ,37309 ,3'13r3 ,

3'7363, 31 369, 3'73'7 9, 3'7 39'1,
37 483 ,3'7 489 ,37 493 , 3'7 5O]- ,

3754'7, 37549, 37 567, 3'7 56'1,
37 6O'7, 3'l 619, 3'7 633, 3'7 643,
31699 ,37''1L7 ,37'741 ,31181 ,

3'7 B4'7, 37 853, 37867, 3'7 87 I,

33113,33119,
33203 ,332rr ,

33329,33331,
33403 ,33409,
33493,33503,
33581,3358'7,
33629 ,3363'7 ,

33'7 49 ,337 5r ,

33811,33827,
33911,33923,
34031,34033,
34a4'7 ,34I5'l ,

34253 ,34259 ,

34313 ,34319,
34403 ,34421 ,

34499 ,3450L ,

34589 ,3459L,
34673,346'79,
34151 ,34759,
34849,348'77-,
3496r,34963 ,

35081,35083,
?q1¿q ?ql q?

35267 ,35279,

-7c-¿-¿-'7 ? q44 q

35617,3567L,
351 9't,35801,

?qqÁq ?qq7?

36037,3606r,
36L31,3615r,
3625a ,36263 ,

3634r ,36343 ,

36467 ,36469,
36541_, 36551,

' 

Jvv¿ l ,

36709,36'7L3,
36781 ,36''J9r,
1G.A'7'7 

"Áaa"| ¿vgv 
' ,

36943 ,3694'7 ,

37039,3'7O49,
37r59,37]-71,
37253 ,31273 ,

3'7357 ,3136r ,

37447,37463,
37529,3753'7,
37589,3159r,
31 69r ,31 693 ,

37813 ,3783L,

A85
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37879,3'7889,
-ì7qq1 ??qq?
-ìR t1? ?R]1q

38201,38219,
?R?qq ?Â?n?

383't1,38393,
?Rq4? ?Aqq?
?RÁ2q ?RÁ"q

38701 ,387Lr,
3878.3 ,38797,
?aa?? ?aao1

3897r ,389'7'7 ,
?qnaq ?ono?
?91Á'l 1q1Á?
?q??? ?q??q
?q?¿1 ?q?¿?
?941 q ?q4?q
?qq?1 ?qq¿1
?qÁ?1 ?qÁqq
?q??? ?q"¿q
?qÂ?q ?qA?q

40009 ,4oor3 ,

40111 ,40123 ,

40189 ,40493 ,

40289 ,40343 ,
4n4?? A,ît4c,q

40529 ,4053I ,
4î^)1 4ñÂ2,1
A ô'7 qq 4 n.'7 Á2,

4ôcl41 4n.p,4'7

40927 ,40933 ,

41023 ,41039 ,

4IL3I ,4I1,4I ,

41201,41203 ,

41,263 ,41269 ,
4r3B'7 ,41389 ,
41 4q1 41qñ'7
41 q g? 41 qq'7

4'l ç,¿,'7 A,1^q,1

41759 , 4r'7 6r ,

4t Rqt 41p'6,2,

41q4't 41q4'7

42013,42077 ,

42089 ,42LOr ,
4) 1 q1, 4) 1 q'7

42283 ,42293 ,
4)2,'71 d,)1,'7A
41 441 At A.q1

4)4qq a)tr,ôa

4264L,42643 ,

3'7 9 67 , 3'7 9B'7 ,

?AN6g ?ANA?

3B1B9,38]97,
3B2BL,3B2B7 ,

38351 ,38371,,
3846r,38501,
?eÁnq 1eÁ1'r

387 49 ,3B'7 6'7 ,

?RÂÁ1 lARÁ.7
?cqq? ?cqqq

39047 ,39079,
39139,39r5'7,
39227 ,39229,
393a7 ,39323,
?q?q" ?q¿nq

?qqôq ?qq11

?q?1q 1.41)'7

39827 ,3982'7 ,
?qa?? ?qaa?
?qqa? ?qqaq

4 0 093 , 40099 ,

40r69 ,401,7'7 ,

4021'7 ,40283 ,

4042'7 
^ñ¿,)q

40507 ,405]-9 ,

40597 ,40609 ,

40'739 ,40'751 ,

40823 ,40829 ,

40897 ,40903 ,

41011 ,47OI7 ,

4IIr3 ,4at I7 ,

4'l'1 C? 4'l 1Ê.q

41,243 ,47257 ,

41,357 , 413 81 ,

¿,1A6,'7 Ã1A1 q

41 tr,Aq 41 q? q

41627 ,4f-647_ ,

41729 ,4a73'7 ,

41442, 
^l 

AAq

4I9r1 ,4192'7 ,

41gA? ¿1gqq

420't3 ,42083 ,

421,8I ,421_87 ,

42257 ,4228r,
42349 ,42359 ,

42 41,1 4) 4a'7
4244'7 ¿,)A.q1

42589 ,426Lt,
42697 ,42"70r,

37 897, 31 90'7, 3'7 951,, 3'7 95'7, 3'7963,
37 99'/, 38011, 38039, 38O47, 38053,
38I49, 38153, 3816'7, 387'77, 38183,
3 B2 31 ,38231 ,38239 ,3826r ,382'7 3 ,
38317, 3832L, 3832'7, 38329, 38333,
38431 ,38447 ,38449,38453 ,38459,
?RqÁ''t ?RqÁ7 ?RqÁq ?Aqq? ?eÁn?

38651, 38653, 38669, 386'7 a, 386.t7,
38713 ,38723,38729,38'737 ,381 47 ,
?AAn? ?nq?1 ?Re?1 ?ee?q ?aqql

38903, 3B9I'7, 38927, 38923, 38933,
38993, 39019, 39023, 39O41,, 39O43,
39103, 39IO1, 39113, 39119,39a33,
39181, 39191, 39l.99, 39209, 392L'7,
3924r, 3925r, 39293, 39301, 39313,
39359, 3936'7, 3937 r, 393't3, 39383,
1qA.112, ?q4q1 a,qAâ1 ?q¿qq ?qqn?

39551, 39563,39s69, 39581,39607,
3966'7 ,396'7 I ,3967 9 ,391 03 , 39'7 09 ,

397 6I , 397 69 ,3977 9 ,397 9r , 39'7 99 ,
?qÂ41 ?qA4? ?qRq7 ?qCÁ? ?qÊ.Ãq
?qq?q ?qq?? ?qqq? ?qq71 ?qq"q

40031, 40037, 40039, 40063, 40087,
40721 ,40!29,40151,40153 ,40163 ,

40213 ,4023l-,40237 ,4024r ,40253 ,

40351 ,40357 ,40367 ,40387 ,40423 ,

4041I,40483 ,40487 ,40493 ,40499 ,

40543, 40559, 40577, 40583, 4059].,
40639 ,40693 ,40697 ,40699 ,40'709 ,

40'77 r, 40'7 87, 40801, 40813, 408r9,
40849, 40853, 40861, 408'7 9, 40883,
40939 ,40949 ,4096I,409'73 ,40993 ,

4L04'7, 41051 ,4l-057 ,4107'7 ,4I087 ,
41 1 42, 41 1 4q A.1 1 6,1 A,1 11'7 A1 1 1q

4r2r3 ,41227 ,41227 ,4r23r ,4L233 ,

4L28L, 4L299, 41333, 4134]-, 41-351,
41 ? g g 41 41 1 41 41 2, 4't 442, 41 4q1,

41513, 41,519, 4152)-, 41539, 41543,
41603, 4t6O9, 4a6II, 4I6L'7, 4L62I,
41659 , 41669 , 41681, , 4168'7 , 4J_'7 19 ,

4I'771_ ,4I'71'7, 41801, 41809, 41813 ,

41879 ,4t BB7 ,4a893 ,4I891 ,41903 ,

41qq? 41qq? ¿tqqq L1 qç,a ¿'ìqa1

42019 ,42023 ,42O43 ,4206I ,4207I ,

42131,, 42139, 42157, 42]-69, 42I'7 9,
42209 ,4222r,42223,42227 ,42239 ,

42299 ,423O7 ,42323 ,4233I ,42337 ,

42391, ,42397 ,42443 ,4240'7 ,42409 ,

4245'7 ,4246I ,42463 ,4246'7 ,424'73 ,

42533 ,42557 ,42569 ,425'7I,42517 ,

42649, 42667, 42677, 42683, 42689,

A86
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42'7 03 , 42'7 09 ,

421 B'7 , 42't 93 ,

4)AÂ2, A)e,qq
A) qF,'l a) q'7 q

43063 ,4306'7 ,

43189 ,4320I,
4??1? 4??1q
A-1. L)'7 Aa. ¿.4.1

¿?q4? 4?q??

43627 ,43633 ,
42,'7)'l 4??q?
¿?An1 ¿?Rq?
4?qÃ1 ¿?qÁ?
44ô)'7 440)9
44.'t 1'1 4.4.1'1 I
44)ît1 AA.)ñ-),

442'71 44)'7q
1142,49 4441'7
a4q1 q 44q?1
44Ã1 '7 44G)1
A4ÁA'7 44Ãqq
441'71 A4'7p.9
4AA'7q 44ÀA'7
44q€,2, 411q1 1

4qoR? 4q1t q

4q'r R'l ¿q1 q'1

4C)q1 4\1,(r'7
11tr.2,'71 ¿tr?Aq
dÇ,¿-q'7 ¿qqn?
¿qqRq ¿qqqq
A,qG,q1 ¿,qG,q.'7

45817 ,45824,
4qq,p,'l 4qAq?

46O21,,4602'7 ,

46103 ,46133 ,
Aâ1qq ¿,G)1q
A6,2,(\1 ¿,É,'),ôq

A.Â¿,4,q 
^€,a,a,'l

46507 ,4657_7,
4Ã6ñ1 ÃÂÂ1 q

4Ê,6,p,1 4Ãç,q1

46774,46807,
46867 ,46877 ,
A'7 1,'l'7 Ã'7 1,¿,1

47123 ,4'7I29 ,

4'722I ,4J23't ,

41309,4731,'7 ,
4'7 4ñ'7 4'7 411

47 501 , 4'7 573 ,
4'7qq1 4?qqq

4'7 681, , 47 699 ,

42'7 L9 , 427 27 , 427 37 ,

42'7 9't ,42821_ , 42829 ,

42901 ,42923 ,42929 ,

42989,43003 ,43073 ,

43093 ,43103 ,43l.17 ,

43207 ,43223 ,43237 ,

4332r ,4333r,4339r,
^2.Aq1 

A1A,q1 A,2,4p,1

435'71 ,435'7 9 , 4359I ,

43649 ,4365r, 4366r,
43759 ,43'7'77 ,4378I ,

4386'7,43889 ,4389L,
43969 ,43973,43987 ,
A4îA.1 4AÕq1,44ôqg
LA-t )1 441?q 441a1
442At1 44))1 44tAq

4428r ,44293 ,4435f_,
ALL¿,q dA4E,1 

^A4o'1
¿¿q?? ad,Ê,4,1 4ac,a,-2,

44623 ,44633 ,44647_ ,

A¿,'7r\1 ¿,A,'7 11 4,4'l)q
AL'1 Q'7 AA,e.ñq 44p'1 q

44893 ,44909 , 449r'7 ,

44983 ,44987 ,45007 ,

4512L,45L27 , 451,3r ,

451_97 ,45233 ,45247 ,

45317 ,45319 ,45329,
45403 ,45443 ,45427 ,

45523 ,45533 ,45547,
¿,Ç,6,'1 2, A,qÃ2,1 4qÃ41

45'7 07 , 45'7 37 , 45'7 5L ,

45823 ,45827 ,45833 ,

45943 ,45949 ,45953 ,

46049 ,46051, 4606r,
46141 ,46147 , 461_53 ,

46229 ,46237 ,4626r,
46327 ,46337 ,46349 ,
Ã6,A.4'7 4â4q1 4Ã4q'7
4Áq2a 4Âq4q 4Áqqq

46633 ,46639 ,46643 ,

467 03 , 467 23 , 46'7 2'7 ,

46811 ,468r'7,46819,
4ÁRRq 4€,q ñ1 4Áq1q

47 05L , 47 057 , 4'7 059 ,

47 I3'7 , 4'7 l-43 , 47147 ,

41 25r ,4'7269 ,4'7279 ,

¿???q ¿-'7'1,tr,1 47?q?

