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EVALUATION

The purpose of this effort is to design, fabricate and
evdluate an engineering development (6.4) model utilizing computer-
generated (synthetic) holography for mass data storage on microfiche.

• The Human Read — Machine Read (HR M R) Microfilm Mass Memory
System is an on—line information storage and retrieval system for
machine readable dig ital data files and human readable microlmages.
System operation has demonstrated the benefits of holography to
information storage applications.

The most significant achievement of this program was the develop-
ment of near real—time optical recording and playback techniques for
storage of 30 million bits of user data on standard microfiche. In
addition, advanced high—speed laser scanning and fast Fourier transform
electronics were developed to circumvent the traditional constraints
associated wi th interferometric holography .

Through the selection of commercial ADP equipment (PDP 11/45
minicomputer), the HRMR system can be easily interfaced wi th the
AN/GYQ—2l (V) Intelligence Analyst Station for either stand—alone
operation or via digital communication networks (i.e. ARPA,
Autodin and W ICS).

This technology wi ll have an important impact on improving the
productIon and utility of intelligence reports disseminated throughout
the DOD intelligence community. This effort was conducted under RADC
Technical Planning Objective R1E — Integrated Intelligence Systems.

#6ML~~~tM~~ ±3~
)

• FRED HARITATO S
Project Engineer
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I. INTRODUCTION

1. 1 Back ground

The Human Readable/Machine Readable Micrfilm Mass

Memory System (HRMR) was developed as an engineering development

model under contract F30602-74-C-0 152 for the Rome Air Developme~it
Center , Griffiss Air Force Base , N. Y. The system is designed to

- 

- 

record , via laser , both human readable microimages and machine
readable binary data on nominal 105mm by 148mm film chips. Each
film chip provides the storage capacity for up to 98 human readable

microimages or 30 x io 6 binary bits . The HRMR System provides fully
automated film handling including: extraction of film chips from the

supply magazine, X-Y transport  past the record sta tion , transport to ,
through and from the on-line film processor , and X-Y transport past

the read station of the data verifier or reader. In addition, the system

provides on-line automated storage and retrieva l of film chips. This
•
~ 

is achievod by the storage and retrieval uni t which provides the capacity
11to store 6750 film chips (containing a total of 2 x 10 bits of binary

data). Under computer control , it is designed to provide rapid , random
• • access to these film chips and on-line readout of the machine readable

data reco rded on any chip.

Development of the HRMR system was undertaken as a step

toward solving some of today’s information processing challenges. The

storage, retrieval and dissemination of information by Government

organizations has continued to be expensive and time consuming. Infor-

mation is collected and maintained at such a rate that the effectiveness

( 1)  Program fu nding limitations precluded completion of integration

of readout electro-optics into the storage and retrieval units .

1-1
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and efficiency of some organizations is limited by the available data
handling equipment. An on-going goal of the information handling

community has been the establishment of a document storage and

retrieval system which will (a) achieve a significant reduction in the

amount of space required to store the document collections , (b) result

in increased productivity through better use of manpower resources,
and (c)  allow for the creation of efficient, effective , and economical

procedures for accomplishment of the data handling functions . While
some of these advantages could have been achieved by utilizing magne tic

drum, disk or tape storage , the unusually large data banks needed to
store and retrieve textual , cartog raphic , and pho tographic information

has made the cost and physical space requirements of such devices very

unattractive, if not prohibitive. In addition, the necessary expensive

periodic maintenance of certain storage media made them less than

desi rable.

• Optical recording technologies combined with automatic film

— handling techniques promise a solution to the above operational infor-
- 

- 

mation processing and handling challenges. Thus a significant and
frui tfu l step toward the realization of much needed information handling
equipment was undertaken - - the HRMR Engineering Development Model
program.

Under this program a demonstrable system was realized and
tested. The HRMR System demons tr ated many inportant advances in
mass storage and handling of info rmation. It proved that 30 million
bits of digital data can be reco rded in the holographic form on a 105 by

• 148mm film chip and be subsequently machine read - - all under
computer control. It demonstrated several advances in rap id and precise
automa tic film handling . Furthermore , the design of an on-line high-
capacity microfilm storage retrieval uni t was developed and demonstrated.

1-2
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Although the above and much more was achieved as part of
ci the HRMR program , a limitation in Government funds precluded the full

realization of all system performance parameters. As subsequently
presented in thi s report , certain technica l challenges were more difficult

to address than originally envisioned. None-the-less, although a fully
- • operational HRMR System was not realized , significant technical

advances in information processing and handling were achieved. Thus

the HRMR prog ram significantly contributed to the technology base upon

which the information handling community is depending for solutions to

enhance their operational capabilities.

• This report describes the HRMR System and documents some

of the technical problems encountered , major achievements realized,

and recommendations for improvements resulting from the HRMR

program effort .

1-3
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1. 2 Technical Report Synopsis

This chapter has presented an overview of the goals and

achievements of the HRMR program, from a general description of

the need for and applications of an archival mass storage system to a

brief synopsis of the attainments of HRMR-II. In the remaining

chapters of this report , the full technical achievements of the system

will be detailed , from conceptual description and block diagrams

throug~i system experiments, problem areas and potential improvements.

Chapter II will begin the system description task with func-

tional block diagrams and conceptual descriptions of each key sys tem

and subsystem. These top level views will include the Recorder ,

Processor , Verifier , Controller, Storage and Retrieval, and Auxiliary

units, and will detail the operational layouts and fiche flow diagrams

for each. Operational capabilities of the system as currently configured

and implemented will be detailed , and a summary of the technical deve-

lopments of the program in the key components and subsystems will be

given. Finally, a description of system limitations , problem areas ,

and suggestions for improved performance will be presented.

The complete requirements and achievements of the program

- 
• will be described in Chapter III. After a discussion of the technical

requirements of the program, including such issues as I/O rates ,

packing density, bit error rates, etc. , a detailed description of the

technical approach will be presented. Details of the operation of each

key component and subsystem, as well as many of the tradeoff consider-

ations which entered in to their selection , will be presented. An assess-

ment of the performance levels achieved and an overview of wha t was 
•

learned about relevant system and device level topics will be included.

The results of system testing and experimentation will be the

subject of Chapter IV, The f irst  subsection, system initialization, will
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present the experiments which were performed during sys tem integration
and which helped to es tablish the operating conditions and parameters
for the system. Then a section on system performance will characterize

the ope ratihg values and capabilities achieved by the System after its
basic parameters had been firmly establish ed. Finally, a section on

• diagno~ tic studies will document the experimental work done in response

to the identified problem areas of the sys tem, including problem identi-

fication and isolation activities, as well as the development and testing

of potential and actual solutions .

Chapter V is devoted to the discussion of system bit erroi

ra te, and specifically to an investigation of a. technique for achieving a

lower corrected BER. In this interleaving technique, the effects of
locally high BER areas can be distributed among a number of different

er ror -correcting codewords , overcoming the tendency of such “burst”
errors to overwhelm the correcting power of the code . The description

in Chapter V will include the results of a multi-part experiment in which:

1) error data from actual HRMR fiche were collected and analyzed; 2) a

computer was used to simulate the effect of various~depths of interleaving

on the corrected BER of the collected data; and 3) a projection was made

• on the basis of these results which allowed recommendations for future
• code implementations to be made, including pe rformance predictions of

the BER levels thus achievable.

The report concludes with Chapter VI , art overview and

evalua tion of achieved system perfo rmance. To begin this process , the

results of the system’s Acceptance Test are synopsized , including

procedures and data . A discussion of the variances of the system per-

formance from the ini tial objec tives follows, including where possible

the reasons for the observed variances. Finally, an assessment of the

extent to which the techniques and components developed during the

1-5
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HRMR program can be extended to support improved performance -

•

levels in future systems is presented, with concluding remarks on the
needs filled by the HRMR MSS and the most profitable directions for

future development.

I
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II. SYSTEM DESCRIPTION

The HRMR Microfilm Mass Memory Sys tem is an informa tion

recording , stora ge, and retrieval system utilizing 4” x 6” microfiche as
d the storage media . Both human readable (jI R) and machine readable

(MR) resordings (or a combination of each) can be generated. The
human readable fiche containing 98 reduced tezt images conforms to

• the NMA, ANSI , and military DIAR 5903 microfiche format standards
for on-line recording of alpha numeric text or graphic arts scanned
and digitized text. The machine readable forma t consists of 30 million
bits of binary data storage recorded on seventy tracks with random
access to any track during readout.

2. 1 Sys tem Description Overview

The system components include a Controller unit (DEC PDP
11/45 computer) with I/O peripherals ; a Recorder unit to record micro-
fiche , with automatic film processing and fiche verification (MR data

validation); and a Storage and Retrieval (S & R) unit to access to any of
€750 microfiche providin~~a Z x  10 11 

bit data base capacity. Figure 2.1-1

depicts a typical 625 sq. ft. HRMR Microfilm Mass Memory System
installation. Additional components include a Graphic Arts Digitizer;

CRT and TTY keyboard terminal; output Hard Copy unit; Microfiche
Viewer for validation of HR microimages; a Code Clipper to affix a

• metal code clip to the top edge of MR microfiche slated for the S & R
unit; and an Ancillary unit (AU X RAt K) which provides pneumatics for
mechanical actua tion in the Recorder and S & R units. -

Figure 2. 1 -2 presents an abbreviated and much simplified
func tional block diagram bf the system which shows data , command

and sta tus flow from/ to the Controller , and a graphical presentation
of . the itinerary of a MR microfiche.
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An operato r initia tes a microfiche recording at the Controller
unit via the CRT keyboard by listing the files of data to be recorded and
enters a record command, Upon receiving thi s command, the Recorder

removes a film chip from the film cassette, transports and loads it onto

an X-Y axis assembly which positions and moves the fiche dur ing
recording. Mic rofiche recording consists of f i l m  chip exposure by an

amplitude modulated and def lected light beam to produce a MR track of
individually spaced , raster scanned holograms inclined 30° to vertical

or a HR microima ge produced by contiguous , horizontal, left- to-right
raste r scans.

The machine read (MR) data is recorded as a series of - 
-
~

synthetically generated holograms (8950 per track along the 6 inch

dimension) with each 0. 012 by 1.4mm hologram containing the Fourier
transformation of 48 user bits . The Fourier transformation coefficients

amplitude modulate the raster scanned spot to record each two-Rayleigh

synthetic hologram. Human read (HR) data is recorded as 24 X reduced

microimages utilizing 1650 , 1280 pixel left-to-right scans to support

bilevel graphic arts at 150 lines/inch , or 60 lines of alpha numerics at 80

characters per line , generated by a 9 x 7 character generator.

— Once the data is recorded , the film chip exits the Recorder

and enters the film Processor for immersion in developer and fix
fluids, washing, and drying. It exits the film Processor and travels

through a Queue transport to be loaded onto the Verifier X-Y axis

assembly which positions and moves the fiche during readout (hologram
illumination diffraction onto a linear photodiode array) .

Data is reconstructed from bit decisions made when the static
readout beam is in registration with each recorded hologram. The data

is verified and the controller informed of the data quality via the raw
Bit Error Rate (BER) count , as well as the encounter of any

2-4
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uncorrectable bit errors. Human read microfiche are verified at a
Microfiche Viewer after exi t from the Verifier.

Machine read microf iche to be filed in the Storage and

Retrieval Unit exit the Verifier and are manually carried to the Code
Clipper to affix a three decade Binary Coded Decimal (BCD) metal clip
to the top edge of the microfiche. Each unique code clip number can be

recnrded in the fiche title area immediately above the MR or HR recording
area. Figure 2. 1-3 presents the microfiche recording format for reference.

In orde r to insert a microfiche into the Storage and Retr ieval
Unit , the Controller operator specifies the carousel level and a dummy
fiche is purged , to be replaced by the recently clipped microfiche via
the ca rousel access door. Once in the Storage and Retrieval Unit , the
microfiche can be accessed by the operator from the Controller Uni t
for readout at any track. This is physically accomplished by a
selector mechanism which partially extracts the clipped microfiche ,
a spreader mechanism to separate microfiche from each side of
selected microfiche, and a T-bar which retracts to place this microfiche

• 
- 

onto the X-Y axis assembly for positioning and motion during readout.
• The readout process is identical to tha t of the Verifier with verification

of the data quality, as well as reconstructed data transfer to the
Controller Unit. Once the desired data readout is complete, the micro-
fiche is reinserted into the carousel and the readout station may be
moved to any other carousel level for a subsequent microfiche selection
and readout.

The carousel with code clipped microfiche is the key feature
of the Storage and Retrieval Unit. Figure 2. 1-4 presents an Image
Sys tems , Inc. , Reincard carousel module which led to the development

2-5
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of the (nine) stacked carousel assembly. The S & R unit also utilizes
a purchased selector and spreader mechanism from this vendor,

As an additional capability, the Ver ifier in the Reco rder Uni t
serves as a back-up reader to the Storage and Retrieval Unit for

code clipped microfiche.
• 

2. 2 ~ystem Component Description

The HRMR Microfilm Mass Memory Sys tem consists of
various units associated with the Controller Group, the Recorder Unit,
Storage and Retrieval Unit , Ancillary Unit , Microfiche Viewer , and
Microfiche Coder. This section presents .features of Controller Group
units , and functional desc riptions of the Storag~ and Retrieval Unit and
Recorder Unit.

2. 2. 1 Controller Group

The Controller Group consists of the DEC PDP 11/45
computer mainframe designated the Controller (Unit 4); the Tektronix
4014 CRT Display and Keyboard (Uni t 5) with vectoring line graphics
and alpha-numerics capability; the standard DEC writer teletype (Unit 6);
Dest Data 150 Graphic Art Digitizer (Uni t 7) with 150 samples/inch
scanning resolution for 8-1/2 by 11 inch source material; and the
Tektronix 463! dry silver Hardcopy Generator for output copy of the
CRT display.

The Controller ( Uni t 4) is configured with 16K core memory
( expandable to 64K) ; TU 1O Mag Tape , two RKO 5 Disc drives , PC 11 paper
tape reader and punch , an expander with I/O panel to provide four DR-

• 1 lB (Direct Memory Access device for I/O data transfer) and three
DR1 1 -C (device controller for command and status transfer) with cap-
ability to add a communication interface to an existing Unib~us port.
One DRI 1 -B supports data transfer from the Dest Data 150 via a Harris

2-7
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designed run length converter configured on a W941 DEC wire wrappable

card while the remaining three DR1 1-B and DRI 1-C , in pairs , are

utlized to communicate with the Recorder ( I A J ) ,  Verifier ( 1A3), and

S & R (Unit-?).

-
- 

- 

The RT- l l  operating system is utilized to maximize the trans-

• fer of data during recording or readout with minimum core utilization.

Operati onal software developed for the system is file or iented and a

maximum use of standard DEC software and device handlers has been

• incorporated to minimize orientation and main tain a high degree of

programming flexibility.

• 2. 2. 2 Recorder ( 1AJ )  Functional Description

• Discussions in this section provide descriptive narrative with

reference to Figure 2 .2 . 2  for film handling and data recording .

2. 2. 2. 1 Film Handl~~g

Prior to recording , the sheet film cassettes must be loaded

or contain fi lm (105 x 148mm Kodak 7 mil Estar base S0-343). Once

the film casset te is in place , attached to the Fiche Loader ( 1A 1AIO),

then recording may be ini tiated.

• Recording commands from the Controller ( Uni t 4) interface

with the Record Logic Assembly (RLA , 1A 1A 1) via a standard DEC

DR1 1 -C device controller. The RLA then interfaces with the Mech-

Optics Controller (1A1A5) which accepts the commands by transitioning

from Park to Load and then to Mech Load sequen~ e states. The Load

• state moves the X-Y assembly mechanisms via the X-Y Controller

(1A 1A7) and both axis motors, to the microfiche Load. position at the

exit of the Fiche Loader ( 1A 1AIO) and then initiates the Mech Load

sequencer to remove a film chip from the cassette~ This is accomplished

by extending a vacuum head into the cassette, applying vacuum via the

2-8
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Vacuum Control Assembly ( 1A 1A1 2) , and retracting and inserting the
film chip into the edge guided , center drive , motorized film transport

as vacuum is released. A film transport exit switch no tifies the Mech-

Optics Controller to initiate accurate positioning of the fiche onto the
X-Y Assembly and it proceeds to do so via the Pneumatic Interface
Panel (1A 1A 15). First it assures fiche contact with a guide pin , then it

moves the fiche from the bottom against two pins located on the X-Y

Assembly vacuum head , and finally it pushes the top area of the fiche
against the vacuum head where vacuum is applied to hold the fiche
securely during the recording process.