47 479 , 47 43r , 4'7 44L ,

47 52r , 4'7 52'7 , 4'7 533 ,

47 609 , 41 623 , 4'7 629 ,

41'7 OI , 4't'7 t r , 4'7'7 L3 ,

42'7 43 , 427 57 , 42'7 6'7 , 4217 3 ,

42839 ,4284r, 42853 , 42859 ,

42937 ,42943 ,42953 ,4296L,
43019 ,43037 ,43049 ,43O5r,
¿?f ?? ¿?1q1 ¿?1qq 

^),1'7'7
4326r,432'7\ ,43283 ,4329L ,

43397 ,43399 ,43403 , 43471- ,

414e'7 4?4qq 4?q17 41q41

43597 ,4360'7 ,43609 ,43673 ,

43669, 43697, 4377r, 431 7'7,
437 83 , 43'7 B'7 , 43'7 B9 , 437 93 ,

¿?q1? 4?q?? ¿?q4? ¿?qq1

4399r ,43997 , 440r'7 ,4402L ,

440'7r, 4408'7, 44089, 44r01_,
44159 ,44r'7r,441,79 ,44189 ,

4425'7 ,44263 , 44267 ,44269 ,

¿,A1c,'7 A,41'7 1 4112p.1 44?R?
A,A.4q1 4Ã4q'7 4AC,O1 44qn1
44q4q 44qÂ1 44q'7 q 44qA'7
44Â4'7 Ã46q1 44âq'7 44GR2
A4'1 41 44'7q1,4A'7'7 1 44'7'74,

44839 ,44843 ,44857 ,4486'7 ,

44927 ,44939 ,44953 ,44959 ,

45013, 45053 ,45067,450'7'7 ,

Aq1 a,'7 4q1?q Ãql Ã1 4q1?g

45259 ,45263 ,4528\ ,45289 ,
¿q??? 4Ê,2,41 4q?4? 4q?Á1
¿q4?? ¿q4?q 4q4p.1 4q4q1
4qqq? 4qqq? 4qqÁq 4qqR7

45659 ,45667 ,45673 ,456'77 ,

457 5'7 , 457 63 , 45'7 6'7 , 45'7 7 9 ,
4qp.41 4qRq? 4qRÁ? 4qR6q
4qqqq aqQ'71 ¿.qq7q 4qqcq

46073 ,46091,,46093 ,46099 ,

4617 r , 46tgt , 46183 , 46L8'7 ,

462'7 7, 46273, 4627 9, 4630r,
4635L ,4638a ,46399 ,464I1_ ,
4Á4'7 1 4^4'7'7 4€,4p.q 4G,4qq
4^qÁ'7 4^q'74 4ÁqRg 4€,qq1
4ÂÁ4q 4F,^ç,2, A€,6,'7 q 4€,É'R'l

46'7 4'7 , 46'7 5L , 46'7 57 , 467 69 ,

4ÁA)9 ¿ÁR?1 4ÁÂq? 4ÁR61
4Áq?? 4Ã9q'7 4F,qq-2, A6qq'|

47087 ,4'7093 ,4'7 IIa,4'77_49 ,

4'7149 ,47r6r , 4'7 789 , 47207 ,

41287 ,4'7293 , 4'7297 , 47303 ,

4'7 363, 4'7 3B)-, 4'7 3B'7, 47 389,
4'7 459 , 4'7 49t , 47 49'7 , 4'7 501 ,

4'7543 ,4'7563 ,47569 ,4'7581 ,

4'7 639 , 4'7 653 , 47 65'7 , 47 659 ,

4'7'7 1,'7 , 4't 7 3'7 , 47'7 4r , 4'7 7 43 ,
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47 7 1'7, 4'7 7'7 9, 4'7'7 91,, 4-7 7 9'7,
4'7 857 , 41 869 , 4'7 BB7 , 47 903 ,

47 95r, 47 963, 47 969, 4'7 9'77,
48073, 4BO'79, 4409r, 4BrO9,
481_1 9 ,4BLB'7, 48193 ,48r97 ,

4828r , 48299, 4 B 3 1 I , 48313 ,

48391 ,484O't ,48409 ,48413 ,

4B4Br ,4848'7 ,48497 ,48497 ,

48563, 485'7I, 48589, 48593,
48667,48673 ,486'7'7 ,486:79 ,

4B'7 6'7 , 487'7 9 , 487 81_ , AB't 87 ,

48841, 48857, 48859, 48869,
¿eqq? 4eq?? 4Rqeq 4Aqq't

49031 ,49043 ,49057 ,49069 ,

49123 ,49139 ,49157 ,49169 ,

49207, 492rr, 49223, 49253,
4q??'t 4q??? 4q??q ¿q?Á?

49417 ,494r'7 ,49429 , 49433 ,

49499 ,49523 ,49529 ,4953L,
49603 ,49613 ,4962] ,49633 ,

49691 ,497]-1,,49721 ,49739 ,

497 89, 49801, 49807, 49877,
498'7'7 ,49891, ,499l-9 ,4992r ,

¿qqq"r ¿qqq? ¿qqqq qnn?1

50069, 500'7'7, 50087, 50093,
50131 ,5014'/, 50153, 50159,
5026r, 50263, 50273, 50287,
50341, 50359, 50363, 5O377,
5O44r, 50459, 5046r, 5049'7,
50549, 50551, 50581, 5O5B'7,
50651 ,506'7r,50583 ,50707 ,

50'7'7'7 ,50789 ,5082L, 50833,
qrìaq1 q,ôQq? qnqno cnqr?

50989, 50993 , 51001, 51031,
clrnq qlr?1 q]1?? q11??

51199, 5r203, 54217, 51229,
51287, 51307 ,51329 ,5r34r,
51407 ,5r4r3 ,5r4r9 ,5L42a ,
q1 AÃ1 q1 4'72 q1 4'7q q14R1
q,1q?q q1trq1 tr1trÁ? q't q?7

51631 ,51637 ,5L641 ,51659,
51,7L9 ,5172r ,5t7 49 ,5r7 6J ,

5L827, 5\829, 51839, 51853,
51907, 51913, 51929, 51,94r,
52 0 0 9 , 52024 , 52027 , 5205L ,

52L2r, 52127, 52L47, 52153,
5220r, 52223, 52231, 52249,
5230r ,52313 ,5232L,52361 ,

52433 ,52453 ,5245'7 ,52489 ,

52543, 52553, 52567, 5256'7,
52637, 52639, 52661, 52673,

41 807 , 4't 809 , 41 Br9 , 4'7 837 , 4'7 843 ,

47 9IL , 41 91,'7 , 47 933 , 4'7 939 , 47 94'7 ,

4't 9BL , 4BOr'7 , 48023 , 48029 , 48O49 ,

4 8119 , 48121_, 4 813 L , 4Br5'7 , 48763 ,

4822r, 48239, 48247, 48259, 4827 r,
48337, 48341, 48353, 48371,, 48383,
48437 ,48449 , 48463 ,484'73 , 4847 9 ,
48523 , 48527 , 4 8 5 3 3 , 48539 , 4854r ,

486Lr ,48619 ,48623 ,48647 ,48649 ,

4B'73I, 4B'733, 487 5I, 481 5'7, 4B'7 6I,
487 99, 48809, 4881,7, 4BB2a, 48823,
488'tI, 4BBB3, 4BBB9, 489O'7, 48947,
49003, 49O09, 49Or9, 49031, 49033,
49081 ,49703 , 49l.09 ,49rr7 ,4912l-,
4911r ,4971'7 , 491,93 ,49199 ,49201 ,

4926r,492'77 ,49279 ,49297 ,4930'7 ,

49367 ,49369 , 4939r ,49393 ,49409 ,

4945L ,49459 ,49463 ,494'7'7 ,4948r ,

49531 ,49547 ,49549 ,49559 ,4959'7 ,

¿ qÁ ? q 
^qÃâ2, 

ÃqÃâ'7 4qâ69 4qF,A1

4914L , 49'7 47 , 497 5'l , 497 83 , 49187 ,

49823, 4983r, 49843, 49853, 4987 l-,
49927 ,4993'Ì , 49939 ,49943 , 4995'7 ,

50023,50033 ,50047, 50051, 50053,
5 0 1 0 1 , 5 0 1 1 1 , 5 0 1 1 9 , 5Or23 , 50129 ,

50L1'7 ,50201 ,5O22L ,5022'7 ,5023r ,

5029r, 50311 ,5032r ,50329, 50333 ,

50383, 50387, 50411, 504r7, 50423,
50503 , 50513 ,5052'7, 50539, 50543 ,

50591, 50593, 50599, 5062'7, 50647,
50'723, 50741_, 507 53, 507 6'7, 50773,
50839, 50849, 5O851, 5086'7, 50873,
50929, 50951, 5095'7, 50969, 5097 7,
51043, sLO41, 51059, 51061, 5r0't l,
51151, 5J-r5'7, 51169, 51193, 5ar97,
5L239 ,51247- ,5125'7 ,5l.263 ,5],283 ,

51343, 5r347, 5r349, 51361, 51383,
51427 ,5r43r ,5l.437 ,51439 ,51449 ,

5L487, 51503, 51511, 5457'7, 5r52r,
51581, 51593, 57599, 5160'7, 51,613,
51673, 576'7 9, 51683, 51691, 577 ]-3,
5r'7 69 , 5r7 87 , 5r1 9'7 , 518 0 3 , 518]-1 ,
q,laqo c, 1aÁq qlq?1 q'lAq? q1Âqq

51-949 ,5]-97L , 57973 ,579'7'7 ,57994 ,

52051, 5206'7, 52069, 52087, 52l-03,
52L63 ,52r't'7 ,52rgr ,52783 ,52189 ,

52253, 52259, 52267, 52289, 52297,
52363, 52369, 5231 9, 52381, 5239r,
5250r ,525Lr ,5257'7 ,52529 ,5254r ,

5257 r, 5251 9, 52583, 52609, 5262'7,
5269r ,52691 ,527 09 ,52'7rt ,5272L ,
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527 2'7, s2't 33, 527 47, 527 5'7, 52'7 6 9, 52'7 83, 52BO''t, 52813, 52Br'7,
5283'7, 52859, 5286a, 52819, 52883, 52889, 5290L, 52903, 52919,
5293'7, 5295r, 5295'7, 52963, 52967, 52973, 5298L, 52999, 53003,
5301?, 5304'7, 53051, 53 069, 530'7'7, 53 087, 53 089, 53 093, 53 101,
53113, 53rL'7, 53t29, 5314'7, 53149, 53161, 53r'7]., 531'73, 53189,
53197 ,53207, , 53231- , 53233 , 53239 ,53261 ,53269 , 5327 9 , 53281 ,