Once the fiche is secured to the X-Y Assembly vacuum head

the Mech-Optic Controller transitions to the Record state, moves the

fiche to the correct X and Y axis start-of-record positions and then it

either accelerates along the -Y axis to achieve constant velocity for MR

raster scan of 83, 6 point alpha numeric characters for the ti tle block or

a MR raster scan of 8960 data holograms per track , or it accelerates

along the +X axis to achieve constant velocity for left- to-right HR raster

scan of 24X microimages for alpha numerics or graphic arts recording .

Servomechanisms motion is achieved by lead-screw displace-

• ment along the X and Y axis with the Load position defined as absolute

zero. DC motor drive control is provided by the CSR System 550 X-Y

Controller ( IAI A7) which receives 5 decade BCD X and Y axis Go To

positions and Go commands calcula ted by the Mech-Optics Controller.

The X-Y Controller respond s primarily with X and Y axis In Position

status and 5 decade present position derived from the encoders located

on the X and Y axis motors. -

Afte r a track or microimage recording the Y or X axi s

retraces and the Mech-Optics Controller moni tors the RLA inter-

face for the continuation of recording and the desired reco rd fo rmat.
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Thi s recording process continues until the RLA to Mech-Optics Con-

troller interface indicates end -of-fiche. This terminates fiche recording

and places the Mech-Optics Controller in the Exi.t sta te to move the

fiche mounted on the X-Y Assembly to the exi t entrance of the Fiche

Loader and Exit Transport ( 1A 1A 1O). Once it achieves this position

the Mech-Optics Controller transitions to the Mech Exit sequence state

which automatically releases the fiche vacuum hold-down and turns on

the exit transport motors. The fiche drops into the transport and is pro-

pelled into the Film Processor (1A2) tripping the exit transport switch,

and completing the Mech Exit sequence. The Mech-Optics Controller

then transitions to the Park sequence to move the X-Y Assembly vacuum

head to the park position to await further recording commands.

Two sequence states of the Mech -Optics Controller not

discussed are the Hard Fault and Absolute Zero sequence states which

precede the Park state. Briefly, the Hard Fault state indicates that a

potentially damaging fault condition (i. e., servo travel into limit

switches, arithmetic computation error , etc. ) or a condition requiring

operator intervention (i. e .,  no film in the Film Cassette causing vacuum
-

~ 
• 

fault) has been detected by the Mech-Optics Controller and all mech-

anisms are brought to a halt. The Controller via the R LA can clear this

fault. On the receipt of Fault Clear , the Mech-Optics Controller then

transitions to the Absolute Zero Sequence to establish the absolute zero

ref erence fo r all subsequent motion of the X-Y Assembly and in the

process , check all redundant limi t switches.

2. 2. 2. 2 Data Recording

Before the r ecording pr ocess is initiated , the Controller

( Uni t 4) establishes the Direct Memory Access data transfer via a

standard DEC DR11-B to the RLA ( 1A 1A 1) and stages data in ,both

1024 word Input/Output Buffer (lOB) intermediate memories. The
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JOB memories operate in a ping-pong fashion to allow data processing

for recording out of one buffe r while the other is being filled , thereby

assuring uninterrupted data during recording.

MR data proceeds from the lOB memories through Error

Correction Encoding (ECC) to add parity and provide correction during
• readout of single and double errors , thereby decreasing the Bit Error

Rate (BER) of recorded data to the Controller. After parity has been

added to each group of 48 bits , it is sent to the Transform Generator

Assembly ( 1A1A6) where the discrete Fourier transform is generated ,

resulting in 512 transform coefficients . These coefficients are routed

back to the RLA and placed in a cycle buff er which relea ses the set

coefficients twice in succession with end guard bands to ultimately form

a two-Rayleigh 1 0-ne dimensional hologram during a single raster scan

of a MR track recording . However , prior to light modulation, the

coefficients are altered by a prestored , amplitude dependent transfer

function stored in the RLA Equalizer to compensate for predictable,

nonlinear effects to be encountered during recording . These altered

coefficients then produce light modula tion during the raster scan via

amplitude modulation of a 95MHz oscilla tor residing in the Transform

-
• Generator Assembly. The modulated RF signal is amplified by the AOM

Amplifier (1 Al Al 3) and light modulation results at the Acous to -Optic

Madulator (AOM ; 1A1A9AZ).

HR data proceeds from the lOB memories through alpha

numerics or graphic arts controllers which reforma t ASCII characters

or Huffman encoded run lengths into left-to -right pixel bit streams to

on-off modulate the record light beam. This data bypas ses coefficient

generation, cycle buffering , and equalization to produce bi-level light

modulation during raster scan via the amplitude modula tion of the

95MHz oscillator in the Transform Gene.rator as for MR recording .
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After acousto-opti c modulation, the light is routed to the

Acousto -Optic Beam Deflector (AOBD , 1A 1A9A5) for MR recording or

to the Optical Line Scanner (OLS , 1A 1A9AZM3) for HR recording. This

mode Selection is performed by a mirror attached to an air piston

( 1A 1A9MP7) which intercepts the light to the AOBD and sends it to the

OLS in response to the HR data type command received by the Mech-

Optics Controller.

For MR data recording , the modulated light proceeds through

beam forming optics to the AOBD where it is linearly deflected at a 10.4

KHz repetition rate to produce each hologram raster scan. Linear

deflection is achieved by applying an RF signal whose frequency is

increased at a fixed rate (1.25MHz per microsecond) for 94 micro-

seconds, followed by a 2 microsecond retrace . This RF modulation

is produced by the AOBD drive circuitry residing within the Mech-Optics

Controller, the AOBD Amplifier (1A 1A 14) with directional coupler , RF

Mixer Amplifier Assembly (1 Al Al 5A3), and Delay Line (1 Al Al 6DL1).

Linearity calibration of AOBD deflection is established each time a

microfiche is to be produced (i. e., the Mech-Optics Controller will not

leave the Park sequence and transition to Load until acousto-optic beam

deflection is linearized) .

After acousto -optic deflection, the modulated laser beam

passes through 3X reduction optics and beam shaping to str ike the

moving film chip affixed to the X-Y Assembly vacuum head.

For HR recording, the left-to-right raster scan is produced by

a twenty-faceted, pyramidal mirror controlled by a phase-locked OLIS

Drive Assembly (1A1A5) referenced to a 12. 5MHz stable clock. Not

shown in Figure 2.2.2, is the start of scan detector utilized to rejustify

the pixel data to each facet for the start of each line raster.

H 2-13 
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The amplitude modula ted , deflected laser beam then passes

through beam imaging optics to the HR record station at the air bearing

pla ten and onto the moving film chip affixed to the X-Y Assembly

vacuum head.

5 2.2.3 Verifier (1A3) Functional Description

Discussions in this section provide descriptive narrative with

reference to Figure 2 .2 .3 for film handling, da ta readout , and readout

optics in the Verifier , as well as fi lm handling through the Microfiche

Transport Assembly.

2.2. 3. 1 Microfiche Transport Assembly Film Handling

The Microfiche Transport Assembly ( 1A4) receives dry,

developed microfiche from the Film Processor via a stacking mechanism

in the Film Receiver. A microfiche is detected dropping out of the Film

Processor by the interruption of air flow to a switch. The Mech-Optics

Controller (1A3A2) then activates air pistons to move the fiche sideways

over the transport entry and releases an air piston to drop the fiche

into the edge-guided, center drive, motorized film transports. A

switch indicates the fiche is entering the Q Transport sections and allows

the Mech-Optic Controller to reset the Film Receiver air pistons. The

Q Transports operate to smooth the fiche throughput by staging up to

} four fiche for the Verifier before queue overflow occurs. Each section

has a switch which indicates to the preceding section tha t it already

contains a fiche. If a section is holding a fiche, the section supplying it

with the next fiche will halt Its fiche and hold it by means of removing

the drive to the AC motor until a fiche has been loaded at the Verifier

allowing all queued fiche to automatically advance one section. Although

not shown In Figure 2. 2 .3, solid state relays featuring zero voltage

turn-on and zero current turn-off are utilized to switch each AC motor

thereby minimizing EM! effects. In the event the Verifier does not
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remove fiche from the Q Transport , the Recorder is prevented by a

mechanical Queue counter which increments as i.tshe enter the Film

Processor and decrements as fiche exit the Verifier, from any further

recording if the queue count reaches four.

2. 2. 3. 2 Film Handling in the Verifier (1A3)

As for the Recorder (1A1), readout commands from the

Controller interface with the Logic Assembly (1A3A4) via a second

DEC DRI 1 -C device controller. The Logic Assembly then interfaces

with the Mech-Optics Controller (1A3A2) which accepts the command

by transitioning from Park to Load and then to Mech Load sequence

states. The Load state moves the X-Y assembly mechanisms via

the X--Y Controller (1A3A3) and both axis motors to the microfiche

load position at the Loader Assembly (IA3A 1O) . The Mech-Optics

Controller transitions to the Mech Load sequence state to request a

fiche from the last Q Transport (1A3A12) until a fiche passes into the

Loader Assembly. At this time it initiates accurate positioning of the

fiche onto the X-Y Assembly via the Pneumatic Interface Panel ( 1A3A9)

to assure fiche contact with a guide pin, move the fiche from the bottom

against two pins located on the X-Y Assembly vacuum head , and finally

• push the top area of the fiche against the vacuum head where vacuum

is applied via the -Vacuum Manifold Assembly ( 1A3A9). —

At this point, the fiche is securely attached to the X-Y

Assembly and the Mech-Optics Controller transitions to the Readout

State. It proceeds to move the fiche to the start-of-readout X and Y

axle positions and accelerates along the -Y axis to achieve constant

velocity for hologram and readout beam registration at 10. 4KHz. The

fiche moves in this direction over a span slightly in excess of a fully

recorded track (I. e., 135 mm) to assure track readout at a constant

ra te, 
•
and then halts and retraces to the start-of-readout Y axis position.
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The Mech-Optics Controlle-r waits at thi s position until i t receives a
second track readout command or an end-of-fiche to exit the fiche.
Naturally, only those recorded areas with MR holograms are attempted
as the Verifier does not process HR or title block information. On
reteipt of the second track readout command the Mech-Optics Controlle r
computes the new X axis posztion , commands the X-Y Controller to
move the fiche along the X axis to the next track and then accelerate s
along the -Y axis for readout.

If the Mech-Optics Controller receives and end-of-fiche
command, it transitions to the Exi t sequence state and moves the fiche
to the entrance of the Exit Transport Assembly (JA3AJA4) .  It then trans-
itions to the Mech Exit sequence releasing the X-Y Assembly vacuum. Thif
drops the fiche into the Exit Transport where the Exit Transport cente r
drive mo tors have been started , to propel the fiche to one of two outpu t
chu tes. The bo ttom chute is designated for acceptable fiche and the other
for rej ected fiche as selected by the Controller upon bit error rate sta tus
evalua tion. As the fiche enters the selected chute , an exit switc h
indicates that the Mech Exi t Sequence is complete. The Mech-Optics
Controller then transitions to the Park sequence and proceeds to move
to the Park position.

The two sequence states (Hard Fault and Absolute Zero
Sequence) preceding the Park state are incorporated in a manner
identical to tha t of the Recorder.

An addi tional capability of the Verifier is to readout code
clipped microfiche to serve as a readout backup for the S & R Unit.
This is accomplished from the Mech-Optics Controller front panel
with the Mech Load and Mech Exit sequence states bypassed as the
fiche must be placed and removed manually f rom the X-Y Assembly
vacuum head while in the Park position. Naturally, vacuum hold-down
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of the fiche during readout is not provided as the fiche is affixed against

two alternate positioning pins and held down with a spring clip.

The optics functions of the Verifier Mech-Optics Controller

are limited to photodiode monitors and front pane l meter displays for

- - alignment purposes.

2. 2. 3. 3 Data Readout and Verification

The Verifier normally reads the MR data on a hologram and

verifies the readout quality (BER) transferring only status to the

Controller. Alternately, the Logic Assembly can be commanded to

transfer data and it sets up the two Input/Output Buffer (lOB) memor ies

controller to accept data, and transfer it via a second DEC DR-11B

DMA interface to the Controller. In either case , the photodetector

array, hologram synchronization, bit decision, and Error Correction

Encoding (ECC) decoding processes are identical.

As the X -Y Assembly reaches constant velocity for readout along

the -Y axis, the Mech-Optics Contr oller ( 1A3A2) signals the Logic

- 
- Assembly (1A3A4A3) hologram counter that the readout beam should be

encountering the first holograms of a recorded MR track. The readout

phase-locked- loop acquires synchronization well within the first 64 sync

and threshold holograms which are followed by a unique hologram

signaling the beginning of 8960 data holograms of the track. A running

average threshold is generated during the sync and threshold holograms

and the bit decision process is well established to correlate the special

data pattern with readout of the unique s tar t -of - t rack  hologram.

Once the unique hologram is recognized, the Hologram

Counter is loaded with 8960 and is thereafter decremented each time

reconstructed hologram data is sent to the ECC Decoder.
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The Logic Assembly ECC Decoder receives 64 codeword bits ,
passes the codeword through a syndrome generator , and then on the

second pass , the syndrome generato r alters the bit polarity of detected
and cor rectable error sites. Since the parity bits are of no interest,
only the 48 data bits associated with each hologram are sent to the lOB
memories for possible output transfe r to the Controller.

The ECC Decoder also counts the number of corrected errors
which provides measure of the raw bit error rate and transmits thi s
status to the Controller. As the ECC Decoder can detect and correct
single and double errors , as well as detect all triple but uncorrec table
errors, it also transmits the occurance of uncorrectable errors as
status to the Controller.

2. 2. 3. 4 - Readout Optics

The output beam of a 15MW HeNe Laser (IA3AIAZ) is modified
by beam forming op tics into a 0. 007mm by 1.4mm readou t beam at the
Air Bearing platen. The incident angle along the 1. 4mm dimension is

controlled to minimize readout displacement on the photodiode array due

to film wedge effects . Film wedge effects caused by film emulsion or

film base thickness gradients is detected in displacement of the undif -
fracted portion of the readout beam at a sp lit photodiode detector. This

er ror signal is generated by a difference amplifier monitoring the split

detector. Further amplification by a Burleigh PZ-70M high voltage
amplifier ( 1A3A6) followed by mirror displacement (via a piezoelec tric
pusher) of the readout beam incident to the microfiche removes error

in readout displacement caused by film wedge.

The dif f racted r eadou t beam modified by readout optics pre-
ceding the array serves to focus the hologram ’ s inverse Four ier transform

onto the pho todiode array. Thi s results in a series of light intensity spots
corresponding to data bits incident upon a linear photodector array.
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The Reti con 256EBH photodiode array consists of 0. 5 mu x

24 mil detectors on 2 mil centers , alte rnately connected to two video

lines. The photodiode sites connected to each video line are sequentially

interogated each scan cycle and integrate charge proportional to incident

light intensity between interogations. The output of each video line is
- - prearnplified and routed to Sample and Hold cards located nearby. The

Sample and Hold circuitry operates to minimize synchr~~ ous sampling

noipe and provide drive from the optics bench to the Logic Assembly

readout electronics (1A3A4A3).

2. 2.4 Storage and Retrieval Functional Description (Unit 7)

Discussions in this section provide descriptive narrative

with reference to Figure 2. 2.4 for microfiche handling and data readout,

2. 2. 4. 1 Microfiche Handling

As for the Verifier ( 1A3), readout commands f rom the

Controller inte rface with the Logic Assembly (AlO) via the third DEC

DR.’ 1-B device controller.

The Logic Assembly interfaces with Mech-Optics Controller

(A9) which accepts a read command, microfiche code clip identification,
- - and carousel level to transition from the Park state to Load sequence.
- : In the Load sequence state, the Mech-Controller retracts the magnetic

Selector Assembly (A14A7) from close proximity to the carousel , repacks

any clipped fiche into the carousel which followed the selector, and

requests the desired carousel level fr om the Carousel and Elevator

Servo Controller (A8).

The Carousel and Elevator Servo Controller unlocks the

elevator via the Pneumatic Interface Panel (A6) and drives the X-y

Assembly to the desired carousel level via the elevator motor pinion

gear mounted on the X-Y Assembly. As the X-Y Assembly approaches
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the correct level, a split IR sensing diode is utilized to accurately place
the X-Y Assembly at the correct position while the case hardened lacking
pin is extended to secure the X-Y Assembly at this level. ~ (ter
a suitable timeout, the Carousel and Elevator Servo Controller signals
the Mech-O~ tics Controller of sequence completion.

The Mech-Optics Controller replaces the Selector Assembly,
sets up and latches the desired BCD code clip identification number and
requests carousel rotation. The Carousel and Elevator Servo Controller
rotates the carousel at 30 RPM for up to two revolutions via the carousel
torquer motor. As the desired microfiche passes the selector , the code
clip and selector fingex match allowing the microfiche to be magnetically
attracted to partial extraction. A switch (status signal D) indicates the
presence of a partially extracted microfiche and the carousel is brought
to a controlled halt as an extended T-Bar affixed to the X-Y Assembly
captures the code clip. (Refer to Figure 2 . 1 . 3  for the inverted T notch
located approximately in the center of the code clip. ) The Carousel and
Elevator Servo Controller then signals the Mech-Optics Controller to acti-
vate the Spreader (A14A8) to separate microfiche from each side of the
selected microfiche. The Spreader indicates when this operation is
complete (statu s signal C) and the Mech-Optics Controller transitions
to the Readout sequence state . In thi s state, it moves the X-Y Assembly

via the X-Y Controller away f rom the load posi tion ther eby retracting
the T -bar and pulling the captured fiche against two positioning pins as
the microfiche is removed from the carousel. The X-Y Transport
proceeds to move to the X and Y axi s readout star t  positions. From
this point and through r eadout comple tion , microfiche handling is
identical to that described for the Verifier ( 1A3).
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Upon completion of MR data readout at desired tracks , the
Logic Assembly issues an end-of-fiche command to the Mech-Optics
Controller which transitions to the Exi t sequence to move the micro-
fiche back to the load posi tion and reinsert it into the carousel. The
Mech-Optics Controller then transitions to the Mech Exi t sequence
state to retract the spreader mechanism and request a carousel bump
(ro tation) of the Carousel and Eleva tor Servo Controller. The bump
serves to disengage th~ selected microfiche from the extended X-Y
Assembly T-Bar. Once the bump is completed , the Mech -Optic Con-
troller returns to the Park sequence state, commands the X-Y Controller
to move the X -Y Assembly servos to the Pa.~k position, retrac ting the
T-Bar.

In order to purge a dummy microfiche and replace it with
microfiche containing data or replacing/ updating an existing data
microfiche , some modifications to readout sequencing have been
incorporated. Fiche selection occurs jus t as for r eadout by selecting
any dummy microfiche (up to 25 dummy microfiche reside at any
unfillt~d carousel level) or the unique data microfiche to be replaced.
However , instead of halting the carousel with the par tially extracted

- - microfiche at the Spreader*, the carousel is rotated to the access door

in the environmenta l enclosur e allowing manual acce ss to any carousel
level. Here , the Mech-Optics Controller transitions to the Exit State ,
bypassing the Readout and Mech Exit States to signal the operator via
the PRG indicator that a fiche is ready to be purged. After the partially
extracted microfiche is replaced , the front panel PRG switch on the

- 
- 

- Mech-Optics Controller is reset allowing the Mech-Optics Controller to
requests a bump from the Carc ’isel and Elevator Servo Controller.

‘~During a purge process , the Spreader is not activa ted and it remains
in the r et racted position.

-
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With the bump complete the Mech-Optics Controller returns to the
— Park sequence state, ending the purge and microfiche replacement

process.

2. 2.4. 2 Data Readout

For the Storage and Retrieval Uni t , the X-Y Assembly
readout optics and electronics are identical to tha t for the Verifier

and need no furthe r description. Similarl y, the Logic Assemblies

of theS & B. Unit and Verifier are identical and interchangeable. This

precludes further description of bit decision , hologram synchroni-
zation, ECC decoding, and output data transfer to the Controller

except to note that the Logic Assembly is primarily operated as a

data readout rather than verifying device .

2. 3 Operational Capabilites

The operational capabilities of the HRMR system provided in
response to SOW requirements and/or necessary to system operation
are summarized in this section. These include capabili ties provided by
the approach taken in the hardware design for nominal operation , the

capabilities or features provided by the software development, and
off-tine capabilities. Various technology development items which

provide the HRMR system unique capabilities (I . e .,  AOBD linearization,
air bearing pla ten , automatic film handling , etc. ) are treated extensively
elsewhere and will not be included in the summaries to follow.

2. 3. 1 Film Chip Cassette Loading

Two film cassettes , each capable of holding fifty film chips ,
are provided so that uninterrupted recording can be sustained. A single
cassette is affixed to the Fiche Loader Assembly located at the interior
environmental enclosure panel of the Recorder (IA !).  Film chips are
then extracted , one at a time from the cassette, by the Fiche Loader
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vacuum head and inserted in the film transport where it is routed to the
X -Y Transport for accurate positioning during recording. Empty
cassette rep lacement is possible during recording of the last film chip.

2. 3. 2 Queue Transports Maximize Throughput

Five queue (Q) transport sections automatically queue fiche
between the Film Processor and the Verifier in a first-in-first-out
jobbing sequence. The Q transport sections operate to pass a fiche
through the section to the ~next section unless the next section is empty .
If the next sec tion is full , the fiche is captured and the preceding section
is notified to keep fiche f rom entering the ne~xt section. When a fiche is
removed to the Verifier , each section advances one fiche .

2. 3. 3 Verifier Data Readout Of Clipped Fiche

Although the Verifier is normally used to ver ify data integrity
of unclipped fiche , it can be placed in a mode to read clipped fiche as a
backup to the S & R Unit. The Verifier is interlocked at the front panel
to bypass fiche loading at the Load Transport as the clipped fiche is
affixed to the X-Y transport in the Park position, it does not apply
vacuum for fiche hold-down as a spring ba r perfo rms this function, and
it does not drop the fiche into the Exit Transport as the fiche is to be
manually removed after the X-Y Transport returns to the Park position.
Interlocking intercepts computer comma nds to prohibit any motion from
the Park position unless the front panel LD/ EX switch is activated.

2 .3 .4  S/R Unit Purge/Load

As the purge, load , or exchange of fiche at the S & R Unit
involves automatic sequencing and manual replacement of fiche to the
carousel, this process is inter locked by the-s purge (PRG) switch and
computer command (OP CODE 02)  such tha t a front  panel light indicates
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when fiche selection and proper carousel rotation to the purge/load door

is complete , and inhibits all ca rousel motion until the purg e switch is

reset.

2. 3. 5 Fault Monitoring And Display

Extensive fault monitoring is employed throughout the HRMR

System to insure immediate notification and/or equipment shutdown to

prevent potential damage to electro-mechanical components . Faults

are categorized and displayed on front panels and the CONTROLLER ’ s
CRT display. These include: -

A. Faults associated with the X-Y Transport (3) and CSR

Servo Controller (6) are monitored by the appropriate Mech-Optics

Controller and each fault results in equipment shutdown.

B. Self test faults associated with improper calcula tion of

X-Y axis Go-To positions (3) by the Mech-Optics Controller also result
in equipment shutdown.

C. Laser output power out-of-tolerance , AOBD linearization

degradation , and human read spinner loss-of-facet synchronization at

- - the R ecorder resul t in f ront panel and CR T reported faults by the Mech-

Optics Controller.

D. Data recording or readout rate which exceeds data trans -
fer rate fr om or to the Controller Uni t results in a fault reported by

each Logic Assembly.

E. Film Stacker faults (2)  in the Recorder Unit and Carousel
Elevator faults (3)  in the S & R Unit are reported to the appropriate

Mech-Optics Controller and appear on the CRT display.
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F. Q transport fiche overflow is prevented by a non-volatile
up/down counter that prevent further recordings if the count r eaches

four. The RCDCTL programs also monitors a software queue count to
prevent overflow .

G. Film Processor overflow tripping a wa ter level indicator

in the processor drain pan deactivates a solenoid to shut off inlet water
and initiates an audio ala rm. The overflow circuit mus t be manually
reset.

H. Servo beam positioning is provided for readout to maintain
bit reconstruction and diode posi tion alignment.

2. 3. 6 Optics Monitors

Laser power monitors provide out-of-tolerance faults , as

well as front panel meter display of record and readout power.
Additionally, readout beam position (3) monitors are provided by panel

meter s to indicate any necessary optics alignment a t the Verifier and

S/R Logic Assemblies.

2. 3. 7 HRMR Software

All HRMR software has been written in assembly language
and runs on the DEC PDP-1l/45 ( Controller; 1A4) under the RT- 11
foreground/background monitor. No special software apart from the

RT-ll system is needed fo r HRMR system operation. The software

includes programs to control the recording processes (Record Control:
RCDCTL), the verification process (Verifier Control: VERCTL) ,
which operates under the RCDCTL , and storage and retrieval readout
(S & R Control: SARCTL) .

As recording and verification take place in a time shar ed

mode wi th several fiche “in between” , the VERCTL communicates with
the foreground Record Monitor (RCDMON) program to obtain control
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- data as to which microfiche is to be verified. A timer is set to alarm

should verification take too long and error count is moni tored to control

fiche ejection into an acceptable or reject stack (chute) at the Verifier

exit.

2. 3. 8 Controller Tasks

Typical tasks within the HRMR system initiated by execution

of programs in the Controller are:

A. Scan a documen t on the Digitizer and store the resultant

data on dis c.

B. Provide statistical (Huffman) encoding on digitized data

and transfer encoded data to mag tape.

C. Retrieve digitized data for CRT display or recording. —

D~ Transfer an input file from mag tape to disc.

E. Transfe r a file from disc to the Recorder for HR or

MR recording.

F. Monitor recording and verification of fiche to validate

all recorded MR files.

G. Transfer any file from Verifier or S/R to Controller.

2 . 3 . 9 Offline Capabilities

The offline capabilities include those functions which may be

easily initia ted at the front  panels to interrupt normal operation and

maintenance aides incorporated in the circuitr y to allow rapid isola tion

of malfunctions. A few examples of each provides insight to off-line

functions .

H I
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Those initiated at f ront  panels include:

A. Jog controls to allow motion of the X -Y Transports
with “ end -this-sequence” interlock to allow jog control from known

positions. Additionally, jog controls are normally “lock -out” by a s
switch in the environmental enclosure (reco rder) or logic switch behind
the Mech-Optics Controller f ront  panel to prevent accidental activa t ion.

B. Load/Exi t act ivation from the Park position to load

and exit a fiche bypassing record or readout to allow monitoring of fiche
transports and accurate fiche positioning of the X-Y Transport vacuum
load.

C. Queue counter reset provided by queue advance to
zero at Recorder after queue overflow and queue decrement switch at
the Verifier to set the counter to any initial value as dictated by the
quanti ty of fiche in the Film Processor and Q Transports.

D. Displays provide status of 16 bit Controller command wo
words , sincle and double readout erro r count , X-Y Transpor t position

to 1 1 0 ppm , and opcodes of faults.

E. Front panel switches allow S/R Elevator/Carousel
off-line exercising.

Examples of maintenance aids includes:

A. Chassis isolation from system with input command
exercising for chassis response.

B. Load respons e simulation to allow repeta tive cycling
of functions.

C. Macrofunction isolation and sequencing.

- D. Built in exercising of memories and accumulation

— functions with incrementing and decrementing ramps.
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2. 4 Technology Developments

The purpose of the HRMR program was to address a se t of

chal lenging requirements in a number of technical areas related to data

storage and retrieval; these included data capacity. data rate , archival

sto rage, system throughput time , on-line recording, processing,  and I ]

ver ification , data integrity, etc. To address these requirements success-

fully, the program required the successful use of a powerful combinat ion

of modern electro -optical technologies , some of which were not yet fully

developed at the program ’s inception. As a result , many of these tech-

nolo gies were specifically developed and improved during the HRMR

phases , to the point that they could be respons ive to the sys tem ’ s needs.

In subsequent sections of thi s report , we will provide de tailed discussions

of each key technology area , addressing several contexts including exper-

imental testing and tradeoff analysis , system performance, and problem

areas. To prepare the groundwork for those later sections , and to give

added depth to the previously presented system overviews , this section

will present brief synopses of each of the key devices or technologies

used in the HRMR-II system.

2. 4. 1 AOBD Linearizer

To scan the laser beam along the length of the hologram

during recording, the HRMR-II system employs an acousto -opti c beam

deflector ( AOBD) . This device (exp lained more fully below in Section 
—

3. 2) functions by causing the light beam to be deflected from a sound

wave within a crystal.  The sound wave is generated by an external —

voltage-controlled oscillato r (V CO) which feeds a piezoelectric trans-
• ducer attached to the crystal. The angle of beam deflection is propor-

tional to the frequency of the sound wave ; thus a time-linear scan

requires a time-linear VCO frequency ramp output. The scan linearity

is an important system parameter , since nonlinearity can be a
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mechanism for crosstalk between stored data bits , degrading the system

SNR and hence the achieved bit-error rate.

The degree of f requency ramp linearity required for proper

system performance exceeds that achievable with a simple ramp-driven

VCO , due to thermal drifts , etc . Accordingly, a technique has been
developed for use in the HRMR-II system which senses linearity devia-

tions and provides feedback to correct the VCO output (usuall y prior to

every recording). Essentially, this technique involves the use of a
RAM memory, in which appropriate VCO drive level information is
stored . This stored in-formation can be changed to reflect  currently
appropriate values , based on received feedback signals describing the
light beam ’ s time of flig ht past fixed reference points and the linearity
of the VCO’ s frequency sweep. Once the updating of the RAM memory

is complete , its values are used to drive a digital to analog converter ,
which in turn feeds the VCO . The development of this linearization

process was a key element in the system ’ s history,  since it permitted

the practical implementation of the AOBD scanning system.

2.4 . 2 AOM Linearizer

A very similar process to that described above was involved

in linearizing the acousto-optic modulato r (AOM) . This device , which

preceeds the AOBD in the optical path , is used to control the laser beam
intensity as it travels along the length of the hologram. It does thi s by
interac ting the light beam with a variable-intensity, fixed-frequency
sou nd wave within a crystal.  Thus the beam ang le is not changed , but
its intensity becomes a copy of the ampli tude of the AOM’s input signal.

In this device , the quantity tha t needs linearizing is the

relationship between the input signal amplitude and the output beam
intensity. Since this somewhat nonlinear relationship is a device

characteristic and not subject to therma l or o ther drift  sources , it
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need not be re-linearized for every recording as was the case with the

AOBD. Accordingly, the technique developed to accomplish this task

in the HRMR-Il system involves the use of PROM memory. Thi s memory

serves as a look-up table to translate the commanded input amplitude

into an input which will produce the desired output. A further discussion

of this procedure and the experimental results achieved with it is given

in Section 4. 1.2.

2. 4. 3 Photodiode Detector Array

When the holographically stored data is reproduced in the

verifier unit, its format is that of a linear arra y or line of optical

spots. To detect these spots for thresholding and electronic processing ,

a detector array is required. After appropria te tradeoff analyses and

experimental evaluations were completed ( full details of these studies

appear below in Section 3. 2. 2. 8), the decision was made to use a self -

scanned integrated photodiode array based on a modification of a

standard Reticon, Inc. , device. The technical requirements for this

device were high sensitivity, wide dynamic range , good elemen( -to-element

uniformity, and good irn~erelement isolation. The subcontracted device

development program perfn rmed by Reticon to a Harris spec resulted —

in a 256 elemei~t array with 0. 5 mu by 24 mil photoreceptor sites on

2. 0 mu centers. Performance of this device in the HRMR system far

exceeded anything attained by the previously available integrated arrays,

and contributed significantly to the successful recovery of data at the

required rates.