53299, 53309, 53323, 53327, 53353, 53359,53317, 53381, 5340r,
5340'7, 534]-L, 53419, 53437, 5344r, 53453, 5347 9, 53503' 5350'Ì,
5352'7, 53549, 53551, 53569, 53591, 53593, 53597, 53609, 536rr,
536L'7, 53623, 53629, 53633, 5363 9,.53 653, 53657, 5368 7, 53693,
53 6 9 9, 53'7 17, 53'7 1-9, 537 37, 53'7 5 9, 53'7'7 3, 537 7'7, 53 7 B 3, 53'7 9 r'
53813, 53819, 53831, 53849, 53857, 53861, 53881, 53887, 53891,
53891, 53899,539r'7,53923, 53927, 53939, 53951, 53959, 5398'7,
53993 , 54001, 54011 ,54Or3 ,54037 ,54049 ,54O59, 54 083 ,54097 '
54101, 54r2r, 54L33, 54r39, 54L5r, 54163, 54]-61, 54181, 54r93,
542L7, 5425r, 54269, 542'77, 54281, 54293, 54311, 54319, 54323,
54331, 5434'7, 5436r, 54367, 543'7r, 543'77, 5440r, 54403, 54409,
\4411,.q441 9.\Ã42.1 \4477 .q444i.54449.a4469. a4493.54497,
54499, 54503, 545r'7, 5452r, 54539, 5454L, 54547, 54559, 54563,
545'7'7, 54581, 54583, 5460L, 5461,7, 54623, 54629, 54637, 54647'
5466'7 ,546'73 ,546'7 9 ,547 09 ,547]-3 ,5472L ,54727 , 54'7 5r ,54'7 61 '
54173, 54'7'79, 547 B'7, 54'199, 54829, 54833, 54851, 54869' 548'77,
54881, 54901, 549r'7, 54919, 54941,, 54949, 54959, 54973' 5497 9,
54983, 55001, 55009, 5502r, 55049, 55051, 5505'7, 5506 7, 5507 3,
55079, 55103, 55109, 551:-7,5512'7,55l-47, 55163, 55l-7r,5520]-'
55207, 552L3, 552L'7, 552L9, 55229, 55243, 55249, 55259, 5529r,
55313, 55331,55333 ,5533'7, 5533 9 ,55343,55351 ,55373,55381,
55399, 55411,55439, 55447, 5545'7,55469,55487, 55501, 55511,

\hh4 / h\h /9 55hx9 55L"¡
-ltJJJtzlJJJOJ ,rrvL'tJ¿vÞ¿l

55631, 55633,55639, 55661, 55663,5566'7,556'13, 55681,5569r,
55691, 55'7rr, 55'7r'7, 5572l., 55733, 557 63, 55787, 557 93, 55799,

-rH /V hhH < / 5\X4 < \5X4Y
I JJVJ I I JJV

55871, 55889,55897, 55901, 55903,5592r,55927, 55931, 55933,
55949 ,55967 ,55987 ,55997, 56003, 56009, 5603 9,5604r ' 56053,
56081, 56087, 56093, 56O99, 56101, 56113, 56]-23, 56131, 56449,
5 6r 67, 561-'7 1, 5 6r'1 9, 5 619'7, 5 62O'7, 5 62O9, 5 623'7, 5 623 9, 5 624 9,
56263, 56267, 56269, 56299, 56311, 56333, 56359, 56369, 563'7'7,

56383, 56393, 564Or, 564r'7, 5643r, 5643'7, 56443, 56453, 56467,
56473,5647'7,56479,56489, 56501, 56503, 56509,565l.9, 56527'

c,^6,) q
hh\4 < hh5h9 hh59 | 5hhe /L I JJJ J 

' 
JVV

56633, 56659, 56663, 5667r, 56681, 56687, 56'70a, 567la' 56'773,
56'7 3r, 567 37, 56'7 47, 561 67, 5 6'7'7 3, 56'7'7 9, 561 83, 5680'7, 56 80 9,

hhH /{ 5hHYl 5hðYlJUU¡J I JWULL , J t Jv ¿ t JvvJ ' I

56909, 569rr, 56921-, 56923, 56929, 5694L, 5695r, 5695'7, 56963,
5 6 983, 569 89, 56993, 569 99, 5'7 O3'7, 5'1 O 4r, 5'7 O4'7, 5'7 059, 57 07 3'
57 O7 7, 57 O 89, 57 0 9'7, 57 rO'7, 57 1,r9, 5'l 13r, 57 13 9, 5'7 r43, 57 1'4 9,
5'7 163, 57 r'7 3, 5'7 r7 9, 5'7 r97, 51 19 3, 5'7 203, 51 22A, 5'7 223, 5'7 2 4r'
5725r ,57259 ,5'7269 ,5'72'71- ,57283 ,57287 ,5'730r,5'7329 ,5733r ,

5'7 3 47, 57 3 49, 5'7 3 6'7, 5'l 3't 3, 5'7 3 83, 5'/ 3 89, 57 3 91, 51 4r3, 57 427,
5'7 457, 57 4 6'7, 5'7 4 B'7, 5'7 4 93, 57 5 0 3, 5'7 52'7, 5'7 52 9, 5'7 55'7' 57 55 9,
5'7 5'1 r, 57 58't, 57 593, 51 60L, 5'7 63'7, 5'7 6 4r, 57 649, 5'7 653, 5'7 6 67,
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5't 61 9, 5'7 6 B 9, 51 6 9'7, 5'7'7 0 9, 57'7 L3, 5't'7 l.9, 57'7 2't, 5'7 1 3 7, 5'7 t 3'7,

5't'7 5r, 57 7 1 3, 5'7'7 87, 57'7 87, 5'7'7 9L, 57't 93, 57 B 03, 5't I 09, 5'7 829,
57839, 57847, 57853, 57859, 57881, 5'7899, 5'790r, 579L7, 5'7923,
57 9 43, 51 94'7, 57 9'7 3, 5'7 9'7'7, 57 9 9L, 5B 0 13, 5802'7, 5B 03 1, 5B 043,
58049, 58057, 58061,58O6'7, 58073, 58099, 58109, 58111,58729,
58147, 58151, 58153, 58169, 58171, 58189, 58193, 58199,58207,
582L1-, 5T2r't, 58229, 5823r, 5823'7, 58243, 582'7r, 58309, 58313,
5832r, 58337, 58363, 5836'7, 58369, 58379, 58391, 58393, 58403,
58411, 584r7, 5842'7, 58439,5844r, 58451, 58453,58471, 58481,
q,qq,1 1 qRq?? qRq4? qRq4q qR567 5Rq?? qRqTq qR601 5R6n?.

, ¿vJv ' 
r t rvl

586 13, 5863 r, 5865'7, 58661, 5867 9, 5868'7, 58693, 58699, 5B'7 rr,
5 87 21, 5 I 7 3 3, s9-t 4r, 5 87 57, 587 63, 5B'7'7 7, 5 B'7 B'7, 587 B 9, 5 B B 3 1,
5BBB9, 58B9'7, 58901,5890'7, 58909, 58913, 5892L, 5893'7, 58943,
58963, 58967, 58919,5899l.,5B991, 59009, 59011, 5902r, 59O23,
59029, 59051, 59053 , 59063 ,59069 ,590'77, 59083 , 59093 ,59rO7 ,

59113, 59l-19, 59L23, 59L4r, 59a49, 59l.59, 5916'7, 59183, 59L97,
5920't ,59209 ,592]-9 ,5922l- ,59233 ,59239 ,59243 ,59263 ,592'73 ,

5928r,59333, 59341, 5935a, 59357, 59359, 59369, 59317, 5938'7,
59393, 59399, 59401, 594r'7, 594)-9, 5944r, 59443, 5944'7, 59453,
59461, 5941L,59413, 5949'7, 59509, 59513, 59539, 5955'7, 5956r,
5956'7, 59581, 59611, 596r'7, 5962r, 59627, 59629, 59657, 59659,
59663, 59669, 596'7a, 59693, 59699, 591 0'7, 59123, 59129, 591 43,
5 9'7 47, 5 91 53, 5 9'7 1 r, 5 91'7 9, 59'7 9r, 5 9'7 9''t, 5 9 B 0 9, 5 9 B 3 3, 59 B 63,
59879, 59BB?, 5992r,59929, 5995r, 59957, 599'7L, 59981, 59999,
60013 ,600r7 ,60O29 ,6O03'7 , 60O4r,6007'7, 60083 , 60089 ,6O097 ,

60101, 60103, 6Or01, 6OL2'1, 60133, 60139, 6Or49, 60161, 601-6'7,

60L69, 60209, 602r'7, 60223, 6025L, 60257, 60259, 6027r, 60289,
60293, 6O3r7, 6033a, 6033'7, 60343, 60353, 60373, 60383, 60397,
60413, 60427, 60443, 60449, 6O45'7, 6O493, 6049'1, 60509, 6052]-,
60527, 60539, 60589, 60601, 6O6O'1, 6O67-L, 6061-7, 6O623, 6063r,
60637, 6064'7, 60649, 60659, 6066r, 60679, 60689, 60'7 03, 60719,
60727, 60733, 60737, 6075'7, 6O'7 6r, 6O'7 63, 60773, 60'719, 60793,
60811, 6OB2r, 60859, 6O869, 6OBB7, 60889, 6O899, 60901, 6O9L3,
609L7, 609L9, 60923, 6O93'7, 6O943, 60953, 6O96r, 61001, 6L0O'1,

6102'7, 6103]-, 6]043, 61051, 6105'7, 61091, 6l-099, 6LL2L, 61429,
61141, 61151, 61153, 61169, 6L2rL, 61-223, 67237, 61253, 64267-,
61283, 6L29r, 6729'1, 61331, 61333, 6L339, 6a343, 6L35'7, 61363,
61379, 61381, 61403, 61409, 6r4L'7, 6144r, 61463, 6L469, 6r4Jr,
6L483 ,6L487 ,6L493 ,6150'7, 61511 , 61519 ,61543 ,6154'l ,6]-553 ,

61559 ,6L561 ,61583, 61603 ,61609,61613 ,6162'7 ,6163L,67-63'7 ,

61643 ,6l-65r,6L65'7 ,6166'7 ,6L673, 61681 ,6L68'7 ,67703 ,677L'7 ,

61723 ,6L'729 ,6r'751- ,6A757 , 6r'78r, 61813 , 61819 ,6L83'l ,61843 ,

61861 ,6]-8'77 ,61879 ,67909 ,61927 ,61933 ,6]-949 ,6l-96r,6L967 ,

67979, 61981 ,6]-98'7 ,6]-99L ,62003 ,6207-L ,620r1 ,62039 ,6204'7 ,

62053 ,6205'7 ,620'11, ,6208r, 62099 , 62]-]-9 ,62L29 ,62l-37,62L3'7 ,

621,4r ,62143 ,621,7r ,62l-89 , 6219r,6220r ,62207 ,62213 ,62219 ,

62233 ,62273 ,62297 ,62299 , 62303 ,623rr ,62323 ,62327 ,6234'7 ,

6235L, 62383, 6240r, 62417, 62423, 62459, 62461, 62473, 624'7'7,
62483, 62497, 6250a, 6250'7, 62533, 62539, 62549, 62563, 62581"
6259r ,62597 ,62603 ,626r'7 ,6262'7 ,62633 ,62639 , 62653 ,62659 ,

62683, 6268't, 62't0r, 62723, 62'73r, 627 43, 62153, 627 6r, 621'73,
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62'7 9r , 6280L , 628\9 , 62827 ,6285r ,6286a , 62869 ,

62903, 6292r, 62927, 62929, 62939, 62969, 629'7r,
6298'7, 62989, 63O29, 63031, 63059, 63067, 630'73,
63103, 63113, 6312'7, 6313r, 63149, 63\19, 6319'7,
6324r,6324'l ,632'7'7 ,63281 ,63299,63311 ,63313 ,

63337, 6334'7, 63353, 63367, 63361, 63377, 63389,
63409 ,63419 ,6342L,63439 ,63443 ,63463 ,6346J ,

63493, 63499, 6352]-, 63527, 63533, 6354L, 63559,
63589, 63599, 63601, 63607, 63611, 636].1, 63629,
636s9, 63667, 636'7r, 63689, 6369r, 6369'7, 63703,
6372'7, 63't3'7, 63'743, 631 6r, 63773, 63'7 Br, 637 93,
63809 ,63823, 63839 ,6384r, 63853 ,63851 ,63863 ,

63 913 , 63929 , 63949 , 63977 , 63991 ,64007 , 6407-3 ,

64037 ,64063 , 6406.Ì ,6408r ,6409r,641,09 ,64123 ,

6415'7 , 647'7L ,6418'7 ,64L89 ,642L'7 ,64223 ,6423r ,

642'79 ,64283 ,64301-,64303 ,6437-9 ,64327 ,64333 ,

64399 , 64403 ,64433 ,64439 ,6445r ,64453 ,64483 ,

64513 , 64553 , 6456'7 , 645'77 ,64579 ,6459r ,6460r ,

6462r, 6462'7, 64633, 6466r, 64663, 6466'7, 64679,
64'7 r'7 , 64'7 47 , 647 63 , 647 Br , 64'7 83 , 641 93 , 64BrL ,

64853 ,648'7L, 64811 , 64879 ,6489r ,6490r,649L9 ,

6493'7 ,6495r,64969 ,64997, 65003,65011 ,65027 ,

65053 , 65063 , 6501r, 65089 ,65099, 65101 ,65r7L ,

65L29 , 65l-4r ,65141 ,65167 ,651'7r ,65r'73 ,65179 ,

652l-3 , 65239 ,6525'7 ,6526'7 ,65269 ,6528'7 ,65293 ,

6532't, 65353, 6535'7, 6537r, 65381, 65393, 65407,
65423, 65437, 6544'7, 65449, 654'79, 6549'7, 65549,

);

while (primeTabJ-e [primeTab]-elndexl <=number)

{

628'73 ,6289'7 ,

6298! ,62983 ,

Á?ô?q Á?nq?
Á?1qq Â1,2'l'l

63377 ,6333t,
Á??q1 Á??q?