2.4 . 4 Air Bearing Platen

High packing density recording , a deBi rable feature of mass

data storage systems, requires that each recorded hologr am be as

small as possible consistent with la ter successful playback of the

recorded data . Optical recording of small holograms requires the use
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of tightly focused light beams , which produces a restricted depth of
focus within which successful recording can take place. Traditionally
(and in the HRMR-I system) the approach taken to positioning the film
within the depth of focus region has been tp hold it rigidly in contact
with a yacuum platen located just behind the focal plane . This , however ,
produces film surface degradations (scratches, digs , etc.) which
seriously degrade the system bit-error rate performance. For the
HRMR-II system, an alternative scheme , based on the use of a dual-
surface , positive pressure air bearing platen, was developed. This
technique proved capable of restricting film motion to within a 6 /lxn
range (well within the depth of focus) without ~touching or degrading the
film surface , and thus contributed to the successful reco rding experi-
ments achieved by the system. Some additional details of this tradeoff

are given in Section 3.2.2.7,

2. 4. 5 Transform Generator

To record a synthetic Fourier Transfo rm hologram, the
recording system must have serial access to the Fourier coefficients

representing the data pattern to be stored. These coefficient s, which
are generated automatically in a interferometr ic holographic recording
system , must be rapidly calcula ted electronically in the HRMR-II system.

To accomplish this, a transform generator assembly ( TGA) is used.
First, digitized cosines of various frequencies are stored in a PROM;
when a bit in a hologram is set to “one” , the co r responding cosine is

added into the hologram coefficient representation; finally , the summed

cosines can be scaled as appropriate to match the various frequency

response characteristics of the system , and the resulting coefficients
sent serially to the recording modulator. The TGA implementation in
the HRMR-II system has performed well and has fully supported the
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required data rates and resolutions. Some details of the experiments
involving the TGA can be found in Section 4. 1 and 4. 3. -

2.4. 6 Spinner Development

The HRMR recording system is configured to use a single
light source and modulation technique, while the scanning mechanisms
for the HR and MR systems are separate . For the MR system, an
AOBD is employed , as discussed in Section 2. 4. 1 and elsewhere. For

the HR system, the tradeoff process described in Section 3. 2. 2 . 4
resulted in the selection of a different scanning technique , a multi-
faceted spinning mirror. This optical line scanner (OLS) provides the
capabili ty to record microimages ( 24X reduction) at a speed of 1. 7
seconds per page. The pages are recorded in a raster scanned format
using 1700 horizontal lines.

Dur ing the design effort  a table of spinner/lens solutions was
generated around the baseline parameters of a 9. 0 mm scan field and a
50 -75% duty cycle; also considered were the number of facets and —

spinner configuration (pyramidal or polygonal). These four parameters

are sufficient to completely specify the spinner/lens configuration. An
attractive solution was found at 20 facets in the pyramidal configuration,
which took advantage of an existing fiat field scan lens design. The
resulting spinner turns at 2930 RPM in r~rder to meet the 1. 024 msec
line record time and 1.7 second page record time.

-The OLS generates a start-of ..line pulse when each facet is
in the proper orientation to begin a scan line . This s tar t  of scan
feature reduces the effect of velocity errors as well as facet-to -facet
angular errors resulting from spinner head manufacture. Velocity
errors within a line can still contribute to image degrada tion even
though reset is accomplished at the beginning of each scan line. For
this reason Harris imposed a 0. 01% short term velocity specification
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on the spinner controller. Ano ther major contributor to potential
image degradation is spinner face t-to-axis errors from facet to facet.
In this case, Harris specified tha t this error be less than ~~l arc
second between adjacent facets and ±2 arc seconds be tween any two.
In future systems , because of the cost and complexity of these two

• specifications , electr onic correction may be called for. The tight
velocity control requirement can be eliminated by generating a position
clock which corresponds to the position of the beam along the page , and

using it to properly sequence the data. Tight facet-to-axis tolerances

can be eliminated by def lecting the record beam in a programmed manner
to compensate for these errors.

2. 4. 7 Carousel/Elevator Assembly

The carousel and elevator mechanisms of the Sto rage and
Retrieval unit provide the means to select and extract or replace a

microfiche at a unique location on any of nine levels. A Harris
developed carousel with Harris perfected (Image Sys tems Remcard

compatible) code clips bonded to each microfiche is used along with the

Image Systems Remcard selecto r and fiche spreader mechanisms.

Each code clip includes the following fea tures: pin seating
notches to assure precise location of each microfiche relative the• the
readout beam; a unique (0 through 999) notched code which the selector

can use to separate each microfiche from its neighbors and partially
extract it from the carousel perimeter; a “T” bar to capture the
extended microfiche as the carousel rotates to a stop; and a spreading
mechanism to minimize inter-fiche contact during removal and replace-
ment operations .

A carousel consists of two circular plates separated by 3J
pa rtitions , r esulting in 30 wedge-shaped fiche storage cubicles. Up
to 25 fiche can be placed in each cubicle , with the code clips facing
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- outward to be accessed by the stationary selector. The carousel is

rota ted about its axis in two seconds, passing each code clip once

through the selector station. The selector consists of a magnet to

attract the clips and a series of solenoid-actuated fingers to handle

the decoding. As the clips are rota ted , the fingers hold unmatched

clips in the carousel, while the clip that matches the finger positions

is allowed to be drawn out by the magnetic field. The selected fiche

is then. captured by the T-bar as the carousel comes to a controlled

stop.

The elevator system is a unique HRMR development. It

moves the entire read station to one of the nine carousel levels which

are vertically stacked along a common axis.

The elevator/carousel approach has been successfully demon-

strated to be a reliable technique of random access to multi-level fiche

storage, and to provide convenient purge/update capability f o r  a micro-

fiche oriented mass data store. A potential disadvantage is the hand

operation necessary to affix the code clip to the fiche. Reasonable care

must be exercised in positio iing the clip and fiche in the vacuum holding

fixture duf~ing bonding. A potentially acceptable alternative to clipped

microfiche wo~ild ~e to assign a specific location in the carousel to each

fiche and index the carousel to this location to remove or replace the

fiche. -

2.4. 8 ~ IIj Iess Fiche Handling

Another important achievement was the internally funded

~~velopment by Harris of a proprietary clipless carousel, which is

dimensionally similar to the Remcard carousel. It provides 500 dedicated ,

indexed microfiche storage slots along the circumference of the carousel

(as opposed to the 750 provided by the standard Remcard device) . It

achieves microfiche extraction by a unique vacuum platen assembly,
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rather than a T-bar capture of a notched code clip; also, a spreading

mechanism is not necessary, as no contact between microfiche is

possible.

The overiding design feature of this device is that it allows

a slight decrease in storage capacity per carousel to be traded for a

completely clipless fiche handling system. This development promises

to be of significance in all future fiche-oriented data storage and retrieval

sys tems. 
-

2.4. 9 Automatic Film Handling and Processing

The HRMR system provides completely automatic film handling

f rom recording to processing and finally to the Verifier unit. This is

accomplished using fiche transport mechanisms to move the fiche and

pneumatic pistons to position the fiche on the recording and verification

XY assemblies. Film pr ocessing, including development, fixation,

rinsing , and drying, is provided by a built in Kodak Versamat 5N

processor , which is interfaced to the system by automatic entrance and

exit transports . A special queue transport at the processor exit provides

greater microfiche throughput flexibili ty .

The key to the automatic film handling concept employed in

HRMR -II is the fiche transport using edge -guide slots and pinch roller

drive. The fiche are moved through the slots (along their long dimension)
by the motorized pinch rollers, which are spaced so tha t they can pass

the fiche along from one to the next. Each pinch roller assembly consists

of a large diameter polyurethane bonded roller with a high frictional

coefficient, surrounding a small diameter self-equalizing anodized

aluminum rollers. This inner roller maintains a constant pressure point

of contact on the polyure thane surface , providing some accommodation

of any eccentricities or fla t spots on the roller without affecting film

velocity or permitting slippa ge.
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The performance of th ese transport systems has been good

for more than one year since installation. However , recent experience

indicates tha t a desirable additional feature for these mechanisms is

the use of sealed bearings; the unsealed bearings originally used have

been found to be a source of minute amounts of oil which can eventually

migrate to the film surface. Although no system performance degrad-

ation attributable to this oil has yet been noted , it could be a source of

film surface damage and hence impact the system’s achievable bit-error

rate levels.

2. 5 Problem Areas and Potential Improvements

As we will see in the later sections of this report , the HRMR-II

system was successful in meeting most of its original goals in the key

technical areas of data rate , da ta capacity, data integrity, and f iche

handling and processing. However , during the course of the system’s

development and integration, a number of problem areas were identified

which imposed limitations on the system’s performance in several

important areas. In Section 3. 3 below we will provide a detailed des-

cription of many of these problem areas , while Section 4. 3 describes

the experimental and diagnostic procedures undertaken to seek solutions

to the problems and to suggest future implementation improvements. In

this section, by way of summary of these results , we will now present

a set of descriptions of those areas in which desirable and cost-effective

gains can clearly be made in terms of future system performance.

2. 5. 1 AOBD Drive Linearization

As discussed above in Section 2.4. 1, the AOBD linearizer

was an important development in the life of the HRMR program; by

permitting a linear input/output rela tionship to be maintained, it made

the use of the simple, solid state acousto-optic scanner possible.

However , the linearization process currently must be repeated prior
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to each recording . A possible cure f o r  this instability is an increa se in

signal-to-noise ratio in the detecto r which provides feedback to the

linearizer. This could be accomplished by simply replacing the mask

that provides scan position reference marks wi th a negative of itself .

This would make the signal of interest a positive-going signal out of an
- - essentially zero refer ence level , rather than the current negative-going

signal from a high, noisy light level. Thus about a 6dB increase in

SNR could be achieved , greatly increasing the system’s reliability,
maintainability, and stability with respect to optical power level vari-

ations.. Since the scale of the recorded data also depend s on proper
linearization, this change would also provide greater independence of
scale from laser power level variations . A second potentially cost-
effective improvement to the linearizer system would be the upgrading
of the D/A unit. A uni t (no t currently available but projected for the
near future) with improved transient characteristics would provide a
surer , smoother adaptation of the feedback system to the correct values,
with reduced overshoot and therefore faster and more accurate linear-

ization.

2. 5. 2 AOBD Cell

Reduc tion of potential sources of bit-to-bit crosstalk is

always a worthwhile activity in a system like HRMR -.II. Such a potential

source is provided by unwanted light reflections within the AOBD cell.
In the system as currently conf igured , these reflections are filtered

downstream in the optical sys tem , so that they do not degrade sys tem
performance; however , the small aperture through which the beam mus t

pass to perfo rm this fi ltering is a critical point in the system’s alignment.
Thus removal of the unwanted reflections at their source could make
the use of the aperture unnecessary, increasing the optical alignment

stability of the system. To remove the reflections requires simply a
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modification of the angles at which the faces of the AOBD cell are
polished. Thus replacement of the AOBD cell with an improved design
would be the simplest way to solve this problem.

2. 5. 3 - HR Spinner

Another component which could provide a perfo rmance
improvement with only minor alteration is the HR spinner. Thi s uni t,
a multifaceted spinning mirror which deflects the recordrng beam across
the 9 mm width of the HR image plane , could be improved both mech-
anically and optically. Mechanically the required change is increased
rate accuracy . Cur rently the amount of !~j i t t e rT~ experienced , af ter the

re-synchronization that occurs on each line, is great enough to cause
recorded letters near the end of scan to begin to break into separate

pieces , decreasing legibility. Solutions to this problem include repair
(cleaning, etc. ) o r  remanufacture of the bearing structure , and adding
inertia to the spinner head to integrate out the jitter and vibration.

Optically the change r equired is protection for the mirrored
surfaces of the device , as well as rep lacement of the current head. The
lack of such protection during the previous system integration has
resulted in noticeable deterioration of the optical quality of the facets .
The specification and performance of the spinner unit are judged to

have been correct; the required changes are in the areas of pro tection
and maintenance.

2. 5.4 Threshold Averaging Technique

To make decisions on the recovered analog data , the readout
electronics employs a thresholding scheme which averages the detected
values from the previous seven holograms. This provides a measure
of immunity to rapid fluctua tions in signal intensity level, allowing
the threshold level to track the fluctuations and maintain the proper
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value. Two potential improvements to this technique have been

suggested. First and most simply, an increase in the averaging time

from 7 holograms to 15 or more would provide additional threshold

immunity to the rapid bit height fluctuation~ which have been observed.

This te~hthque could provide a modest decrease in the system’s raw

BER , since the threshold would more accurately track the proper

decision level.

The second suggested change involves a major alteration in

the recording and thresholding processes. This ‘differential encoding”

scheme would record two bits for each bit to be stored. In readout, the

diff erence of the two bits would be the signal to be thresholded. Thus

the proper decision level would be permanently and identically zero ,

and no threshold tracking would be required. To achieve this advantage,

either a packing density reduction (recording two bits for one) or a

change to the TGA unit (recording the two bits at reduced resolution)

would be required. Therefore , diff erential encoding canno t be fully

recommended until appropria te tradeoff analyses and system use studies

are completed. Nevertheless , it does represent a potentially significant

improvement in system BER performance and design simplicity, and

should therefore be given serious -consideration.

2. 5. 5 5 & R Counterbalance Technique
1

Rapid access time from level to level within the S & R

elevator mechanism is an important system goal. To achieve a

decreased access time, a true counterbalance system could be employed.

Currently, a spring-tension device is used. Ini tally, the spring device

was set for null force near the center of the eleva to r ’ s travel , with

increasing restoring forces near either end; however, that technique

made excessive demands on the servo compensation loop and stability

was difficult to achieve . A stable design was achieved by moving the
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null force point to or beyond the end of the elevator ’s travel. The only
remaining problem was the necessity fo r the servo to work against the

spring force; this design resulted in a system which was stable but slow.
The most reasonable solution to improved elevator access time is to
implement an improved counterbalance scheme designed around a true
counterweight; although this would require new mechanical and servo
designs to be implemented, the improvements offered may be of sufficient

importance to some system scenarios to merit the effort.

2. 5. 6 System Thermal Stabilization

Forced air ventila tion of the system enclosures of the HRMR-

II system provides a level of cooling and temperature stability which is
adequate to support the performance levels described in this report.

However, in certain areas, unexpected levels of thermal sensitivity

were observed which made frequent system optimization a necessity.
This problem was especially acute with the vendor-supplied CSR Systems

550 XY controllers, and especially in the recorder , which has a larger
heat load and higher component density than the other system modules.
The effec t observed is tha t, due to thermal overload, offsets build up

in the servo controllers and power amplif iers which pr event proper

servo nulling . The solution to thi s problem is straightforward: provide
additional ventilation. The efficiency of the forced air system can be

- 
1 increased by operating in a positive pressure mode to increase the heat

capacity of the flowing air; additionally, accurate baffling for flow

direction of the moving air to the areas most in need of cooling would
enhance the system’s efficiency. Implementa tion of these few simple

changes to the system could greatly increase its shor t and long-term
alignment stability.
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2. 5. 7 Vibration Effects

The effect of mechanical vibrations on the recorded holograms,

and the at tempts to isolate and eliminate the vibration sources under-

taken during the HRMR-II program , are discussed in the experimental

sectton of Chapter IV. Basically, such vibrations cause variations in

the spacing of the reco rded holograms , which results in a f requency

change as a function of track pos ition during readout. Thus the phase-

locked- loop (PLL) , which generates the hologram-synchronous readout

clock , must accommodate these changes, or else the data decisions will

be made at times not correctly corresponding to the hologram positions ,

and the BER will be degraded. During the experiments reported in

Chapter IV , several poten tial vibration sources (including the air blowers ,

film processor , and reader-recorder interaction) were investigated and

de termined not to be major contributors to the problem. Another pot-

ential source is the smoothness of the lead screw in the fiche transport

mechanism; also, mechanical resonance effects are known to be present

and to be capable of increasing or decreasing the vibrations, depending

on the configuration. This area is one which is worthy of fur ther

investigation and design correction, with the benefit to be gained being

- 
- a reduction in raw bit error rate and more repeatable system per-for- -

mance.

2. 5. 8 Data Interleaving

Because of the presence of highly correlated (burst) errors

in the raw data recovered from a recorded fiche, the full power of the

error-correcting code employed by the system is not currently being

achieved. For truly random errors , the implemented code should be

able to corr ect the observed raw BER (of around 2 x 10~~) to a level

between io ’
~ and iO .8. The fact that this is not achieved ( in fact ,

corrected BER’s ar e observed to be usually wor se tha t l 0 6) is clea r
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evidence that such burst error activity is taking place. There is a

straightforward solution to this problem: interleave the stored data 
-

to such an extent tha t any error  burs t  can affect at most one bit in any

codeword. Thi s would result in a dramatic decrease in the system ’ s

corrected BER. The only price paid for this gain (other than hardware
- - costs) is tha t a large buffer is required to allow deep interleaving during

record and readout. Interleaving to the deepest extent practical is

highly recommended. The tradeoffs involved in the interleave process ,
as well as an attempt to determine experimentally the proper interleave
depth, are discussed in detail below in Section 5. 1.