63473 ,63487 ,
6,-7q'7'7 Ã?qC7
6,1,^^'7 6,1,ç,A,q

Á?7nq Á?"1q
Á?7qq Ã?Rn?
Á?qn1 Ã?qô?

640a9 ,64033 ,

6,¿,'t q1 Á41 q?

64237 ,642'7L,
643'73 ,6438r ,

Â44Q,9 
^AAqq€,A6,nA É,AÉ,1 a,

€,^Ê,q1 €,a'7 õq
€,11çì1 '7 ÂAeAq

64921_,64927 ,

ACñ)q Áqô??
Áq,]1q Ác'ì ??

65183 ,65203,
Áq?nq Áq?r?
Á q¿ 1 ? Ê,qa,1 q

AI
tt

( (number?primeTable lprimeTablelndexl ¡ ==O )

number=number/primeTable lprimeTable ]ndexl ;

¡¡ttr ¿¿ nrìmaTeì-rle lprimeTablelndex]L¡/! +L¡¡v

f actors I f actorlndex++] =primeTable IprimeTable]ndexl
if (factorfndex>=maxNbrFactor)
{

Í¿!us!

#endif

(-

cerr << "The number of factors in "
<< number << " is greater than the maximum

<< maxNbrFactor << ") allowed\n";
return - 2 ,'

)

i
el se

primeTabJ-e Index++ ,'
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f I Tñê1 ñôhrrñ

cout << "\n";
#endi f

return factor Inde¡< .

ì
I

^.17 
patternÐirn

#'i fndef naf f ernDim h
#clef i ne na | | crnDim h

int pat.ternDim(unsigned long nbrBits, unsigned long dimensionsl.2l) ;
int getDim (unsigned long* dim, unsigned factors [] , unsigned
nl'rrË'¡¡l_nrc

char factorsl[], char factorsll, char nbrMult);

#endif

#include <iostream.h>
#include <stdio.h>
#include "factor.h"
#i nclìrde "nâf l-crnDim.h"

#define MAX_NBR_FACTORS 100

int patternDim(unsigned long nbrBits, unsi-gned long dimensions[2] )
It

unsigned factors IMAX_NBR_FACTORS],-
unsigned longdim=t, finalDim=1 ;
rrnqi onorì nl-rrË'=n|- nrc-fÌ .

doubl-e distance=nbrBits;
char done=O;

if ( (nbrFactors=factor(nbrBits, factors,MAX NBR FACTORS) ) <O)

{
cerr << "Error could not facLor the number of bits in the

nâl-têrn\n".

return - 1,-
't
)

char factorsl lnbrFactors] , factorsll=O;

f or I i nl- i =O . ì ¿nhrÉ'¡¡l- arc . -i ¿¡ \
, ¿\¡¡v¡ Ð, ¿f - |

factorsl Ii] =i;

for (int nbrMul"t=1,-nbrMult<=nbrFactors / 2 ;nbrMult++)
It

done=0;
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while ( !done)
t

dim=1;
ie¡s=getDim (çdim, factors, nbrFactors, facLorsI,0, nbrMuÌt) ;

if (abs (dj-m - nbrBits/dim) <distance)
t

distance=abs (dim - nbrBits/dim) ;

f inalDim=dim;
I
)

i
)

/ / tne width is always bigger than the height
if (f inalDim>nbrBits/f inal-Dim)
I(

dimensj-ons [0] =f inalDim;
dimensions [1] =nbrBits/f inaf Dim;

)
else
{

dimensions [ 0] =nbrBit s/f inal-Dim;
dimensions [1] =f inalDim;

)

return 0;
)

int getDim (unsigned long* dim, unsigned factors [] , unsigned
ñl-\rÊâ -j_ ôrc

char factorsl[], char factorsll, char nbrMult)
{

char end=O;

/ / tlnis should be first because it is t.he stop condition of the
/ / recurrence
if (factorsl Ifactorslr] > (nbrFactors-nbrMult) )

{

/ / this is to take care of the very f irst cal-l-er in the
recursaon

/ / olherwise its index stays at the end of the factors list and
/ / as no getDim calls it it will not get reset - However, if it

iñ

// not the first cal-Ier, its index will get overwritten any\¡/ay

/ / bV the call-er
f actorsl IfacLors]f I =0 ;

return 1;
)

*dim*=factors Ifactorsl Ifactorsll] I ;

if (nbrMul-t l=1)
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s¡fl=getDim (dim, factors, nbrFactors, factorsl , factorsfl+1, nbrMult - 1 ) ;

if (end==1 ll nbrMult.==1)
{

f acLorsl If actorsll] ++ ;
if (nbrMult I =r)

f actorsl If actorsl I+1 ] =f ¿q¡trsI I f actors I f ] + 1 ;

)

return 0;
)

A..18 patternl

/ / nat l- ern'l h

#ifndef _patternl_h
#define ¡>atternl_h

#incfude "coDec.h"

¡l ¡cc ñâf f êrn1 nrrhl i a côTlêc
ì/quu9l¿]r

t
unsigned int* generator;//indexes of generator polynomial for the

code
unsigned int* systematic; / / systematic symbols buffer'
unsigned int* FSR; / /feedback shift registers for redundant bits

rrns'ioned int. SRin. / / httff er l-n hrri'ld emhnls (Bbits->mbits)urlÐ r:Jrruu LLtL oDLtL , / /

int SBinBits;//number of bits in the symbol- buffer
int padBits;
unsigned int SBout ; / / buffer to build symbols (Bbits->mbits)
int SBoutBits;/,/number of bits in the symbol buffer
int inputCount;
int outputCount;
int last.Write;
int bitslnBuf f er,'
int nbrlines;
int maxNbrlines;

int feedback, FSRindex, FSRregBit,
maxoutput, CBbits;

unsigned int charBuf f er, output, synrJcol;
unsigned char tempChar;
unsigned char firstTime;
int done;
int realBits;

char sideDone,'
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char doneData;

int bytesToOutput;
int nbrBytesOutput;
j-nt remainingBit.s;
int charPerline;

public:
patternl (int _nbrCol-) ;
patternl (int _nbrCol-, int _nbrlines) ;
int processData O ;
int giveNbrlines O ;
int processSymbols O ;

void newData O ;ì.

#endif

/ / nat | êrn'l .î
#include "natrernl.h"
# i ncl rrde "dcblrorrer . h"
#inclrlde "dcbrro h-
#include <values,h>

patternl: :patternl (int _nbrcol-s) : generator (0) ,

systematic(0), FSR(0), SBin(0), SBinBits(0), padBits(0),
SBout (0) ,

SBoutBits (0) , inputCount (0) , outputcount (O) ,
bytesToOutput. (0) ,

nbrByt.esOutput (0) , remainingBits (0) , fastwrite (1) ,
nbrlines (0),

maxNbrl j-nes ( MAXINT),
feedback (0), FSRindex(0), FSRregBit (0),

maxOutput (0) , CBbits (0) ,

charBuffer (0) , output (0) , symbol (0) ,
Èomnl-l-r¡r /fl\vvL¡ryv¡¡sr \v/,

firstTime (0) ,

done (0) ,

realBits (0),
sideDone (0) ,

doneData ( 0 )

It
int nbrBits;

bytesTooutput=(_nbrcols+2)/B;// determine the number of bytes that
the

remainingBits= (_nbrCols+2) ZB; / / cols fits in
if (remainingBits==0)
I
t
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bytesTooutput- -; / / To take care of the border
remainingBits=B; / / because the last bj-t is not data, it is

/ / jusr. a high bit
Ì
t

charPerLi-ne=bytesTooutput+ (remainingBits ! =0 ) ;

couL << bytesToOutput. <<
Ìt

nâfi_êrn'ì -nãfrernl (ínt nbrCols, int nbri,ines=-1) : generator (0) ,

systematic (O) , FSR(0) , SBin (0) , SBinBits (0) , padBits (0) ,

SBout (0) ,

SBoutBiLs (0) , inputCount (0) , outputcount (0) ,

hlrf ôc t 
^¡ 

trìrñrrr f tì I

nbrBytesoutput (0) , remainingnits (0) , lastwrite (1) ,

nbrlines (0),
maxNbrlines (_nbrlines ),

feedback (0) , FSRindex (0) , FSRregBit (0) ,

maxOutput (0) , CBbits (0) ,

charBuffer(0), output (0),symbo1 (0),
rêmñ{-nâr I tì |

firstTime (0) ,

done (0) ,

real-Bits (0 ) ,

sideDone (0) ,

doneData ( 0 )

I
t

int nbrBits;

bytesTooutput=( nbrCols+z)/e;// determine the number of bytes that
the

roma.ininnRi¡s=( nbrCols+2)Ze; ¡ ¡ cols fits in
if (remainingBits==0)
t
t

bytesTooutput- -; / / 'to take care of the border
remainingBits=B ; / / because the l-ast bit is not data, it is

/ / just a high bit
Ìt
charPerline=byt esTooutput + ( remainingB i t s ! = 0 ) ;
cout << bytesToOutput <<

if (maxNbrlines>0)
maxNbrLines+=2;

I
)

i nr- n:f-l-ôrñ1 .ñfOCeSSData o
It

if (linBuffer ll loutBuffer)
{

cerr << "Pl-ease assign me with some input and output
<< "buffers before asking me to process data" << endl;

return - 1;
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l
)

d:f¡Tnn¡f Process:

eof=inBuffer- >atEOF ( ) ;
if ( done>=charPerline )

{t
outBuffer- >setEOF O ;

return 1;
Ì
J

/ / add one ]ine of bits at the beginning of the pattern minus one bit
/ / l¡eeatte,e the r.i^r-f ^ì^^ --^ ¡he lef t Side are added at the Same timet t f,ljllL Þfug a¡lu L¿l

/ / I¡v f he r-enl-ra1 routinetl

whil-e ( outBuffer->Lestwrite O cç firstTimeccharPerline )

{t
outBuf fer- >put ( Oxf f ) ;
f irstTime++ ,'

if (firstTime>=charPerLine)
nbrl,ines++;

/*
if ( (SBinBits<B && outputcountl=bytesTooutput) | |

(SBinBiLs<remainingBits &&

^rrt-nrr{- l-ôrrnt. --l.rr¡l-ac'ì"nfìrrf nrrl- ì IvuLPuLvvu
It

sBin= (sBin<<B) +Oxff;
SBinBits+=B;

I
)

if (SBineits>=B I I (SBinBits>=remainingBits &&

^rrÈñrrf l-^1ìnl- --l.rr¡l- oq'l'nl-lrrf nrti- I )

{

/ / extract symbol from symbol buffer (SBin) :

i f ( outputCounL==bytesTooutput )

{
if (remainingBits ! =0)
{

SBinBits-= (remainingBits- 1) ;

s)¡mbo1=SBin> >SBinBits ;

SBin^=symbol< <SBinBi t s ;
symbol=symbol < < ( I - remainingBit s ) ;

//outBuffer->put ( (unsigned char) (symboleoxff) ) ;
outBuf f er- >puL ( symbol ) ;

ìI
outputCount=0,'
nÞrrT.'i nêcr¡ -

firstTime=0;
SBinBits=0;
SBin=0;

Ì
ef se
{
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SBinBiLs-=B;
symbol=SBin> >SBinBi ts ;

outBuf f er- >put ( symbol ) ;

SBin^ = synrlcol < < SBinBi t s ;
ouLputCount++;

)

#ifdef _debug_
cout << "new data: " << symbol <<

binaire (syrnbol , cout , m) ;

cout << endl;
#endi f

)

]

while ( (outBuffer->testwrite O ) && firstTime>=charPerline &&
( inBuffer->testReadO ll (eof=inBuffer->atEoFO) ) cc
! doneData )

t
if (ouLnutCount==0 && lsideDone)
{

/ /co.ux<< SBinBits <<
SBin+= (0x1<< (SBínBits++) ) ;
realBì-ts++,'
sideDone=1,-
/ f cottt-<< hex << SBin << endl-;

]

if ( (SBineits<8 && outputcountl=bytesToOutput) I I

(SBinBitscremainingBits && outputCount==bytesTooutput ) )

tt
/ / padBits flags when the system started padding the

information
/ / (when there is not enough info to fill- info block so 0

pad)
if (eof)

sBin= (sBin<<B) +0x0;
else
It

'inPrrf for--aoi_ ll- amnl-lrarì .

SBin= ( SBin<<B ) +tempChar ;
realBits+=B;

Ì
l

SBinBits+=B;
Ì
)

if (sBinBits>:B | | (sBinBits>=remainingBits &.&

outputCount==bytesToOutput ) )

Ít
/ / exLract. symbol from symbol buffer (SBin) :
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ì f /ar:Fnrrh/-nrrñf --h\¡t. oc'T'¡ôrrl-nrrl- I¿! \vuLPuLLUurrL--vy ucrruvuLIJuL /

t
L

Ieave room for

remainingBits) ) ;

/ /cout.< hex << SBin <<

/ /if (remainingBits I =0)
//{

SBinBits-= (remainingBits-1) ; / / t.he -1 is Lo

real-Bits-= (remainingBits-1) ; / / tlne border
synbol=SBin> >SBinBits ;

SBin^ = syrnlcol < < SBinBi. t s,'
symboJ-= (symboJ-.. (B-remaj-ningBits+1)) + (0x1<< (B-

/ /couL<< hex << symbol

/ /cowL<< endl;
,/,/outBuf f er->put ( (unsigned char) (s)¡mboIc0xf f )) ;

outBuf f er- >put ( symbol ) ;
/ /\
^rrtsñrrFl-õr1¡þ-fì 

-vqçPuLvvu

nbrlines+ + ;

if ((eof && realBits<=0) | | nbrl,i-nes>=(maxNbrlines-

{
doneData=1;
SBrn=0;
SBinBits=0;
break,-

)

1) )

ì
)

e1 se
tt

titjl_n.BaES-=ö,'
realBit.s-=B;
symbol=SBin> >SBinBit s ;
outBuf fer- >put ( symbol ) ;

SBin^=symbol < <SBinBits ;
'i f (outoutCount==0)

sideDone=0;
ñrrfñrìl-f-ôrrnl-__*--_++;

Ì
)

ffllusr _uç!uy_
cout << "new data: " << symbof << " ";
binaire (synJcol , couL , m) ,'

¡¡ttl- -- a¡â] .

#cndì f

l

/ / eaa a line at the bottom minus one bit because the middle section has
/ t -1-^^Ã.. È-r-^- care of the left bit/ / art sauy LG^çlr

-A99-



Valid. Syst. for Printed Docs AppendixA:SourceCode

while ( doneData && done<charPerline && outBuffer->testWriteO )

{
outBuf fer- >put ( Oxf f ) ;

done++;
if (done>=charPerLine)

nbrl,i-nes++;
/*
if ( (SBinBits<B && outputcountl=byLesTooutput) | |

(SBlnBitscremainingBits &&

^1rf ñr1f a^rrnÈ-_l-rr¡t. ^^m^^r,f ñrrts ì ìuuLpuLLUutru¿-Ðy LYÞruvuLHuL / I

It
SBin= (SBin<<B) +Oxff;
SBinBits+=B;

.I

J

if (SBinBits>=B I | (SBi-nBits>=remainingBits &&

a"tsnrrf 1ì¡rrnF --l.rr¡{-oc'l"nôrrtnt¡f I )vuLI,quuvu

{

/ / extract symbol from symbol buffer (SBin) 
'

if (outputCount==bytesToOutput)
t

if (remainingBits ! =0)
{

SBinBit s - =remainingBi ts ;

symbol =SBin> >SBinBits ;

SBin^ =syrnlcol < < SBinB i t s ;
symbol=symbol< < ( B - remaj-ningBits ) ;

/ /o:u:-B.uffer->put ( (unsigned char) (symbola0xff) ) ;
outBuf fer- >Put (sYdcol) ;

outputCount=0;
Ì
)

nl_rrT.i ñêa++ -

done=1;
SBinBits=0;
eÞ ì n - fì .

)
eI se

{
¡jijl-nHl-CS-=U;
symbol =SBin> >SBinBi t s ;
ouLBuf f er- >put ( symbol ) ;

Srt'i n ^= qr¡mìrol < <SBinBi t. s ;
:-:^,,;;:;,;;-uuLPuuLvur¡LT+;

I
)

ifILuç! _us!uv_
cout << "new data: " << symbol << " ";
binaire ( symbol , cout, m) ;

cout << endl;
#endif
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*/
)

#ifdef _debug_
cout << endl;
#endi f

)

int patternl: :giveNbrlines o
{

return nbrlines;
)

woid patternl: :newDaLa ( )

{

)

int patternl: :processSymbols o
t
)

A'.19 depatternl

/ / donal-l-arn1 htt
!r 3-J^t r^*^L!^fn1 hfff!rrus! _us}JdLLs
!r^si-^ r^--r-^fn1 hffus!rlrc _ucl,dLLe

#include "coDec.h"
#include <fstream.h>

^l--- zlòñ-FFôrñ1 . nrrlrliô -ñTìê-ulaÞÞ uç!,qLLc!rrf . lJuvrrv
tt

unsigned intsBin; / / buffer to buifd symbols (Bbits->mbits)

unsigned intsBout;// buffer to build symbols (Bbits->mbits)

int
int

int
int
int
int
int
int
int

int
int
int
1nt

SBinBits ; / /nuròer of bits in the symbol buffer
padBits;

SBoutBits ; / /nwmber of bits in the symbol buffer
i nñrll- l-ô1rñl- .

^rrl-ñlrl_ l-^Ì1ñl- -

I act-l¡lri l-a.

hrtatnRrì11êr.

nbrI,ines;
m¡vNThrT.ì ncq.

l.rr¡f ac'I.aôrrl- ñrìl- -

nì.rrP.r¡l. o qô1ì l- ñì r l- .

ram¡ìninaPi.|-c-

bit sl,astChar;
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int
int
int

width;
height;
charPerLine;

ifstream input;

int feedback, FSRindex, FSRregBit,
maxOutput, CBbits;

rrnqi nncd i nl- ¡Lr¡rP,rrf f cr orrl- ntrÈ qrmlro-l ,

rrnci anorì clrrrl_ amnl-ì-r¡r -

rrnc i anarl ¡Èr¡rf i rcl-'l.i ma.

int done;
int realBits;

// the first line was al-ready read in the construct.or so we are aL
Iine 2

int currenLline, currentchar, currentBit,'

public:
depatternl (char* f ilename) ,'

int processData O ;
int givewidth O ;
int giweHeight O ;
ìnl- nrnaaccQrmhn-l q lì .

void newData O ;
Ì.

#endif

/ / åa¡a|,|, arn]r Õ-tt
#i ncl ude "deoaLternl.h"
#include "debugger.h"
#incl-ude "debug.h"
#incl-ude <val-ues.h>
#include <stdio.h>

depatternl: :depatternl (char* filename) :

SBin(0), sBinBits(0), padBits(0), sBout(0),
SBoutBj-ts (O) , inputCount (0) , outputcount (0) ,

bytesToOutpuL (0),
nbrBytesoutput (0) , remainingBits (0) , last.Wrj-te (1) ,

nì-rrl. i ncq I fl I

maxNbrlines ( O ), v/idth ( 0 ), height ( 0 ), bitsLastChar ( 0 ), charPerLine ( 0 ),
feedback (0) , FSRindex (0) , FSRregBit (0) , maxOutput (0) , CBbits (0) ,

charBuffer (O) , output (0) , symbol (0) , tempChar (0) , firstTime (0) ,

done (0) ,

real-Bits (0) , currentLine (2) , currentChar (0) , currentBit (0)
Ít

char bufferlzs6);
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input. open (filename, ios: : in) ;

if ( t input)
{t

cerr << "Couldn't open file " << filename << endl-;
exi_t (-1) ;

.I

)

input>> buffer >> width >> height;
/ / ^^^^^^ 'he cari:cc rPtrrrn/ / I,aÞÞcÞ Lrrç uarraYe !sLur

-i nnrr1- aol- / \ -
'Jee\/ 

'

cout << v¡idth << "x" << height << endl;

charPerline=width/B+ (lvidthzB ! =0) ;

// nuu,ber of bits in the l-ast character. If the number of bits are
mrrll_inlo nf R

/ / Lhere are B bits not zero in the last char
bi-t sLastChar=wi dth?; B ;

if (bitsl,astChar==0)
bi-tsl,astChar=B;

/ / aa!. ri rl nf l-l-ro l-nn l'i naIT
innrrÈ road ll-rrrf far ¡h:rÞarT.-ina)

/ /for (int i=0;icheight;i++)

// input.read(buffer,charPerline) ;

// for (int j=0;jccharPerline;j++)
/ / for ( int k=O ; k<8; k++)
// tI' L

// if ((bufferljlc(oxa0>>k))!=0)
// coLtL << "*";
/ / else
// cout << " ";
// 'l
tt )

/ / cout << endl-;

)

i nt denaf f ern'l - -processData ( )

{
char c=0;

if ( loutBuffer)
I
t

cerr << "Pl-ease assign me with some output

return -1;
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i

if ( currentline==height && SBinBits==0 )

Ít
ouE.ijurrer- >setrE;u¡ (,l ;

return 1;
)

while ( (outBuffer->testwriteO) && (currentlinel=height ll
sBinBitsl=0))

{
while ( SBinBits<B && currentline!=height)
t

c= (char) input. get O ;
currentChar++,'
if (currentChar==1)
t

t t-^' ^ -r r ^f the border/ /9eeÐ rlu vr

sBin= (sBin<<7) + (c&0x7F) ;

SBinBits+=7;
ÌI
else if (currentChar==charPerline)
t' // outputs the bits in the l-ast character of the line

rnÁ nal-e rirl

/ / of f hc hor:dertl

SBin= (SBin<< (bitslastChar-1) ) + (c>> (9-bitsl,astChar) ) ;
5Hl-nIJatS+=Ð1 C SLASCUnaT- 1,'
currentChar=0,'
currenLLine++;
if (currentLine==height)

input. close O ;
I
I

el se
tt

SBin= (SBin<<B ) +c;
SBinBi-ts+=B;

)
l
)

/ / the only time this happens is if the end of pattern is
reached

if (SBinBits<8)
{

c= (char) (sBin<< (B_sBinBits) ) ;
outBuffer->puL (c) ;

SBinBits=0;
done= 1 ;

Ì
)

el-se
tt
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c= (char) (sBin>> (sBinBits-B) ) ;

outBuffer->put (c) ;

SBinBits-=B;

'I
)

'l{-i f¡laf ¡lo}rrr¡
f¡!ug!

couL << endl-;
#endi f
if ( currentline==height && SBinBiLs==0 )

outBuffer->setEOF O ;
rol-rrrn 1.