2. 5. 9 Film Processing

To make high-densi ty archival data sto rage on microfiche
practical , a method of rapid , high quality film processing is required.
The tradeoff process (described elsewhere in thi s report) which led to
the selection of the Kodak Versamat 5N processor for use in the HRMR-
II system included consideration of cost , size , and processing perfor-

mance. The resulting processor, as integrated into the system, provided
a dependable source of on-line film processing capability fully contained
within the system cabinet. Experiments performed during system

evaluation phase, however, indicated that the machine processing added

a noticeable contribution to the bi t-error-rate of the system (as detailed

in Section 4. 3). Thus, although the Versamat 5N appears to be the best
choice under the current constraints , it is clear tha t relaxa tion of one

or more of these constraints could lead to the selection of a processor

which would support substantially lower system erro r rates. Therefore ,
it is recommended that, for any future system where BER is an
Important conHideration , the fi lm processor tradeoff be critically
reviewed to determine the best way of achieving the required BER
levels.
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UI. REQUIREMENTS AND ACHIEVEMENTS

Section II provided a functional description of the HRMR
System. In addition, the major technical challenges at a sy stem level

were reviewed and the performance levels achieved were presented.

Thus Section II provided the background necessary to appreciate the

technical detail to follow .

This section begins with a synopsis of the original require-

ments established for the HRMR System. Following that, the technical

approaches chosen to implement subsystems to meet the requirements

are described. Tradeoff s of various technologies with final approach

selections are reviewed. Merits and encountered limitations of selected
technical approaches are discussed. Finally, this section concludes
with an assessment of the approaches taken with consideration for
further improvements.

3. 1 Technical Requirements

The HRMR Microfilm Mass Memory Sys tem design was guided
by requirements specified in the RADC PR#I-4-4422 (Revised) Statement
of Work (SOW) . Key requirements have been extracted and itemized in
Table 3. 1 with each item referenced to the applicable SOW paragraph,

- 

1 as well as the acceptance test procedure (ATP) sequence number for

future reference in the Performance Demonstrations and Conclusions
Section.
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3. 2 Technical Approach

To achieve the requirements set forth in the previous section,
the HRMR system emp loys a unique combination of optical, mechanical,
and electronic technologies . The selection , optimization and integ ration
of these technologies into a system capable of meeting the stated goals was
the kep ac tivity on the HRMR prog ram. In most cases , a number of tech-
nical approaches were considered as candida tes for each system function,
and were evalua ted in terms of performance and compatibility with the rest

of the system. The central cri teria used in evaluating each technical

approach involved its ability to support the global system paran-e ters (I/O
rate, I/O format, storage accuracy, and storage capacity) in a cost-effec-
tive way ~nd with minimum risk.

In this section we will describe the technical tradeoff and
parameter selection process as it was applied to many of the important

techniques-employed in the HRMR system. We will begin with an overview
of the HRMR system concept and its approach to the problem; then we will

describe in some detail the design choices and tradeoffs made in several

important component and subsystem areas.

3. 2. 1 ~y~ tem Concept Overview

The approach to mass archival data storage taken by the HRMR-
U system is based on the key concepts of fiche format storage and synthetic

holography. The following paragraph8 provide a basic description of the

functioning of the MR recording and readout systems.

3. 2. 1. 1 Data Format

Data is stored in the HRMR system in blocks of 48 user bits.

To each incoming 48 user bits are added 13 pari ty bits for error  detection
and correction purposes , as well as 7 addi tional overhead bits used for
sync , threshold , and maintaining optimum hologram bit populations. These
68 bits are then stored in synthetic one-dimensional Fourier holog rams.
One-dimensional here implies that the holog ram shape is long and narrow,
with holog raphic fr in ges (and hence information) being recorded only along
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the length of the hologram. Because they are Fourier holog rams , each

“one” bit stored is represented by a sinusoidal fr in ge pattern extending

throug h the entire length of the hologram. Thu s the fr inge patte rn written

in a given hologram is a superposition of s inusoids of different frequencies
representing those b its that should be “on es” in that hologram.

3. 2. 1. 2 Synthe tic Holography

In an inter ferometric holog raphy approach, the f r inge  patterns

representing the bits to be stored are generated by interfering a reference

beam with a group of binary-weighted signal beams . The resulting inte r-

ference patte rn is a combination of different  frequencies representing “one ”
bits , the frequency of each bit being determined by its angle of incidence

on the film with respect to the reference beam. To generate a synthetic

Fourier transform holog ram, a differen t approach is required. In that

technique, a single beam sweeps the leng th of each hologram, writing

appropriate an-~plitude fringes as it goes. This implies that instead of

being generated by an interference process , the fring e amplitudes must be

electronically calculated in advance , so that they can be serially written

along the holog ram ’s length. Thu s a discrete Fourier transform process

is employed to calculate the required number of coefficients for adequate

bit-to-bit resolution. In the HRMR system, 512 coefficients are calculated

and written twice along the hologram to provide double Ray leig h resolution

of the 68 data bits. The writing process is accomplished via a laser beam

which ie intensity modulated and scanned as described in the following

paragraph.

3. 2. 1. 3 Recorder System

The light source employed by the HRMR system is a 15mW

Argon - Ion laser. The beam intensity is temporal modulated to repre-

sent the calculated f r inge amplitude as described in the previous parag raph.

This modulat ion is accomplished by means of an acousto-optic modulator

(AOM). The AOM is an optical crystal in which lig ht and acoustic waves
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Interact. The desired modulation amplitude is placed on a fixed frequency

RF carrier and input to a piezoelectric transducer, producing travelling

acoustic waves within the crystal. The variations in index of refraction

produced by the travelling pressure waves then deflect at a fixed angle an

amount of the laser beam which is propor tional to the RF input amplitude,
and hence to the desired modulation.

After amplitude modulation of the laser beam is accomplished

by the AOM, it is conducted (via suitable lenses and mirrors) to the
acousto-optic beam deflector , which pe rfo rms the actual deflection of the

beam alon g. the hologram length. The AOBD is similar to the AOM, except
that the input amplitude of the RF signal is held constant while its frequency
is varied. Since the beam deflection angle is proportiona l to the drive fre-
quency, this causes the beam to sweep in ang le, and this motion is changed
by appropriate scanning optics into a sweep in position along the hologram.

The fiche on which the holograms are written is held in place

by a vacuum platen mounted on an X-Y transport mechanism. This trans-
por t moves the fiche parallel to its long dimension until approximately 9000

holograms have been written in a track with a length of 135 mm. Then the
transport indexes one track width, re traces to the track start location,
and is ready to record the n ext track. This process is repeated up to a

- 

- 
total of 70 tracks per fiche (containing 3 x l0~ user bits).

When a fiche is completely recorded, the X-Y transport deposits
it in the input of a linear transport assembly through which it is conducted

to the built-in automatic film processor. After the develop, fix, rinse ,
and dry steps are complete (a matter of approximately 5 minutes), the fiche

exists the processor and enters the queue at the entrance to the reade r unit.

Several additional features of the recorder are worthy of note
here. Photodiode monitors are placed at a number of strategic locations
along the optical path; they provide info rmation about beam intensity, as
well as spatial and temporal modulation characteristics. One important
function of these monitors is to provide feedback to the linearization
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systems, primarily the AOBD linearization. The AOBD, because of the

nonlinear and environmentally sensitive relationship between its Input

(the voltage to the VCO) and output (the beam deflection angle), must be

linearized in a closed-loop way for each recording . This is done by using

two of the monitor photodiodes to detect the arrival times of the beam at

two fixed reference marks ; the linearity of the chirp input frequency is

also detected by a photodiode monitor. These data are then used to program

a nonlinear input capable of producing the desired linear AOBD output. The

AOM that performs the intensity modulation is the subject of a similar

linearization process. Its linearization of input power versus output power ,

however, need on ly be done once , and hence is programed into PROM.

3. 2. 1. 4 Reader System

When a recorded fiche is called for from the queue, it is con-

ducted via the reader linear transport to the read station , where the

vacuum platen mounted on the reader ’s X-Y transport accepts it. The

holograms are then translated in orde r past the read station by the X -Y

transport. At the read station, they are illuminated by a light beam whose

source is a 1-5 mW He-Ne laser. The laser beam passes first through

appropriate shaping optics , where it is formed in such a way that it can

illuminate a sing le 13 ,im x 1. 4 mm holog ram; it is then conducted to the film.

At this point , the hologram being illuminated causes part of the light to be

diffracted into a number of directions , one direction for each “one” bi t

present in the hologram (because each bit is represented by a different
- 

I f requency in the recorded holog raphic fringe pattern). These data carrying

- 
— beams are then sent through a series of mirrors and lenses which shape

- 
:- 

them into individual spots for input to a photodiode array. Additionally

the beam passes through several filters (slits or apertures) which serve

to remove as much spatial noise or scatte red light as possible. Finally

the bits, now represented by spots of light, are incident on a linear array

of photodetectors (a Reticon self-scanned array). This device converts

the presence (or absence) of a bright spot at each detector to the detection

L 
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of a one (or zero) bi t , using a threshold circuit capable of adapting to any

slow changes in the average bit height. The detected bits can then be sent

to the error-correction decoder for processing and transmission of the

recovered user data back to the controlling computer.

When the data light is diffracted from the hologram, a portion

of the input lig ht is not dif fr acted; this light is used for a different purpose.
By detecting the position of this undiffracted beam (with another photodiode
monitor) , any devia tion of the beam due to film thickness variations can

be observed. Since such deviations would also affect the diffracted data

beams and cause them to be misaligned with respect to the data detectors,

this “film wedge” effect is corrected by a closed loop fe -dback system. An
electrically adjustable mirror in the film illumination - I s changed

slightly in position such as to ensure that the undiffract~ - ri-i stays

centered on a split detector; this in turn guarantees that - iiiracted data

beams will also remain stationary on their detectors.

Both the Recording and Reader Systems receive timing and

control signals from the control electronics subsystem; in addition, the
control electronics system handles the tasks of interface with and data

transfer to and from the main system computer.

3. 2. 2 Selection of Key Technologies

• To meet the requirements for the HRMR -II system, a systep~
design activity was required which would take full advantage of any and all

— 

• 
advances made since the completion of FIRMR-I in a number of key techni-

cal areas. In many cases , techniques used and tenative decisions made

during the earlier prog ram were no longer appropriate , due to the exiatance

of new techniques or to more favorable experiences with previously non-
competitive ones. Thus most of the decisions and techniques finally
implemented in HRMR-U were the result of tradeoff studies which balanced

the cost or performance advantages of the newly available techniques (or

devices) against the proven performance and availability of the older

methods. Sources of information used in these tradeoff studies included:
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analysis and design calculations, experience obtained on HRMR-I , experience
obtained on othe r related prog rams, experimental work , vendor su rvey
data, and reports of the current state of the art from key component
developers.

In this section we will detail the tradeoff studies and analyses
made in a number of these key areas , and show why the system that
resulted was configured as described in section 3. 2. 1.
3. 2. 2. 1 Synthetic Holography

‘The advantages of recording digita l data through the use of
Fourier transform holog rams are well known. Since the data is distributed
over a relatively large area, significant reduction in the sensitivity of the
recording to dust and other amplitude imperfections is achieved. In addi-
tion, the re constructed data is spatially invariant under translation of the
hologram which eases mechan ical tolerances during the readout process.
Fourier transform holograms may be generated synthetically or in terfero-
metrically. If implemented properly, both approaches result in essentially
the same intensity distribution on the film. Thus , the reade r unit is the
same for both recording approaches.

In inte rferometrj c holography a spatially modula ted beam of
coherent light, called the signal beam, is mixed at the film surface with an
unmodulated beam of lig ht , called the refe rence beam. The interference
pattern thus generated on the film surface is a hologram. Synthetic holo-

• graphy is dif ferent in that onl y a single beam of intensity modulated light
- 1 is scanned across the film to create the hologram. The modulation is con-

trolled electronically so that the proper pattern is exposed on the film sur-
face.

Synthetic holography has an inherently simple optical system ,
and is quite versatile since scanning and modulating are electronically
controllable. It requires the use of an electronic Fou rier t ransform
generator having enough bandwidth to expose the hologram sequentially ,
I. e., the synthetic recorder is a serial bit stream system. Interferometr ic
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holography reduces electronic and mechanical complexity at the expense
of increased optical complexity. Since the interferometric approach is
esseDtially a parallel bit stream system, it has a higher speed potential.
Required control electronics are simple and there are no moving parts
except for the film. It requires an interferometrically stable
mechanical platform during the hologram exposure time and high peak
laser power to keep the fringes stationary during the exposure inte rval.
In addition , a critical element in an interferometric recorder is the page
composer (signal beam modulator). During the design effort  for HRMR ,
several page composer candidate s were functioning in laboratories , but

they were not yet fully proven , opera tional components.

The decision to use synthetic holography in the HRM R system
was prompted by the success with this technique achieved by the earlier
phases of the program. By putting much of the burden of stability on the
electronics subsystem, a higher probability of producing an operational
deliverable system was assumed. Furthermore, the system simp licity
ment ioned above promotes a much more maintainable , repairable system
which can be enhanced with a modular design approach.

Another important consideration for the choice of synthetic
holography was the availabili ty of high-performance acous to-optic
beam deflectors (AOBD’ s). The use of an AOBD, provided that an ade-

• quate number of resolved spots can be produced , permits the MR recorder
to maintain the desirable feature of no moving parts (except for the film).
Available AOBD’s could easily provide the number of spots required
to write fringes corresponding to double Rayleigh resolution of 64 bits . —

Addit ionally, f or a g iven data rate, the serial production of
fringes requires less optical power than the interferometric method; thus ,
a lower power recording laser can be used. This point is important becaus e
stable and reliable operation of any optical data storage system can be ob-
tam ed only with a stable and reliable laser light source , arid currently
only the lower power units readily provide these characteristics.
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3. 2. 2. 2 Recording Format

In determining the data recording format to be used on the fiche

(for the MR data) , both practical implementation cons iderations and system

compatibility questions had to be resolved. The following subsections

detail some of the design constraints and the resulting system parameter

choices.

3. 2. 2. 2. 1 Data Capacity Constraint

The availability of a fixed area in which to store the required

30 Mb of user data , combined with several prac tical implementation con-

siderations, fo r ces the adoption of specific recording fo rmat parameters in

a number of areas. Specifically:

a) The total number of hologram tracks per fiche should be

divisible by 7 to fit within the NMA HR frame format. Afte r

consideration of all the factors herein, 70 tracks were selected

as being optimum; there a r e  t h e n  10 MR tracks per HR

row.

b) The available track heig ht must be accessible in 12. 7 pm

(0 . 5 mil) Y position steps for economical lead screw imple-

mentation and 10 tracks should nest in each HR row. The

closes t solution i s 98 x 12. 7 pm = 1. 2446 mm per track,

pius 4 x 12. 7 pm = 50. 8 pm steps every 10 tracks , plus two

additional 12. 7 pm steps between the f i rs t  MR track and the

heading track.

c) There mus t be at least 8929, 48 bi t user holog rams per track

- 
• to obtain 30 Mb storage , plus 65 sync/ e r ro r  correction

holograms per track for a total of 8994 holograms per track.

d) The total inclined recorded length of each hologram track

must allow for acceleration/deceleration at the end of each

track so that the record window in the air-bearing platen

comes to rest no closer than 1 mm inside the edge of the
- fiche. Ideally, at least 4 mm of unrecorded edg e should
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exist at each end of the track. The minimum fiche width
based upon present Kodak cutting tolerances is 146. 43 mm
with up to 0. 01% aging shrinkage allowed. Aging shrinkage

was included in the 1 mm start/stop band allocation. The
selected recorded track leztgth is 136. 4 mm peak-to-peak.

e) Hologram tracks must be recorded far enough apart to allow
for mechanical and optical positioning tolerances. The

selected value of track separation is 95pm as a result of
experimental evaluation of these tolerances.

f) Hologram width should be as wide as practical within other

con straints herein for optical design purposes. Tradeoff

studies considered 12. 5 to 13. 5pm holog ram center-to-cente r

spacing as being practical. A spacing of 13. 0 ~ m was

selected as a compromise value because it yielded a work-
able track-to-track sepa ration distance , a desirable scra tch

immunity , and an esthetically acceptable heading track

character inclination.