)

int depatternl : : givewidth o
{

return width;
i

.i nt- rlona't- 't- êrn'l . oi r¡cHai Õhl- I )II¡u uc}/au .:J-"

{
return height;

)

r¡ni rì denaf tern'l : : newData ovvfs gvyq

t
i

int depatternl : :ProcesssYùols ( )

{

)

4.20 demodulator

Si fnrìaf demndtr'l ator hr¿!¡¡uç!

#define -demodulator 
fi

int demodufaLor (fIlU* input, FILE* output,int pixelsize,int threshofd);

#endif // _demodulator-h

#include <iostream.h>
#include <stdio.h>
#incfude <fstream.h>

.It i f rìo f cnl ll snl uSfr!sç!

- 4105 -



Valid. Syst. for Printed Docs AppendixA:SourceCode

êvl- êrn 'f-' t

#endif

#incl-ude <pgm.h>
#include <pbm.h>

#i fdef enl usnl us
l
)

Ëênñl 1

int demodulator (FILE* input, FÍLE* output,int pixelsize,int Lhreshold)
{

,,'.^.i ^*^i 
.i *lunslgnecl rncmaxgray;

int format;

if (pixelsize<=0 | | pixelsize>=10)
{

cerr << "Pixel size should be between 1 and 10, now iL is "
<< pixelSize << endl;

exit(-3);
Ì

bit **image;
int rov,Is=O, cols=O,'
int outRows=O, outcols=O,'
char SBout=O;
gray *pixelRows [pixelSize] , *outRow;
unsigned long intavg=O;

pgm_readpgminit (input, &co1s, &rows, &maxgray, &format) ;

if (rows==0 ll cols==O)
{

cerr << "Couldn't read image file" << endl;
exit(-4);

]

for (int i=0;icpixelSize;i++)
n-i va] r)nr.rc f i I - ^-- =1'l n¡rnr.r lcols) ;

outRows =rows /pixeI S ize ;

outCol- s=co1 s /pixe1 Size ;

pgm_wr j-tepgminit (output, ouLcol-s, outRows, maxgray, 0 ) ;
outRow=pgm_al l- ocrow ( outCof s ) ;

int
int
int

rowlndex=0, colf ndex=0 ,'

ni va'l /-nrrnf--ñ.
¡/r^9¿vvg:¡u_v,

horizOf f set, vertOf f set ;

char l-ocalThresh=3;
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for (rowlndex=0; rowfndex<outRows; rowlndex++)
{

for (horizoffset=o ;horizoff setcpixelsi-ze ;horizoff set++)

pgm_readpgmrow ( input, pixelRows lhori zof f set], cols, maxgray, f ormat ) ;
f or (col-Index=0 ; collndexcoutCol-s ,'collndex++ )

{
l-ocalThresh=3;
--?^-n.avY-v t

for
(horizOffset=colIndex*pixelS ize;inorizOffsetccollndex*pixelsize+pixelSj-z
e,'

horizOffset++ )

for (vertOffset=0,'vertOffsetcpixelsize ;vertOffset++)
t(

avg+=pr-xelRows lvertOf f set] lhorizOf f set] ;

if (pixelRows [vertOffset] [horizoffset] <50)
localThresh=1;

if (pixetRows [vertOffset] [horizoffset] >200)
localThresh=0;

)
avg=avg / (pixe]Si ze*PixelSi ze ) ;
if (thresho]d < 0)

outRow Icoltndex] = (graY) avg;
else if (avg>threshoJ-d | | focal-Thresh==0)

outRow IcolIndex] =255 ;

else if (avg<=threshold | | IocalThresh==1)
outRow Ico1Index] =0;

)
pgm-writepgmrow (output, outRow, outCols, maxgray, 0 ),'

I

rol-rrrn O -

)

^.21, 
noisify

tì fndef noi si fw hÍ¿!¡¡sv!

Ir^¡]-^ -^ 
j ^.: €.. hftug!¡rrç _rtvrÞ¿!y_

int noisifyPbm(FILE* input,FILE* output, float gaussDev);
.¡ni j ¡ni ci fr¡ lf I ^rf f r¡f nrl .vulu r¡uf Þf !J \!¿uqu !q9uv! / ,

double gauss (void);

#endif / / _noísífY_h

#include <stdlib.h>
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#incl-ude <stdio. h>
#include <string.h>
#include <time.h>
#include <iostream.h>
#incl-ude "noisify. h"
!j-^r..r^ \--^J^,-.h/ffrr¡Lruug :jqÞusv

#i fdef col usol us
-"r 

t *'r _

extern "C" {
#endif

#incfude <pgm.h>
#include <pbm.h>

^*'''^^'usfrrlus! _sl/ruÐ¡/f

)
#endif

i nl- nni qi f r¡Þhm I frTT.R* 'i nnrrf trTT,R* Õ1rl-nìlt f 1 ^-- -^-'^^n^--\-------1r!ilr\! r!ú r¿rI,uu ---r*-, -fu4L YduÞÞugv,/

{
rrnci anad i ¡l-m¡var¡r¡.

int f ormaL,'
int rows=O, cols=O,'
gray *ínRow, *outRow;

pgm_readpgminit (input, &cols, &rows, &maxgray, &format) ;

if (rows==0 ll col-s==0)
{

cerr << "Coul-dn't read image f il-e" << endl;
exit ( -4) ;

]t

inRow= pgm_allocrow (cols) ;

pgm_writ.epgminit (output, cols, rows, maxgray, 0 ) ;
outRow=p9m_allocrow ( col-s ) ;

int
int
int

rowlndex=0, co1 Index=0 ;
nivall-nrrnl--fì.

l- amnÞi vo'l -

for (rowlndex=0; rowÏndex<rows,' ro\^/Index++)
{

pgm_readpgmrow (input, inRow, co1s, maxgray, format ) ;
f or ( col- Index= 0 ; col- Index< col- s ; col f ndex+ + )

i

tempPixel= (int) inRow IcolIndex] + (int) (gaussDev*gauss O *tzl) ;

if (tempPixel<0)
outRow Ico]lndexl =0,'

else if (tempPlxel>maxgray)
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outRow Ico1 Index] =maxgraY ;

e1 se
outRow IcolIndex] = (gray) tempPixel;

)
pgm_wriLepgmrow (output, outRow, cols, maxgray, 0 ) ;

)

return 0;

't
J

r¡oi rì nni si fr¡ I f 'l oat f actor)
tt

rrnc i anarl -ha1' *SfC ¡OW, *dest ¡.O\,/,'

unsigned char *src, *dest, *dest_data;
unsigned intnexLlndex=0 ;

int noise, i=0,'
int count [1000] ;

initseed ( ) ;

for (i=o; i<rooo; i++)
counL Ii] =0;

noise = 0;

for (i=0; i<1000000; i++)
{

/ /prínLf ( "åd\n" , (int) (gauss O *L27) ) ;
/ /prín:uf ("%1f ",gauss O ) ;
nextlndex=S00+ (int) (factor*gauss ( ) *I27) ;

/ /nexLrndex=s00+ (int) (factor*gasdev ( ) *t2l) ;

if (nextlndex>=0 && nextfndex<l000)
count [nextlndex] ++,'

)
/ l^-:^r€ /r\\ñr\

/ / I-/LLL'LL \ \I¡ / ,

for (i=0;i<1000;i++)
l_r ( a==5UU,l

printf ('?d\t3d\fl" , í- 500, count líl /2) ;

el- se
printf ("?d\t.?;d\n" ,i-500,count til );

noise = (int) (nvals.noise [0] * gauss O * 1'27) ;

^ - c¡¡ il-.ì - nni, ---*se;
if (p . o)

P = 0''
el-se if (p > 255 )

p -- 255;
dest [b] = p;
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* Return a Gaussian (aka normal) random wariabfe.

* Arl:nf ed from nnmf ^rñê î r¿hich is nart of PBMPLUS.õuqì/çes v!Yu. v,

* 't-hê :l anri Èhm comes f rom:
*'The Science of Fractal Images'. Peitgen, H.-o., and Saupe, D. eds.
* Springer Verlag, New York, 1988.

double gauss (void)
tt

''i nf i

double sum = 0.0;

for (i = 0; i < 4; i++)
sum += fând o & ox7FFF;

return sum * 5.2859608983'7e-5 - 3-464101'61514;
l
)

^.22 
binTolmg

I I hlnt^Iñô n
ll

#ifndef _binToImg_h
#define binTolmg_h

#include "coDec.h"

cl-ass binTolmg: public coDec

unsigned int* generator,'//indexes of generator polynomial for the
code

"--.i^-^,r ì^ts* svstematic: / / ^---- ^-^!r^ ^.-bOlS buffer.(lll!tagtleU lllL ÐÌ ouu'¡¡qLrv r t | ÞyÞueltldurç ÞyLru
,,--.: ^-^Ä -: *f * F'qR . / /f cccll-ta¡-1- -Lr tÈ *^-i ^*?fS fOf I.edundant bitsulllillJtleu f IIL Lvt\t / / !elu¡Jsv^ Þr¡r!L !sy¡ÞLc

rrnc'innad i¡r. SRi n, / / 
'ttf 

fer t- Õ ì'¡ri ld svmtrol S (BbitS->mbitS)UIIÞI9IISU LILW ¿DLL! | I I Lv vurru

int. SBinBits;//number of bits in the symbol buffer
'i nt- n¡rlÞi I. c .
rrlu ygg!¡99,

unsigned int SBout ¡ / / buffer to buil-d symbols (8bits->mbits)
int. SBoutBits; //nunber of bits in the syrrùcol buffer
int inputCount;
int outputcount;
int f astWrite,'
int bitslnBuffer;
int nbr],ines;

int bytesTooutput.,'
ì nl. nl_rrPr¡l- êcñììtñ----*--ut;
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int remainingBits;

int feedback, FSRindex, FSRregBlt '
maxOutPuL, CBbits;

unsigned intcharBuffer , output, symbol;
unsigned chartemPChar ;

int realBits;

publ- ic :

binTotmg (inL nbrCof ) ,'

int processData O ;

int giveNbrlines O ;

int processSYmbols O ;

void newData O ;

);

#endif

/ / bínlotmg.cc
#incfude "binToImg.h"
#incl-ude "debugger. h"
#include "debug.h"

binTolmg: :bi-nToImg (int nbrCols) : generator (0) ,

syscematic (O) , FSR (0) , sein (0) , SBinBits (0) , padBits (0) ,

SBout (0) ,

SBoutBits(0),inputCount(0),outputCount(0)'
bytesToOutpuL (0) ,

nbrBytesoutput(0),remainingeits(0)'lastwrite(1)'
nbrlines (0) ,

feedback(O),FSRindex(0), FSRregBit (0), maxoutput (0)'CBbits (0)'
charBuffer (0) ,

output (0), symbol- (0) , tempChar(0) , realBits (0)

{
int nbrBits;

bytesTooutput=nbrcols/B ; / / deLermine the nuniber of bytes that the
remainingBits=nbrCols?;B ; / / col-s fits in

)

i nt Ìr'i n'FoTmc . 'rìroceSS¡ata ( )!L¡¡J ' 'r!