3. 2. 2. 2. 2 Data-Readout Time Constraint

The requirement to read an entire fiche within two minutes

is a constraint which pushes some 1 the mechanisms in the system to the

limits of their capabilities. Some of the tradeoff considerations and the

resulting compromise are:

a) The following maximum platen movement rates have been

established for reliable servo implementa tion:

X record velocity - 1 6 0  m m/s e c

X retrace velocity - 200 mm/sec
Accelera tion - *3400 mm/sec2.

MR record direction is restricted to one platen travel

direction (i. e .,  left to right) to preserve record optics
simplici ty.
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b) The selected platen record velocity must coincide with re-

cording holograms at a 96~usec rate to be consistent with
- - system timing.

c) Tradeoff studies which calculated the achievable readout

time using the constraints herein showed that readout in two

• - minutes or less requires a slight violation of the above - 
-

velocity/acceleration limits. The selected solution pro-

vides a 2. 02 minute readout time.

d) Record time for a 71 track MR fiche (includes one h eading

track) is then also calculated to be 2. 05 minutes

3. 2. 2. 2. 3 Scratch Immunity/Heading Legibility Constraint

To provide some immunity to noise generated by scratches or

other mechanically induced marks running parallel to the edges of the

fiche , it is desirable to tilt the holog rams at an ang le to the fiche edges ,

thus taking better advantage of the “dis tributed coding ” property of holo-

graphic systems. However , since the MR recording system must use the

hologram format to write the heading track, the leg ibility of the track also

constmins the holog ram tilt angle. Some of the key considerations which

led to the final tilt angle selection of 310 
are:

a) For optimum immunity to noise generated by fiche-edge-

- parallel structures, a hologr am tilt of clos e to 45° is
• desirable.

b) A design review of potential 29° and 4? heading characte r

writing inclinations (inclined to the rig ht) revealed 29° to

be acceptable, but 45° was unacceptable. The selected 310

— I tilt to the rig ht is thus considered acceptable without

character tilt correction.

C) The characters must be large enough to be easily read

without magnification. Using Paragraph 7a of DIAR 59-3 as

a guide, the characters should be 4. 5 point type or larger.

______________________—- 

3-14 

- - _____

-— 
.. -

~ — — — — —..- __ ___*_~~~‘ ~~~~~~~~~~~~~~ ~~~~~~~ 4~~~~~~1



- --
_- ------- --- --- -

The 310 
tilted characters a r e 1. 245 mm high or about the

size of 6 point type.

3. 2. 2. 3 Laser Wavelength arid Vendor Selection

On the basis of the tradeoff analysis which is summarized in

Table 3. 2. 2. 3-1 the Spectra-Physics Model 163-02 Argon-Ion laser was
selected for the recorder. The principal reasons for this choice were

superior reliability, lifetime, noise characteristics, stability and warm-up

time and the favorable performance of thi s laser on HRMR-I. Both of the

He-Cd lasers were in the pr e-OEM stage at the time of this study which
presented a potential unnecessary risk for HRMR-IL. The high power

dissipation of the argon unit was not a problem on HRMR-U since adequate

cooling was provided in the recorder cabinet housing the laser.

The noise characteristics of the argon laser were conside rably

better than those of the He-Cd. For all candidate lasers , an AOM would

have been required to attenuate the light to the record level (less than or
equal to the 10 mW end of life level). A complete comparison of candidate
laser parameters is provided in Table 3. 2. 2. 3-1.

The use of a He-Ne laser was precluded by a twofold disadvan-

tage. The long He-Ne wavelength increases the required lens aperture
rat ios , thereby decr easing the depth of focus tole rances throughout the
reco rd opt ical path. This increases the optical design and hardware costs .
In addition , the low cost option backup film (SO-343) is not sens itized to

red light. This film offers the best alternative to 649F with the added
• advantage of red safe-light darkroom manipulation capability.

Note that the data presented in Table 3. 2. 2. 3-1 is that which

was current when the t radeoff study was done. Thus , although no clear

invalidation of the selection described above has occurred in the interim,
the la ser manufa cturers  may have modified the price or performance

specifications somewhat.

3- 15 



--- -

~~~~~ 

- -

~~~~~~

-

~~~~~~ 

I

TABLE 3. 2. 2. 3-1

COMPARISON OF CANDIDATE RECORD LASERS - 1975

Type Argon He - Cd He -Cd
Manufa cturer Spectra-Ph ys ics  R CA Liconix

Model 162-02 LD 2186 402
Wavelength 488. 0 rim 441. 6 urn 441. 6 urn
Power Output —

Typical 14 mW 15- 20 mW 20 rnW
End of Life 10 mW [0 mW 18 mW

Mode TEM TEM TEM
RMS Noise <1% 00 2% o° 2% 00

Beam Diamete r 0. 65 mm 0. 80 mm 0. 83 mm
Beam Divergence

( full angle) 1. 0 mrad 0. 8 mrad 0. 68 rnrad
Long Term

Stability £ 0. 5% ±~ 3% ± 5%
1~ rm-up to 90% < 1 m m .  30 m m .  5 m m .

Power (stabilizes in 30 m m . )
Polarization l00~l vertical 500:1 vertical 1000:1 vertical
Laser Size 12 . 7”x5. 0”x5 . 75” 26 . 0”x7. 0”x7. 0” 24. 75”x4. 25”x6, 0”

( L x W x H )
Laser Weight 10. 5 lbs. 12 lbs. 8 lbs.
Power Supply

Size 16. 75x5. Zxll. 5 Not available Not available
Weight 29 lbs. 28 lbs. 10 lbs.

Power
Dissipation 1100 watts 250 watts 250 watts

Lifetime 2500-4000 hours 800-1000 hours ~ 1000 hours
Warranty 1 year I y e a r /b OO hrs. 1 year/l000 hours
Unit Cost $4400. 00 $3600. 00 $3750. 00

Reliability OEM, very good Developmenta l Principally lab
( HRMR-I record laser quality use

- 

j Noise Good , raw laser Poor. must filte r Poor , must fil te r
beam can be used out noise (+ $1000- out noise (+$l000-

$2000) $2000)

Relative MTF 100 /mm: 1. 37 dB 100 /mm : 1. 30 dB
- - Loss 200 / mrn: 5. 49 dB 200 1mm : 5. 20 dB
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3. 2 .2 . 4 Scanning Techniques

The selection of the techniques of scanning the laser beam to

record on the film is an important facet  in the production of a cost-

effective and operable data recordir~g system. The central choice to be

made~is between AOBD (acousto -opti c beam deflector) scanning and

spinne r (multi-faceted spinning mirror)  scanning . AOBD’ s offer the

advantage of no moving parts and short retrace times , while spinners

can produce a much greater number of resolvable spots across the scan

field . Thus AOBD’ s are usually preferable in any application where

very high resolution is not needed. The two paragraphs below summarize

some of the tradeoff analyses performed in-select ing the current HRMR

recorder scanning approaches.

3 . 2. 2. 4. 1 MR Recorder Scanning~Tradeoff

The use of a spinner approach in the MR scanning system is

apparently precluded by the sys tem rate requirements. A comparison of

HRMR-I and HRMR-II scan rate requirement s illustrates the increased

difficulty of the problem. The scan rate increases 15-fold from the 1.5

msec per facet of HRMR-I to 96 psec per scan required by: (1 )  the 25%

reduction in the hologram da ta content to allow for error correction

coding , (2) the elimination of the dual hologram readout technique and

- 
-~ (3) a 5-fold increase in record da ta rate. Ano ther problem is the

complexity of the scan lenses which would be required to support a

spinner scanning approach. Through a calcula tion of the key parameters

in a scanning system, the possible spinner solutions given in Table

3. 2. 2. 4. 1 -1 were derived , and are presented with the corresponding

values from HRMR -I as a reference. The major derived variables in

the calculation were: scanner lens fQcal length , r eflected beamwidth ,

facet width , spinner angula r velocity, spinner diameter , and - hologram

length .

L 
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TABLE 3. 2. 2 .4 . 1-1

CALCULATED MR SPINNER SOLUTIONS

HRMR-II

HRMR-I  A B C

Number of facets iS 30 40 60

Focal length (mm) 1 9. 5 3. 8 5. 1 7. 6

Angular velocity ( rpm~ 2750 20 , 830 15 , 6 20 10 , 420

Diameter (inches 3 2. 0 3. 5 7. 9

Duty cycle (%) 13 80 80 80

Facet cycle time (psec) 1455 96 96 96

The three spinner solutions shown in the table all require a very complex

two stage scanner lens to reach effective focal lengths under 8 mm. The

fabricational complexities of solutions A, B, and C are approximately the

same, trading increased size for reduced speeds.

The current sophistication in AOBD technology, however , makes

AOBD scanning an attractive alternative. Acousto -optic deflectors are

available wi th up to 1000 resolution-element outputs and can deflect the

680 spots required for HRMR-II in 40 psec with 80% duty cycle. Throug h

the use of acousto-optic beam deflector scanning , future  sys tems can

reach 1 Mb/s record rates and above , while the spinner reaches its limits

at about 500 KB/s. 
-

As a result of the above considerations , AOBD scanning was

- 

I 
selected for use in the HRMR-II system. The major spinne r drawba ks

were; hig h angular velocity arid/or large diameter of the spinner , and the

- 

- 
extremely short focal lengths of the required scanner lens. The key AOBD

advantages were: no moving parts., reliabi l i ty , and adequate speed and

resolution.

3. 2. 2. 4. 2 HR Recorder Scanning Tradeoff

I 

The HR system requires a larger number of reso1ve~ spots

across the scanned field than does the MR system; thus , a separate trade -

of f consideration was necessary to select the HR scanning technique .
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TABLE 3. 2. 2 . 4. 2- 1

AOBD/SPINNER TRADEOFF PARAMETERS
Parameter AOBD Spinner
Speed Very hig h. <Z0psec/scan High , 200 psec/scan

- - 
Retrace time ~~8psec. SO-lOOp sec.
Optical effi.ciency 40 - 60% 80%
Resolvable elements

per scan <1000 pixels >6000 pixels
Pixel rate 50 x 106 

pixel /sec 30_ 106 
p ixe l / sec

Technical r isk New techtiob og y Engineering effort
Operabi l i ty  Cr i t ica l  a l ignment  Mechanically stable

Temperature effects
— Rel iabi l i ty  Transducer  fa i lure  Bearing & moto r

fa i lure

Lifetime Unhmited 4000-10, 000 hours

Special requirements Anamorphic optics f -8  scanner lens
Long optical path

HRMR-II, HR Cost
Development 3 Reference (= 1)
Recurring 0. 7S Reference (= 1)

The AOBD is currently limited to approximately 1000 resolvable elements

per scan while 1700 are needed for human read recording. As many as

1800 resolvable elements per scan have been generated with AOBD’ s in
s ta te -of - the-ar t  technolog y development efforts  within Harr i s , but

the technology is not yet adequately developed. See Table 3. 2 . 2 . 4 .  2-1.

This tradeoff indicates that at the present  time the spinner is

the better approach for  the HRMR human read recording . Since the tech-

nology and resulting capabilities of the AOBD are rapidl y improving, this
tradeoff should be rere~’iewed for any future generation HRMR machines.

3 . .! . 2. 5 Film Emulsion Selection

The p r imary  cr i te r ia  used in evaluating the various available

~~~~~~~~ •n . (or use in the HRMR system were vendor , holograpt. ic
,. ,~~~r ~~~~ ~ , s ens i t iv i ty ,  ava i l ab il i ty  on thick polyester base material ,
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and archival storage capability. The choice of vendo r was immediately

narrowed down to Eastman Kodak Company because of their reputation and

past performance in the areas of quality control and film availability;

accordingly, emulsions produced by Agfa Gaevert and other f i lm vendors

- - 
were not extensively considered for use in the HRMR-II system.

3. 2. 2. 5. 1 Candidate Emuis ions

The init ial  screening of available emulsions considered the

key parameters of holog raphic diffract ion eff iciency and signal to noise

ratio, a~ d produced the following list  of emulsions j u d g e d  to be of

holographic  q u a l it y :

649F SO173
SO34 3 (649GH) FE-3807- 1
SOI41 (SO424) PSR

All of these emulsions have been previously tested at Harr is .  and a compi-

lation of their relevant characteristics produced. Some of the key features

in the descriptions of each of these emulsions are as follows:

• 649F is the emulsion used by the HRMR-I System.

• SO343 (649GH) is the same basic emulsion as 649F without

the red sensitization. Its cost is lower than 649F by 25

to 40%.

• SO14I is an Argon laser recording filrn on 4 mil esta r base

which has been used successfully in other holographic

recorder programs. Its speed is ove r an order of magnitude

faster than that of 649F. The same emulsion is used in

S0424 . the Kodak Minicard II Film (triacetate base).

• SO)73 is a low noise He-Ne holog raphic film. At 633 nm it

is about 3 times faster than 649F. At 488 rim, however , it

becomes much slower than 649F.

320
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• FE-3807-1 is a very fast  He-Ne sensitive holographic

emulsion (5 e rgs/ cm 2). Its signal to noise ratio is

comparable to that of SO 141 , but about 3 dB worse

than 649F. A disadvantage of this emulsion is the need

for a 50% me thanol wash stage for the removal of a

residual royal blue sensitizer.

• PSR films (Prestabilized Reversal) have good sensitivity

and due to the positive na ture of the film, black guard

band s would be automatically formed between hologram

tracks thus aiding noise suppression. Shelf life of thi s

film is a serious problem.

3. 2. 2. 5. 2 Other Considerations

In addition to their hologra phic properties , an important

consideration is the base material on which the candidate emulsions are

regularly coated. Use of the thick (7 mil) esta r base is mandatory for

proper S & R operation. Of the emulsions considered, only 649F and

SO343 are readily available on this base.

The final emulsion choice for the system was made on the

basis of sensitivity: at the projected operating system wavelength of

-488 nm, the 649F emulsion was faster ;  thus it became the baseline

choice for use in the r./stem. It was recommended , however , that

S0343 be considered as an attractive low-cost option for the system,

provided that adequate lig ht levels to properly expose it could be obtained.

- 

- 
3. 2. 2. 6 Film_ Processor Selection

The film processor for the HRMR system had to meet a

number of cr iter ia in the areas of size , cost , performance, reliability,

etc . It must fit conveniently into a space compatible with standard

electronic rack packaging of the whole system; it must be inexpensive to
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operate and maintain, as well as to minimize its impact on the overall

system coat; and it must provide quality processing compa tible with the

high-integrity storage and retrieval of data in an office environment.

Some of the key technical performance requirements estab-

lished at the outset of the processor selection activity are given in Table

3.2.2.6-1.

TAB LE 3. 2. 2.6-1

FILM PROCESSOR PERFO RMANCE. REQUIREMENTS

• Capability to transport  a single 105 x 148 mm

x 17 8 pm thick microfiche without jamming.

-• Full developer temperature control to L 1/ 2 °F.

• Accurate microfiche transport rate control

to £ 1%.

• Automatic chemical replenishment cycle(s)

with adequate , non-critical, automatic chemical

replenishment capacity.

• Adequa te developer path length for fast develop-

ment combined with pr oven reliability and

perfo rmance.

• Dry to dry processing time of 5 minutes or less.

- - • Variable dryer temperature control.

• Absence of scratches or marring during processing.

-The least expensive processor which meets or exceeds all of the above

criteria is the Kodak Versamat Model 5N. This uni t is capable of con-

tinuous tone sensitometric performance and will hold the density varia-

tions to ± 0. OSD maximum or less over days of operation. The Model

- 
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5-AN has a 5 inch wide transport , dual pass through the developer tank,

and water spray rinse. This uni t is about five feet long and can readily
be mounted in a standard electronics cabinet with connecting transports.

The Model 5-AN has a transport rate control of ~ 1% and a tempe rature

control stability of j  1/4 °F.

The Kodak Versama t Model 11C also meets the performance
criteria but it is somewhat more expensive because of its 11 inch wide

transport (which would be needlessly oversize for microfiche processing).

The Model I IC uni t length of approximately 11 feet would be very awkward

to package in standard electronics cabinets .

O ther processors which will develop a single fiche and which

were considered include: (1)  Pako , (2)  Cordell , and (3) cus tom designed

units . Compared to the above requirements , the Pako processor does
not have su.fficiently accurate rate control , has insufficient developer

path leng th and its small chemical reservoir  capacity promotes critical

replenishment-mix problems. The Cordell units unacceptably mar and/or

scratch the film surfaces, have very small chemical tank capacity, and

have inadequate temperature controls. Custom units can be designed by

several vendors to meet the requirements but at three or more times

- - the Versamat Model 5N price.

The result of all of the above considerations was the selection

of the Kodak Versamat Model 5N film processor for  incorporation into

the HRMR-II system.

3. 2. 2. 7 Film Positioning Platen Design

The technique used to hold the film in place during recording

and playback has an impact on two critical system performance para-

meters: film surface quality preservation and system depth oil focus

tolerance. In the earlier system design , a flat-head vacuum platen was
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used to hold the fiche during recording and readout. Performance was

adequate. but a number of problems were identified which made an

improved technique a desirable goal for the HRMR-II system.

To provide an improved performance alterna tive fiche

positioning system, experiments were conducted with an air-bearing

based unit. It was shown that in a dynamic test mode of the air bearing

platen, film position could be held stably cons tant within 6. 0 pm peak -to-

peak at air gaps of . 008 to . 009 inches with input air pressure of 8. 0 psi.

Thus the depth of focus tolerance, one of the key parameters, could be -

improved using the air bearing technique . Comparison findings in other

critical areas are delineated in Table 3.2. 2.7-1.

TABLE 3. 2. 2.7-1

COMPARISON OF AIR B EARING AND FLAT HEAD VACUUM PLATENS

Configuration/Operating Consideration Air Bearing Flat Head

Worst case film positioning stability j .3 pm j lz pm

Fiche area available for recording Maximum Constrained

Mechanical mass required for support Minimal Significant

Sensitivity to dust and dirt particles on
film positioning surface Minimal Significant -:

Integral optics and platen design Easy Very difficult

Film scratch susceptability Minimal Significant

Film readout capability with code
clips attached Easy Difficult

The clear conclusion drawn from these tradeoff considerations

was that the air bearing technique should be adopted for use in the HRMR-

U system. This decision has been fully supported by the results obtained

in operation of the system: the air bearing platen has met or exceeded

all of its design requirements , and has been one of the most trouble-free

components in the system.
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3.2.2.8 Photodetector A~~~y

A recorded one -dimensional Fourier transform hologram of
binary data can be recovered by an anamorphic optical system which per-

forms the inverse Fourier transform ~ s the hologram is illuminated by a
re~ dout laser beam. The result is a linear array of optical spots , each

- 
- 

spot representing a data bit . A linear photodetector ar ray located at the
- - data reconstruction image plane converts the optical data to electrical

signal amplitudes for subsequent thresholding. Two common means of
recovering binary data are: linear self-scanned arrays, and discrete

photodiodes linked to a fiber optics array. In either approach, each
detector is assigned to a single data bit reconstruction position.

The discrete photodiode approach provides greater than 60 dB

dynamic range and unsurpassed cross-talk isolation between detector

elements but requires extensive ancillary circuitry. Self-scanned inte-

grated circui t arrays provide total data recovery in a single package ,

which minimizes the number of interconnections while providing high

component reliability and ease of maintenance. However , serious per-

formance limita tions in self-scanned arrays mus t be overcome so that
their use does not appreciably degrade the recovered data bit error rate.