{

if (linBuffer ll IoutBuffer)
{

cerr<<'.P]-easeassignmewithsomeinputandoutput''

return -1;
)
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.ìâtâTnr)ut Process:
eof=inBuf fer- >atEOF ( ) ;

if ( eof cc (realBits<=0) )

{
outBuffer->setEoF ( ) ;
return 1;

)

whil-e ( (outBuffer->testwriteO) &&
( inBuffer->testReadO | | (eof=inBuffer-

>arEoFo) ) )

t
if ( (SBineits<B && outputcountl=bytesTooutpuL) | |

( SBinBi t s <remainingBit s
¡rrÈnrrÈl-nrrnt- --l.rr¡l- aq'l-nôrrl- nrtf ) )uuLPuLvuur¡L--!Ì uea f vvuLyse /

{

/ / padBits flags when the system started padding the
information

/ i (when there is not enough info to fill info bÌock so 0

pad)
if (eof)

SBin= (SBin<<B) +0x0;
else
{

i nÞrrf f ar- -aat. I t. amnf-h¡rl

SBin= (SBin<<B ) +tempChar ;

realBits+=B ;

i
SBinBits+=8;

)

if (SBinBits>=B | | (SBinBiLs>=remainingBits &&

^r,Èñrrts ¡.ì^1rnt- __l-rr¡f ^ ^T^^,,f ¡rrts \ ìuuLPuLuuurlL--!y LsÞruvuLIJuL,/ I

{

/ / extract s)¡mbol from symbol buffer (SBin) :

if ( outputCount==bytesToOutput )

{
if (remainingBits ! =0)
{

SBinBits - =remainingBits ;

realBits - =remainingBi ts ;

symbol=SBin> >SBinBits ;

SBin^ =synrbol <<SBinBit s ;
symbol=syarJcol- < < ( B - remainingBits ) ;

/ /ou:Buffer->put ( (unsigned char) (symbolaOxff) );
outBuf f er- >Put ( sYmbol ) ;

)
outputCount=0;
nbrlines++;
if (eof e&realBi-ts<=o)

&&
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break;
)
el- se

{
SBinBits-=B;
realBits-=B;
symbol=SBin> >SBinBi ts ;

outBuf f er- >put ( symbol ) ;
SBin^=slnnbol < <SBinBit s ;
outputCounL++;

)

#ifdef 
-debug-cout. << "ne$t data: " << symbol << " ";

binaire (symbol, cout, m) ;

cout << endl;
#endif

)

)

ouLput the content of the Feedback Shift Register

#ifdef _debug_
cout << endl;
#endi f

)

; -F r--i nTnrm¡ . .^ j veNbrf,ineS o
{

return nbrlines;
)

void binTolmg: : newData ( )

{

)

ì nts Ì-ri ñrl.^Tmñ . . nr^õêcaarmì-rn'ì q I ì¿LrrJ ' '

{

i

A.23 rand test

/ / ranrT I aql. htt

#ifndef -rand 
test-h

#define rand test h

¡lnrrl-rlê y<ñ tô ql_d.lê\¡ldnrrl-rlê xqcr rìnrrhlc k dortl^rla n ìnl- *ânl.)r(-)x)uuulrs ^ÐY_LU_Ðuuugv \uuulrs ^rY
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r_! -*r_È.rì_j*_ (double f) ;f rlL I,! f lrLzurYr LÐ

".^.i ^ ^ì ¡a¡acts i - /dnrrhl ê xscr. double k, doubf e n) ;vulu ufaYffvÐLru \uvq!¿e ^rYr

#endi f

/ / rznrl f êci- -.//
#inctudã <stdio.h>
#include <iostream.h>
#include <st.dÌib. h>
#include <Lime.h>
#include "ran4 . h"
uj*-r--r^ s--^l^-?.h/l+allul uuc 9dùus v

flin¡lrrrìa rnT,eh l¡trfrerqsu

#incl-ude <values . h>
#incl-ude <math. h>
#include "rand_test.h"

#define NBRIT 700000
#def ine LoG2PIl .83'78't't /* 1og (2*pi) * /
#def ine min (x,y) ( ( (x) . (y) ) ? (x) , (y) )

#def ine max (x,y) ( ( (x) > (y) ) ? (x) : (y) )

/* Ewaluate an X-squared variate xsq (for n items placed in k bins,
* with al-l- bins equi-probable), returning the number of standard

* deviati-ons the equivalenL normal deviate differs from its
ovnanj_:l-ìnn

* That is, if this function returns -2-326, the xsq vafue is at the
* p=0.01 point of its distribution.

* The value of *approx is set to 1 if the cal-culated stddev has more

than
* 10% relative error-

* See Thomborson,s SODA'93 submission for an explanation of Lhis code.

rlnrrl-rl Ê ys.r to stddev (doubf e xsq, double k, double n, int *approx)
It

double stddev, v, r"¡sq, w, a, keff , twologp, u,'

xsq = xsq + k/n; /* apply a "continuity correction" * /
w = k-1.0; /* degrees of freedom in Chi-squared approximation */
/* wallace's approximation */
wsq = xsq - v - w*Iog(xsq/w);
if (wsq<0. o) wsq=0. o - /* avoid sqrt ( -0.0) , as a result of round-off

errors */
w = sgrt (wsq) ;

a = sgrt (2.0/v) /3.o;
if (xsq <= v¡ { /* 1o*"r tail: use wall-ace's approx */

stddev = -w+a;
) else { /* upper tait: min(multinomial approx, Wallace's approx) */
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keff = k/ (t.O+xsq,/n) * (1-0 - exp(-(xsq+n) /k));
twologp = (Z.O*n - 1.0 - 2.O*keff) * log(k/keff) - 2.O*keff + LOG2PI;

/* if twologp is smalf, make it huge (so it won't affect the output)

if (twologp < 2.83) twologp = 1000.0;
/* a¡nvcrt 2*1naln) fô lannrov ) rnranfiIe of normal distribution "/fv:J \ì,/ \q}Jyrvrr. /

u = sgrt(twologp - log(twologp - LOG2PI) - LOG2PI) ;

stddev = min(u,w+a);
Ì
)

if (fabs (stddew) > n/sqrt (2.0*v) ) {
*aPprox = 1;

i else {
*aPProx = 0;

l
J

return (stddev) ;
Ì
)

/* print a low-precision fl-oat, using "?;f" format where possible.
* Uses "?f" format if this woul-d print at most 3 significant digits;
* otherwise uses "e" .29" . Always prints at l-east 2 signif i-cant digits,
* never nri nt.s more than 3 .

inr- nr;nr?â.iõi fq (double f )

I
t

double a;
a = fabs(f);
if (a > 1000.0)

printf ("*#.29" , f) ;

el-se if (a > 10.0)
printf ( "å.0f" , f) ;

el-se if (a > 1.0)
printf ( "å.1f" , f) ;

else if (a > 0.1)
nrintf ("2.2f" , f) ;

el-se if (a > 0,01)
printf ( "?.3f" , f) ;

ef se
printf ("2#.29" , f) ;

l
)

void
diagnostic (double xsq, double k, double n)
It

double stddew;/* temp for calculating # of std devations */
int i; /* Ioop counter */
int robust,- /* true if we can do a 2-tailed test with p < re-6 "/
int accurate; /* true if the stddev estimate is accurate */
double nrobust,ngiveup; /* min n to giwe (robust,adequate) test

results */
double smaÌ1xsq; /* temp for nrobust and ngiveup cal-cul-ations * /
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/* There are two tests for smal-l- n- The less restrictive test, below,
* checks whether the computed, continuity-corrected xsq value
* could ever fall below the 5? point on the Chi-squared distribution.
* fn all cases, if there is a xsg ouLcome below the 52; point, Lhere
* are (many) above the 95? point, so a two-sided test is reasonabl-y
* accurate.

* The smallest xsq value is (n mod k) (k - (n mod k))/n. For the case
* of n > k, a monotone enwelope is
* smallestxsql = k^2/ (4*n)
* For Lhe case of n <= k, the smaflest xsq value is just
* smallestxsq2=k-n
* We thus use max(smallestxsql, smalJ-estxsq2)
* smallxsq = max (k-n, k*k/ (4*max (n, k) ) )

* as a monoLone enwelope for this function.

* My "ngiveup" cafculation ewaluates smallxsq for n
(3*sqrt(k))*(1.1)^i,

* for i=0,1,,.. unLil the resul-ting xsq_to_stddew walue falls bel-ow -
l_ .645 -

* The factor of 1.1 implies that we'11 owershooL the small-est possible
* value of ngiveup by at most 102. (Alternativel!, we could

synbolically
* invert the calculations in the xsq_to_stddevO function, perhaps
* :nnroxi m:t i -^ .i - ¡^--- ^€ - This wOUld take a l-Ot*rr,----...---ng l-n terms or a power serles.
* of my time: I'd rather let your cPU do a bit of extra work when
* evaluating ngÍveup.)

* For targe k, ngiweup is 3*sqrt(k). For very smaII k, ngiveup
* is moderately large:'725 at k=2, 51 at k=3, 24 at k=4, 17 at k=5,
* 13 at k=6, 11 aL k = 10, then rising with 3*sqrt(k) for k>10.

nair¡orrn - ¡ai'l l? l'ì*cnrl. lì.) )

IIOr (l-=U; a<5UU,' 1++, t
smallxsq = max(k-ngiveup, k*k/ (4*max(ngiveup,k) ) ) ;
if (xsq_to_stddev(smallxsq,k,ngiveup, &accurate) < -I -645) break;
ngiveup = ceil (ngiveup*r.1) ;

I
)

/* M,¡ nrnl-rrrsi- calcuf ation is similar to the ngiveup calculation,
I ..f

* except that. the cutoff probability is 0.5*10^{-e}, i.e. the
* stddev value must fall below -4.892. This all-ows an xsq value
* to be rejected at the 1-in-a-million ]eveI.

* is 60; for k = 10, nrobust is 182; fot k == 5, nrobusL is about
* 5600; for k == 3, nrobust is approximately 1-O^'7; for k -= 2,
* nrobust is about 3*10^{f:i. For k >= 50, nrobust < k.
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* perhaps I should use only a l-tail-ed test on xsq for k<4,
* since a 2-taifed test with small- failure probability requires
* an ttunreasonably-J-arge" amount of data'

* The statistician's "rule of thurnb" for chi-squared testing
* is n >= 5*k, whj-ch is much larger than my nrobust for large k,
* and much smaller than my ngiweup for small k. T have found
* no reason ro trest for n >= 5*k, Indeed, Kendafl and Stuart
* (VoI 2, 2nd ed, p. 440) say there is '.No general theoretica]
* basis for this rule-"

nrobust = ceil- (2.0*sqrt (k) ) ;

for (i=0; i<500; i++) t
smaIJ-xsq = mâX (k-nrobust, k*k/ ( *max (nrobust 

' 
k) ) ) ;

if (xsq-to-stddew(smallxsq,k,nrobust' &accurate) < -4'892) break;
nrobust = ceif (nrobust*1.1) ;

)

/* quit if samPle is too sma11 */
if (ncngiveup) t

printf(" This test requires ");
pri-nt2digi¡s (ngiveuP) ;

printf ( " or more random generates ' \n" ) ;
return;

)

if (ncnrobust) {
printf ( " Note: aL least ") ;

print.2digits (nrobust ) ;
printf ( " random generates are
nrintf l "r--__-- I for a two-tai-led

);

ChiSquareDistributionchiSquare (k- 1 ) ;
printf("\LX^2=");
*- i ¡f 1.li ^-i t- c lvca) ;Ir! f ¡¡u¿g+J

printf ("\n\toeg Freedom=? - 0f", k-1) ;

printf ( "\n\tprobability of happening=" ¡ -

double percent=100*chisquare.distributionFunction-At (&xsq) ;

1t (percentr>5ui
percent=100 -Percenc ;

print2digits (percent ) ;
printf("??\n");

main (ì-nt argc, char* * argv)
{

needed\n" ) ;
Lest wj-th confidence p > 1-1-0e-6\n");

I nna -i nf counter=1;
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unsigned long resuf t,.
f l-oat result2;
double count [3] ;

/ /ChiSquareDist ribut ionchis quare2 (2) ;

double countup8 IBJ ;

//ChiSquareDi st ribut ionchiSquareT ( 7 ) ;

double equid [1<<10] ;
double pairs [16] [16] ;
int prev;
double xsq;
int i,),
double m= (double)i'.{ÀXLoNG+1;
long n=NBRIT;
double freq;

/ /Printf ("?x ?1f\n",m,m) ;

count [0] =0;
count t1l =0-
count l2l =0 .

for (i=0;1<B;i++)
countup8 [i] =O;

for (i=0;i<(1<<10) ;i++)
equid Ii] =0;

for (i=0;i<16;i++)
for (j=o;j<16;j++)

pairstil tjl=o;
long int randSeed;
l. i mc l.Lr¡ndQoa¿l ì .

result =randSeed;
/ / randseed=0x3 B 9 B9Obb ;
qrân4 lr¡ndQoarì\ .

\!lé¡¡gv9vg/,

srand4B (randSeedr;
printf ( "seed: åx\n", randSeed) ;

int t.mp;
whil-e (counter< (NBRIT+1) )

{

/ /srand (result) ;

/ / res.ul-t=rand ( ) ;
result=1ran4 ( ) ;
/ /resul-t=lrand4B O ;
counE.er++;
count [resu]-t?;31++;
/,/countup8 [result> >29f ++ ;
countupB [ (resu]t>>28) &71 ++;
equid [ (resuÌt>>21) &0x3f f I ++ ;
if (counter?2)

pairs Iprev] [ (result>>26) &Oxff] ;

/ /pairs [1] [2] ++;
e1 se

Prev= (resul-t>>26) e'xff ;
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)
xsq=0 '
/ "freq = n* (ceil (m/3 .) ) /m;
xsq = ( (count [0] -freq) * (count Io] -freq) ) /freq;
nrintf l"*lf 21 + 9'lf\n,' frø¡ xsc.r-orlnt[0]):ylr¡rL! \ u¿! of ! \rr ,'r¿\¿Jl

f req = n* (ceil (2.*m/3. ) )/m - f req,'
xse += ( (count Ir] -freq) * (count [1] -freq) ) /freq;
nrint- f l"2lf *1 f *lf\n,..freo --^- ^^..-ÈÍ1r\ -

f _--:f 
^ÞV' 

çUurlw LLJ I I

f req = n-n* (ceil (2.*m/3 .) ) /n;
xsq += ( (count [z] -freq) * (count Iz] -freq) ) /freq;
nrinf f l"*lf 21 f ?lf\n"-freo-xscr-cclÌìntl21 \:*/ylfrrç! \ or! e¿! \¿¡ ,¿'vat

/ /inlernret vcñlerrmf c¡ ? n dn) ;\ v9¡¡¡!vY,

freq= ( (double) n) *1/3;
for (i=0;i<3;i++)

xsq+= ( (count Ii] -freq) * (count Ii] -freg) ) / (freq) ;

orintf ("Test mod 3:\n") ;

diagnostic (xsq ,3 ,n) ;

xsg=0 -

for (i=0; icB; i++)
t

/ /printf ('?;.01f ", countup8 [i] ) ;
xsq+= (countup8 [i] -NBRTT /B) * (countup8 [i] -NBRIT/B) / (Nenlr/B) ;

)
nrinLf ("\nTest. 3 MSB:\n");v* *__-_

diagnostic (xsq, B, n) ,'

nrinf f ("\nEorrìdistribut'i on of the 10 MSB\n");\ \¡¡!\as+\¡

for (i=0; i< (1<<10) ; i++)
{

/ /prinuf ( "%.01f ", equid IiJ ) ;
xsq+- (equid Ii] -NBRIT / (t<.to) ) * (equid Ii] -NBRIT,/ (t<<ro) ) / (l¡enrr/

(1<<10) );
)
diagnostic (xsq, 1<<10, n) ;

f or (i=0; i<16,'i++)
for (j=0; j <t6; j ++)

{
printf("å.01f ",pairs til ijl );
xsq+= (equid Ii] -Nenrr / (t..10 ) ) * (eguid Ii] -NBRTT / (r.<ro) ) /

/-rññ-ñ / / -(NJJK]r/ \r<<rv) ) i
]t

diagnostic ( .087 ,2.O,n) ;

Ì

A.24 treatXsqFile

/ / /hnme/adeni s/Thesi s/source/tre:tXsnF'i le main. ccI I / ¡¡vLr'e/ que¡rrs/ rvs! vv/

- Al19 -



Valid. Syst. for Printed Docs AppendixA:SourceCode

#include <plab.h>
#include <iostream.h>
#include <stdio.h>
#include <fstream.h>
#include <math,h>

#define MAX SIZE 1024

main(int argc, char** argw)
{

if (argc ! =5)
{

cerr << "Usage
output_filename degree_freedom" << endl;

exit (-1);
i

ifstreamhead (argv [1] , ios: : in) ;
ifstreamdata (argw [2] , ios: : in) ;
af ntsv¿rmarrtsñìrÈ /-rarz [?] i ¡c. .nrrt I .u!ÞLIsolrtuuLPuL \q!:Jv LJJ, rvo. .vuu/,

cnar .oulIer LtvrAÀ_si1-z!;J ;
float xsq, percent;
float firsL, last;
rrnc i anarì i n1- nrrml.ror-(Ç ÄôñFrôô.

¡-^--€ I---,,f 
^1 

tyiil ,ç.rfaaFraa\ -ÞÞuarr! \a!yv L:J , or , uuçyr'!çç/ ,

'if I l.ìãt- 
^ 

ll llra=d ll tarrl_nrrt. ltt tl
tt

cerr << "Couldn't open file one of the files" << endl,'
exit (-2) ;

I
)

/ /data.getline (buf fer,lt4AX SIZE) ;

head >> first >> last >> numlcer,-
1f (number>100)

number=100,.

cout << first <<

float binSize= (fast-first) / (number-2) ;

int í;

cout << "bin size=" << binSize << endl ,-

/ /for (i=0; icnumber; i++)
/ / aottr ¿¿ f i r9lçirrþinSize <<//
/ /¡¡ttt--- anr71 .
/ / vvuu\\

f l-oat yXsq [number] , essai=0;
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int counter,.

for (int i=0,-icnumber;i++)
yXsq IiJ =0;

do
{

data. getline (buf f er, MÄ.X_SIZE) ;

if (data.eofO || daLa.badO)
break;

//cout<< buffer << endl;
sscanf (buf fer, " eof", &xsq) ;

f/cerr<< xsq << endl;
//couL<< "Data: " << xsq <<

//couL<< "Before inL: " << fl-oor((xsq-first) /binsize) << endl ,.

yXse [ (int) floor ( (xsq-first) /binSize) ] ++;
/ / cout<< "yxsq [ " << counter << "] =" << xsg << endl ,-

i while (1);

Ch'i Snr r ¡ rcn i S t ri_but iOndi S t rih f d eoF'ree )\ueYr !sç/ ,

double position;

for (i=1 ;i<number;i++)
yXsq IiJ +=yxsq li-r3 t

for (i=0;i<number; i++)
{

output<< (position=f i-rst+i *binSize )

<< yxsq [i] /yxsq lnumber-1]
<< distrib. distributionFunct ionAt ( eposition)
< < endl ,-

]

data. cl-ear O ;
data. close O ;
head. close O ;
output.cl_oseO;

i

4.25 scannersimulator

#ifndef _scannerSimulator_h
#define scannerSimulator h

int scannerSimu1aLor(FILE* input,FILE* output,float Xoff ,float yoff) ;

#endif / / _scannerSimulator_h

#include <iostream.h>
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#include <stdio.h>

#ifdef _cplusPlus
extern "C" {

#endif

#incfude <pgm.h>
#include <pbm.h>

t'i f rìef cnl n snl usr+!sç!

)
#endif

int scannerSimulator (FILE* input, FTLE* output, floaL Xoff, float Yoff )

t
unsigned intmaxgraY;
int format;
int rows=O, cols=O;
graY *inRow [2] , *outRowl2l ;

float convof [9] ;

int i,f ¡

int one, two;

if (xoff>1. of | | Yoff>1.0f)
t

cerr << "one of the offsetd is greater than 1 pfease try
again." << endl;

exit (-1) ;

i

pgm-readpgminit (ínput, &co1s, &rows, &maxgray, &format) ;

if (rows==0 ll cols==0)
{

cerr << "Couldn'L read image file" << endl;
exit (-4) ;

)
inRow [0] = pgm-al-locrow (co1s+2 ) ;
inRowIfì = pgm-aIlocrow(cols+2) ;

for (i=0; iccols+2; i++)
inRow t0l til =255;

l-nKow Ll-l Lul =z5r ì
j-nRow [1] [cols+1] =255 ;

pgm-writepgminit (output, cols*2+1, rows*2+1, maxgray, 0 ),'
outRow [0] =pgm_all-ocrow (cols*2+1 ) ;

outRow [1] =pgm-allocrow ( col-s*2+1 ) ;

convol tol = ( 1-xoff ) * ( 1-Yoff ) ;
convol [1] =1-Yoff;
convol [2] =Xoff* (1-Yoff) ;

- A\22 -



Valid. Syst. for Printed Docs AppendixA:SourceCode

conwol- [3] =1-Xof f ;

convol- [a] =1;
convol [5] =Xoff;
convol t6l = (1-Xoff) *Yoff;
convol [7] =Yoff;
convol Ig] =xoff*Yoff;

int
int
int

Èr.rn-l .

rowlndex=0, collndex=0 ;

pixelCount=0;
t-amnÞi vo l l-omnTndev :LsLL'¡/r

for (rowlndex=0; rowlndexcrows+1; rowlndex++)
{

if (rowlndex==rows)
for (i=0; iccols+2; i++)

inRowltwol Ii] =255;
else

pgm_readpgmrow(input, &(inRowItwoJ [1] ) ,col-s,maxgray, format) ;

for (colfndex=O ; colfndex<cofs+1 ; colfndex++)
{

outRo\n/ [0] [colIndex*2] = (gray) (convol- l7l *inRow [one] [colIndex] +

convol [1] *inRow Itwo] [colIndex] ) ;

outRow [0] [colÏndex*2+1] = (gray) (convol- [B] *inRow lone] lcolIndex] +

convol [6] *inRow [one] [cotlndex+1] +

convol [2] *inRow Itwo] lcolIndex] +

convol [0] *inRow Itwo] [co]-Index+11 ) ;

ouLRovr [1] lcolIndex*2] = (gray) (convol [4] *inRow [two] [collndex] ) ;

ouLRow l1l IcolÏndex*2+1] = (gray) (convol [5] *inRow Itwo] [colIndex] +

convol [3] *inRowItwo] [cof]ndex+11 ) ;

)
pgm-writ.epgmrow (ouLput, ouLRow [0] +1, 2*cols+1, maxgray, 0 ) ;

if (rowlndexl=rows)
pgm-writepgmrovù (output, outRow [1] +1, 2*cols+1, maxgray, 0),'

temPlndex=on€ i
One=tr\^rO,-
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i_ wo=t cmnTnrìcv -

't
)

return 0;
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Apppl,{DIX ts

Farrnnxs

The following are the patterns using the concatenated code with symbol interleaver of the

size of the pattern, a random interleaver, the convolutional code with contraint length l8

and the RS code with parameters indicated on top of each pattern.
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6-l 6-2

6-3 6-4
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6-s 6-6
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