The impact of these performance limitations when not properly overcome

was seen in the HRMR -I research proto type equipment to lower packing

density and increased bit error rate.

~~~~~~~~ The HRMR-II research proto type employs a conventional, bit
detection approach characterized by the presence of a photodiode output
(data bit reconstruction) for one of the binary states (~‘1”) and the absence

of pho todiode output for the remaining binary state ( f l Q 1I )~ In order to

achieve the desired bit er ror  rate (BER) , an accurate decision threshold
which separates the binary states must be provided. Thi s is accomplished

by monitoring the peak amplitude of special bits which are allocated to
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perform decision threshold estimation. It is important that each photo-

detector output provide a minimum dynamic range of 20 dB to accommo-

date the following effects:

1) the output switch between decision threshold and peak

signal;

2) the peak signal variation due to noise;

3) residual spa tial frequency dependent intensity loss
- (MTF roll off) ;

4) intensity variations due to nonuniform film processing;

and

5) recording/readout laser power output variation

Since each bit decision is independent, there exists an addi-

tional requirement for high diode-to-diode isolation (20 dB minimum)

otherwise a corresponding reduction in dynamic range is exhibited .

3. 2. 2. 8. 1 Pe rfo rmance of the HRMR-I Array

A single Fairchild FPA-602 , 128-element linear self-scanned

array was used in the HRMR-I system. Various compromises were

required to accommodate major performance limitations of thi s array.

The f i rs t  limitation was tha t the dynamic range of the device was limited

to approximately 10 dB. There are two reasons for this. First , fixed

pattern noise suppression was not employed to overcome the high switching

noise levels encountered; and second , the a r ray  exhibited a significant

output pulse shift as a function of the incident light intensity. Since the

ampli tude of each bit fluctuates over a wide range , the 10 dB dynamic

range was not sufficient to recover data at an acceptable BER. As an

attempted solution, the readout beam intensity was increased and the

array output was allowed to saturate so that the active dynamic rang e

included the decision threshold region for bit decisions. Thi s resulted

in Improved BER , but at the expense of degraded decision threshold
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estimation and degraded synchronization to the hologram illumination
rate. Saturation of those photodetecto r outputs allocated to decision
threshold estimation resulted in a threshold which was insensitive to
the array output . This required that unacceptably tight tolerances be
placed on recording levels and film processing to minimize array output
fluctuation. A further effect was tha t synchronization of the readout
system to the hologram rate was degraded , because the peak amplitude
of the photodetector outputs , which indicates real-time registration of
the readout beam with the hologram, was allowed to saturate; hence the
peaks were no - longer identifiable.

A second major limi ta tion was excessive crosstalk between
adjacent photodiodes , which was produced by the poor diode -to-diode

electrical isolation (only 10 to 13 dB). This required tha t adjacent diodes
not be used when the ar ray  output was heavily saturated so tha t crosstalk
would not produce erroneous bit decisions . An experiment in which only
alternate diodes were used resulted in crosstalk isolation of 16 - 19 dB;
thi s proved acceptable , since crosstalk no longer appeared to be the
limiting BER degradation source.

As a result of the photodetector experience acquired on the

research proto type, the following critical array characteristics are
necessary if only a slight degradation of BER perfo rmance is to be

attributed to the readout array:

Dynamic range 20 dB

Diode-to-diode isolation 20 dB

Uniformity of response j O . 5 dB
An additional impor tant requi rement is tha t the photodetectors should
appear as point sensors. This minimizes the data recons truction inter-
symbol interference which results from the recorded truncated Fourier
transform (onl y two transfo rm cycles are recorded) and readout beam

L 
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apodization. Analysis indicates that intersyinbol interference can be,
held to a value outside the minimum required dynamic range if the bit
detector spacing exceeds the detector width (along the array) by a factor
of four .

• 3. 2. 2. 8. 2 Evaluation of Candidate HRMR-ll Arrays

To select a detector array unit for use in the HRMR-II system,
tests were carried out on four devices , including the Fairchild FPA-602

- 
- 128-element device used by the HRMR-I system. The tested arrays

were;

• Fairchild FPA 602; silicon-gate MOS

• Reticon 256A; silicon-gate MOS

• Reticon 512B; silicon-gate MOS

• Fairchild CCDIOI; charge-coupled device
These arrays were subjected to a small-spot response test to determine
their dynamic range and diode-to-diode isolation. The first  three of the
ar rays were silicon -gate MOS devices and the fourth was a charge -coupled
device. The silicon-gate MOS self-scanned linear arrays consist of a
row of photodiodes which are gated to a video line(s) for discharge at
specific clock intervals. The amount of current required to discharge
each element is proportional to the incident light intensity and to the

interval between discharge (scan) cycles. During a scan cycle , each
diode element is sequentially discharged and the video line common to
each element exhibits a serial train of discharge current pulses. These
pulses are coincident with clock pulse transitions. A common and flex-
ible video line implementation employs two video lines per array segment;
each video line is common to alternate diodes. To gate each diode to

the video line, alternate diodes may be interogated simultaneously or in

an interleaved fa shion as a function of the clock input phasing .
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A more recent linea r ar ray  device implementation is
provided by charge-coupled device ( CCD) techniques which serially
transport the photodetecto r charges to an output. This technique holds
the greater promise to provide wide dynamic range , since the array is
not actively switched or gated and fixed pattern noise is minimized.
However , CCD device technology has not yet reached the point where
these devices provide appreciably greater dynamic ra nge and SNR or
meet the readout rates of silicon-gate MOS devices.

- The results obtained from the silicon-gate MOS self-scanned
arrays were felt to be representative of presently available devices. The
new RL-5 12B units exhibited sufficient dynamic range and adequate diode
isolation if fixed pattern noise suppression is employed and if only alter-
nate diodes are used in readout. Video line neighbor isolation proved
to be quite fiigh ( every fourth diode is a video line neighbor). Unifo rmity
of response at 1 dB below saturation and 10 dB below saturation for a
sample of 10 detector diodes on the same video line was found to be
within + 0. 3 dB.

-~ 
- The RL-256A was found to be worse than the Fairchild FPA

602 in video line neighbor diode isola tion (every second diode is a video
line neighbor), although neither of these two arrays is considered accept-

• able for an improved BER reader design.

The CCD unit was difficult to adjust and the recorded results
are not believed to reflect optimized performance. Greater than 24 dB
dynamic range had previously been observed; however , charge transfer
smearing produced an effect similar to poor diode-to-diode isolation.

Based on diode array characteristics and the HRMR prototype
equipment performance , a set of desired self-scanned diode array

characteristics were defined and are listed in Table 3. 2. 2. 8. 2-1. As a
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result of the array tests described above, it was also felt that with minor

modification to detector sizing and spacing parameters, a version of the

Reticon 512B array could meet the characteristics of Table 3 . 2 . 2 . 8 . 2 - 1 .

TABLE 3 . 2 . 2 . 8 .2 -1

DESIRED READOUT ARRAY CHARACTERISTICS

• Dynamic Range 20 dB

• Diode-to -diode isolation at least 20 dB

• Uniformity of response ±10% maximum

• Number of sensors 96 - 128

• Sensors per segment* 32

100 psec maximum
• Segment cycle period 10 psec typical 

2 ps e c minimum

• Center-to-center detector spacing 1 -4 mil

• Detector leng th 16-24 mil

• Ratio of detecto r spacing to 4:1
detector length

*If the throughput readout rate of a reader exceeds Z5OKb/s , i t is

desirable to segment the ar ray  and monitor simultaneously each segment

output. This achieves the readout rate with ar ray  clocks which are less

than 10 MHz. Two separate video lines should be provided to simultan-

eously read out alternate sensors in each segment.

3. 2. 2. 8. 3 TeSting of the HRMR -II Reticon Ar ray

Based on the conclusions described in the previous sections ,

a new device was designed and produced for Harris by Reticon , Inc. This

device, designated the RLZ56EBH, was a modification of the RL5JZB

array tested previously. Starting with the basic 512-element device ,
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which has 1 x 25 m u  photodioes on 1 mil centers , modificatj o~~a were

made to produce a HRMR-II  compatibile unit.  These modifications

included•

- 
I 

1) deleti ng al ternate diodes by .grounding the video

lines (video lines 2 and 4) and extending the mask

to cover these diodes;

2) extending the mask to reduce the center aperture

of the 256 active diodes , resulting in a diode size

of 0. 5 x 24 mils on 2 mit centers; and

3) applying CRL AR-7 coating to both sides of the

ar ray ’ s quar tz  wIndow to minimize reflections

at the He-Ne laser wavelength (633 nm) .

The first tests conducted on the array were bench tests.

The photodiode array was mounted on the breadboard array driver

assembly and small spot response tests were conducted which included

dynamic rang e , adjacent diode isolation , al ternate diode isolation , and

uncompensated noise sources. Both test units exhibited 24 dB dynamic

range to the fixed pattern noise level. However , the dynamic range
-
- 

- should really be limited by the achieved diode isolation , since high level

adjacent or alternate diode illumination would produce a diode output

response indistinguishable f rom noise during normal reader operation.

Alternate diode isolation suppression of adjacent response (on a common

video line) and adjacent diode isola tion were  20 and 22 dE , respectively.

Each uni t with CRL AR-? coating on the qua r tz windows exhibited a 1 to

- I 1.5  dB increase in sensitivity when compared to uricoated quartz window
• arrays. Photodiode saturation of AR-7 coated units occurs at 1 .7  x 10- 12

joules corresponding to 1.0 pw small spot illumination during a 16.6 psec
readout scan period. Uniformity of response was checked and found to be
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within ~5% at a high illumination level (1 dB below saturation) and within
&l ZTo at a low light level (10 dB below saturation) .

Final testing of the new ar ray  was done after it was installed

in the HRMR system, with appropriate electronic and op tical system

modifications to provide temporal and spatial compatibility of the repro-

duced data with the ar ray .  The improvements expected from the Reticon

array included: 1) increased scan (readout) clock rate to meet the 500

— 
KHz user data requirements ; 2) increased diode-to-diode optical isolation
by reduction of the diode aper ture  to 1/4 of the 2 mu diode spacing; 3)

increased optical isolation b y two sided, ant i - ref lect ion coating of the

array ’ s quartz windows; 4) increased electrical isola tion between diodes
by using every other diode; and 5) improved dynamic range provided by

the array,  as well as signal enhancement provided by the sample and

hold circuitry. Improvements were realized in alt the above listed areas;

thus , the Reticon array readout is now very representative of the data

reconstruction illumination imaged onto the a r ray ,  i. e . ,  minimal data

degradation is contributed by the a r ray .  Specifically, the following

performance improvements were realized with the Reticon array:

1) The increased scan readout clock was implemented

at 2. 5 MHz with no difficulty.

2) Diode-to -diode data bit reconstruction isolation was

increased significantly. A minimum of 12 dB isolation

between adjacent diodes exi sts , and isola tion of alter-

nate diodes exceeds 12 dB. The performance improve-

merit of the Ret icori a rray  over diode arrays  with

100% aperture (such as the Fairchild FPA 602) is

significant, since operation of those arrays only

yields 4-6 dB isolation, thus making bit decisions

impossible when all diodes are active.
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3) Increased optical isola tion with antireflection coating

was difficult to appraise; however , an improven-zent

of 1 to 1. 5 dB increased array  sensitivity was

obtained with the ant irefLection coated array corn -

pared to an uncoated array.

4) Electrical isolation of 20 dB was a substantial

improvem ent over the 11 dB isolation between

adjacent diodes in the FPA 602. This improvement

in isolation means that data reconstruction is not

significantly degraded by the electrical properties

of the array.

5) The dynamic range improvement obtained with the

Reticon ar ray  means tha t the ar ray  need not be

operated in saturation.

The improvements in the Reticon RLZ56EB H (with respect
to the previous device) indicated tha t it was capable of supporting the

goals of the HRMR-II system. Even though not quite all the requirements

listed in Table 3. 2. 2. 8. 2-1 were met , perfo rmance was adequate to
ensure tha t the array would not be a limiting factor in the overall system

BER results. This conclusion has been borne out by the performance of
the array in the system during the remainder of the program.

3. 2. 2. 9 Optical Design and Packaging

There are several important requirements on the optical

design of the HRMR-II system. First, a s table platform for the optical
components is required to maintain optical alignment on a long term

basis , to minimize environmental effects , and to provide a unique

reference for design and adjustment measurements. Second , ~tatic
and dynamic adjustability must be provided to allow initial and continuing
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system optimization and alignment. Finally, a highly desirable quality

of the optical system is the use of interchangeable assemblies to minimize

alignment downtime and guarantee long term performance. In this sub-

section we will describe some of the tradeoff decisions taken toward

achieving these design requirements, and provide a brief summary of the

optical design implemented in the HRMR-II system.

3. 2. 2. 9. 1 Desi~ n/Packaging Tradeoffs

The first  area of investigation concentrated on materials

which could be used to provide a suitable mounting platform for the

optical components. Candidate materials were masonite , cast aluminum

jig pla te , aluminum castings, aluminum honeycomb, composite honey-

combs , and granite. The philosophy guiding the ultimate materials

selection was to achieve maximum long term stability in the mounting

platform; this permits a greater tolerance lati tude in the more complex

mounts for individual elements . Extremely heavy materials were ruled

out because of the need to elevate the optics in the S & R Unit and the

need to minimize the ultimate impact on floor loading at computer install-

ations. Of the light weight materials, the most stable are the honeycomb

composites ; however , this material type is the most expensive. A com-

bina tion of cast aluminum jig pla te and aluminum castings were used.

Static adjustability will be used to mediate the dimensional

difference tradeoff s between economical fabrication tolerances and

required optical tolerances. This type of adjus tment is intended to be

used as a one time only adjustment. Those adjustments requiring

frequent attention should be powered adjus tments with instrumented

feedbacks. In addition, there are some dynamic adjustments which
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are functional during an active read/record.  The overall intent is to

provide minimum operato r hardware interface and greatly enhanced

maintainability.

The last area of consideration is prealigned, interchangeable

optical subassemblies. Such a unit can be fabricated , assembled and

aligned to meet a specification for focal distance and size. This means ,

for example , tha t bolt-on-interchangeable reconstruction lenses could

be stocked as spares. Insta llation would entail no optical alignment ,

focus , or o ther compensation.

3. 2. 2 . 9. 2 Recorder Optical Design Approach

The basic design approach to the recorder subsystem is

described in Figure 3. 2. 2. 9. 2- 1.  The recorder light source is a

Spectra-Physics Model 162-02 Argon-Ion laser operating in the TEM0Q
mode at 488. 0 nm with an output power level of 10 mW nominal. The

noise characteristics of the Argon laser are better ( < 1%  RMS) than those

of the He-Cd laser previously considered for use (2% RMS) . A light

level controller is still required to contro l the light to the record level

(which will be equal to or less than the end of life 10 mW provided by
4 ! the laser). The acousto -optic amp litude modulator controls the intra-

pixel intensity level during both MR and HR. The mode selecto r functions

as a light switch into either the HR or MR mode as required , and is

implemented by means of a mechanically driven mirror .  For the MR

mode , the mirror will not interfere  with the lig ht beam , but w ill proceed

undeviated along the MR path to the MR record station; in the HR mode ,

the mirror is inserted into the light path and the beam is deflected

through an angle of 90°. into the HR path. A mechanical shutter is used to

block the light when a leng thy break is sensed in the record data stream;

this guarantees tha t no stray laser light will reach the film and fog it.
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The record scanning devices for MR and HR are an acousto-optic beam

deflector (AOBD) and a multifaceted spinning mirror or spinner , resp6c-

• tively. The MR and HR record stations are separated by 2 inches.

Photodiode monitors back up each record station for diagnostic and

• maintenance purposes. A master electronics control unit provides

timing and synchronization signals to the various subsystem components ,

while interfacing the recorder to the main system control.

3. 2. 2. 9. 3 Verifier Optical Design Approach

Figure 3 . 2 . 2 . 9 . 3-1 shows the block/optical diagram of the
• reader/verifier subsystem. The coherent light source , a Spectra-Physics

Model 124A He -Ne laser , is operated at a nominal power of lOm W i n  the

TEM00 mode. The laser is followed by a beam expander and spatial

filter , which serve to provide a uniform beam with minimal spatial

noise. The anarnorphic illumination optics function to illuminate a

single hologram on the fiche such that both hologram-to-hologram and

intersymbol interference are minimized. The SNR filter also aids this

- • minimization function by controlling the readout beam apodization. The

anamorphic reconstruction optics image the bits at the correct  spacing

for input to the photodiode array.

The film wedge correction system , not previously mentioned
- •  resulted from an observed property of the HRMR storage medium.

Microinterferograms of 649F film have shown tha t film thickness vari-

ations are substantial enough to cause loss of SNR in bit detection. Film

thickness variations cause the film to act as a thin prism which in turn

causes the bits to translate off their respective detectors. This problem

is corrected by forcing the light to pass through the platen at a given angle

with a position correcting servo loop operating on one of the fold mir rors

in the optics path. The erro r signa l for this servo loop is obtained by

imaging the nondiffracted (DC) light onto a split photodiode. The
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difference signal, after processing , drives the piezoelectric mirror

which illuminates the hologram. Closing this loop forces the difference
signal to zero , thereby forcing the light which passes through the platen
to travel at a fixed angle .

• 
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3. 3 Assessment of Selected Approaches ari d Problems Ericour~tered

The design of the HRMR system required the selection of

specific approaches for implementing cer ta in  system functions . With

• the benefi t of hindsight at thi s point ~n time , assessments of certain of

the approaches selected are provided in this section , along with a brief

discussion of two specific problems encountered. The topics selected

for review here are: synthetic holograph y, microfiche unit records ,

carousel storage and retr ieval , the computer controller and I/O inter-

face , film ha ndling, X-Y position servo motors and electronic controllers,

a rid the bit error  rate.

3 . 3. 1 Synthetic Holography

On both the earlier HRMR program ( the exploratory develop-

ment model) and this one ( the erigineering development model) , blocks

of digital data (user  plus overhead) were recorded on film in the form

of synthetic one-dimensional Fourier t ransform holograms. The data

packing density was limited primarily by the minimum size of the

scanned and modulated beam at the film in the direction of scan , coupled
• with the number of resolvable spots required to represent  the computed

Fourier transform hologram of each block of digital data on the film.

The synthe tic holography approach was selected over inter-

ferometric holography because , at  the time of the selection, a linear

• multi-element lig ht  modulating a r r ay  (a linear ~page composer~~) to

convert a block of digita l data to a line of spatially modulated light

beams did not exist in a reliable form.  Since tha t time , proven acousto-

optic linear page composers with up to 136 individually modulatable

positions along a line have been developed and used on other RADC and

NASA programs at Harris .
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I
The rejection of direct spot recording in favor of synthetic

holography was primarily because precisely locating and synchronizing

to individual reco rded spots on film called for mechanical precision and/

or closed-loop servo-control  techniques that had not been developed or
• proven at the time. The spatial invariance property of Fourier trans --

• 

• 
form holograms allowed the mechanical precision parallel to the holo-

grams to be relaxed by an order of magnitude . The property tha t a

scra tch as wide as several bits thr ough a hologram did not destroy

specific bits but decreased the signal-to -noise ratio for all bits in the

hologram was also appealing. Since that time , several techniques have

been developed and proven for  recording , tracking , and synchronizing

to spots recorded on film at very  hig h packing densit ies;  the optical I -

video disk activi ties provided par t  of the incentive. Also, error

I 

detection and correction coding techniques have progressed such that

corrected error rates in direct spot recording can be comparable to

those with Fourier t ransform holograms with properly designed codes.

Synthetic holograph y was successfully exploited in bo th HRMR

sys tems and was proven as a dig ita l data storage and retrieval technique.

However , because increased packing densities are achieved with inter-

• 

- ferome tric holography and especially with direct spot recording and

• because technological developments now permit their selection, these

I are the preferred approaches in mass storage and retrieval systems

prese ntly under development.

3. 3. 2 Microfiche Unit Records

The selection of 105mm by 148mm standard microfiche as the

unit record format was made primarily because of widespread acceptance

of this standard format arid of the availability of a storage and retrieval

- 

mechanism sui table for microfiche . Additiona l advantages of microfiche

H
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included reasonable random access prospects , ease of purging unit

records , compa tability of the HR forma t with standard microfiche

r eaders , and availability of film and compatible film processing

equipment.

The viability of microfiche as a unit  record persists at

present , not onl y for  the HRMR system but for  cer ta in  other mass

storage and retrieval systems under development for HR data , inter-

ferometric holography, and direct  spot digita l data . In response to

these needs . Harris has developed a s torage and retrieval module concept

• - for microfiche based on a slotted carousel for unclipped , unmodified
• 

microfiche. This storage and retrieval module for  microfiche is a key

• building block for several mass storage and retrieval systems in

various phases of design and fabrica tion.

3. 3. 3 Carousel Storage and Retrieval

As noted above, the basic carousel storage and retrieval

approach for microfiche continues as a preferred approach for the

HRMR system and for other mass storage and retrieval systems. The

specific approach implemented in the HRMR system requires that a

notched metal clip be affixed to each microfiche and allows adjacent - 
-

microfiche to make some physical contact as they are extracted from

• and reinserted into a carousel. The affixing of the metal clip must be

done precisely to transfer positional reference from the edges of the

microfiche to the clip; this operation adds cost to the microfiche

infiling procedure.

The nine-stack carousel configuration required that the

readout subsystem be carried on an elevating structure parallel to the

axis of the stack while maintaining fairly precise mechanical alignment
between the elevating microfiche extractor and the fixed carousel stack.
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In the course of this program certain changes to the intended sequence

of elevator control functions were made to permit more precise control

of elevator motion. These changes provided the required positional

control while adding to the average and wors t  case retrieval time . The

retrieval time can be reduced , but the more complex control sequence

should remain as impleme nted to assure  the required positional pre-

cision of the elevator and to stabilize the relatively heavy elevating

subsys tern.

Partly as a result of the experience gained by Harris engineers

who designed and worked with the stacked carousels with clipped micro-

fiche , a new type of carousel storage and retrieval module was designed;

a feasibility model has been fabricated and tested successfully on a

Harris IR & D project that is continuing . The brochure included in this

report as Appendix A provides ~~. description of this new microfiche

storage and retrieval approach that incorporates a slotted carousel for

unclipped microfiche . Key improvements over the previous carousel

concept are as follows:

• Dedicated slots in top and bottom plates hold individual

microfiche such tha t no contact is made by adjacent
• microfiche and the location of a microfiche is keyed

• to a slot;

• Microfiche are  not modified (no slips and no require-

ment to transfer positional reference information) and

can be m u t e d  directly after recording;

• A two-stack carousel hold s 1000 microfiche with only

• a modest extension of the rang e of travel on one of the

X - Y  axes required to move the extractor from one level

to another;
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• The readout optics , air platen, and photodetection

uni t are fixed relative to the two-s tack carousel

(not elevated);

• Each group of 1000 microfiche in a two-s tack  carousel

have independent retrieval and readout subsystems ;

• The two-s tack  carousel s tructure loaded with micro-

fiche can be removed readily and remounted on ano ther

module if the retrieval or readout portions of a module

fail;

• With multiple storage and retrieva l modules , retrieval

and readout operations can be performed in parallel

with an appropriate controller;

• Large numbers of modules can be configured for on-line ,

parallel operation with even larger numbers of off-line

carousels available to load onto any available module

when off-line information is demanded b y a system user.

The slotted carousel storage and retrieval module for uninod-

ified , unclipped microfiche is a key building block for systems now under

consideration for massive amounts of both HR data (microimages) and

MR (digital) data on microfiche.

• 3. 3 . 4 Computer Controller And I/O Interface

A PDP 11/45 computer and peripheral options was selected

as the system controller. The computer , mag tape transport, disc

drive , and CRT provide not onl y a cost effective da ta I/O function but

provide data management capability, in-progress  sta tus and fault

monitoring, and a data readout disp lay.

B y utilizing the standard PDP unibus interface , the Recorder ,

Verif ier . and S & R Unit data I/O and command/status transfers could
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be easily implemented to a proven interface with a minimum design

• uncertainty. Once thi s interface is accommodated, the computer and

options provides data I/O for mag tape , disc pack , CRT and keyboard,
teletype , and a unibus port for  a communications channel, without any

additi 9na l hardware development.

Indeed, by standardizing on the DRI 1 -B (data I/O) and DR.! 1-C

(con~mand and status), and defining the. interface functions early in the

program, the hardware design of the Recorder, Verifier, and S & R

Uni t and data management software development then proceeded in

parallel and were then integrated with a minimum of difficulty.

• Modifications to the DEC equipment were kept to a minimum

and included:

• Addition of acoustic absorbing material to reduce the

ambient noise gene rated by the blowers in each rack.

• Logi-c added to a general purpose DEC wire-wrap card

to provide run leng th encoding and DMA interface to

the DEST Graphic Arts Digitizer.

• AC power distribution panel

• DR 1 1 -B and DR 1 1 -C connectorized interface panel

• In general the DEC PDP 11/45 computer and option performed
very satisfactorily. However, the system performance with regard to

the time required to record and read microfiche was substantially

greater than planned because an entire microfiche could not be staged

on disc.

The system was configured with two disc drives. One drive

reserved for operational software and the other used for temporary

storage of data to be recoraeu Dy tne Recorder Uni t or to being read in

from the S & R Unit . As one disc pack could only be staged with, at

most, one-half the data for a microfiche, it was planned to transfer
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data onto (or from) disc from (or to) mag tape during microfiche record

(o r read) retrace and thereby support one continuous recording (or

readout) before the disc data demand was exceeded. U nfortunately,

interleaving these functions from Mag tape to disc was not possible

and presentl y, only one microfiche track is staged at a time. This

results in interrupted recording or readout with pauses at the beg inning

— of each track and adds approximately two minutes to full microfiche

recording or readout.

A low risk solution requires the addition of a third disc drive

to allow full microfiche staging on the second and third drives for

• uninterrupted recording or readout.

3. 3 .5  Film Handling

Film handling encompasses film removal from a film cassette,
• transporting the film to/ f rom the X-Y Transports , accurate film chip

positioning against X-Y Transport  guide pins , film transpo r ting to / f rom

L the film processor , and microfiche selection/ removal/reinsertion to 
fl

the S & R carousel. These functions were very capably incorpo rated }i

into the HRMR system utilizing:

• - Center-drive pinch roller film transport assemblies,

each assembly individually driven by a synchronous

AC motor.

• Air cy linder and pistons to provide t ransverse motion

with status provided by adjustable position switches to

sense piston travel. Each air cylinder actuated by an

AC solenoid driven 4-way air valve activated by a Solid

State Relay.
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• . Microfiche prese nce detected by interrupted air-flow

switch or edge-guide roller switches.

• S & R microfiche handling by incorporating Rem/card

• Image Systems selector and spreader mechanisms.

3. 3.6 X-Y Microfiche Positioning Servo

• The X-Y servos for providing precise movement of the micro-

fiche in the Recorder , Verif ier , and Reader subsystems were troublesome

throughout much of the system checkout phase. The major problems

were with the motor bearings and the drive electronics. The motors

and bearings selected by the vendor were an improper match to the

• specified X-Y servo loading conditions; each time a bearing failed , the

precision shaft position encoder would be damaged or destroyed . The

drive electronics for the X - Y  servo motors were unstable and tended

to drift throughout the day, causing record or read rriisalignments. A

decision was made not to take legal action against the vendor or to

reprocure because of the anticipated impacts to the program cost and

schedule. A Harris team was Sent to work with the vendors to select

more appropriate motors and higher quality bearings; thi s action

-
• required several iterations and visits to vendors before the motor

problem was under control. In the meantime, system checkout was

hampered by motor failures and the lack of replacement motors and

encoders. A Harris team was also assigned to troubleshoot, redesign ,

and repair the motor drive electronic units ; this action resulted in

enough improvements to servo-loop stability to permit use of these

units , but long - term drift continued to be a problem tha ’ was handed

• 
• by reinitializing the X-Y position reference when appropriate faults

were detected and reported.
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In retrospect it is considered possible tha t the decision to

- 
I 

repair the vendors ’ servo-motor8 and drive electronics and to seek

work-arourid s for  residual problems was more costly than rejecting

• them early and seeking a more competent design using more sophisticated

servo approaches.

- 
• 3. 3 .7  Bit E r ro r  Rate s

• Raw ( uncorrected)  bit e r r o r  rates (BER ’ s) were initally

hig her than anticipated based on extrapolations from the exploratory

development model of HRMR. Improvements (reduc tions) in the raw

BER by an order of magnitude were made , and the variations from

read-to-read and from microf iche- to-microf iche were reduced to a level

such tha t consistent results were observed. The eng ineering effor t

required to adjust  system parameters and procedures to achieve tolerable

and consistent BER performance was significantly greater  than planned.

The chief remaining source of raw errors was less than ideal processing

of the film in the automatic film processor .  With additional engineering

effort  to improve this process , it is believed that fu r ther improvements

are possible.

In Section 5. 1 an analysis of achievable corrected BER is

- 
- presented , leading to the conclusion tha t a more sophisticated but easily

• 
1 

realizable error  detection and correction code can provide performance

closely approaching a 10~~ BER. The key cha ng e required to improve

BER performance is to interleave data from hundreds of adjacent holo-

grams and to construct  e r ror  detection and correct ion codes after  data

I interleaving. In such a case , the obliteration of a large portion of one

or a few adjacent holograms affec ts  onl y one or a few bits in the code

word. The erroneous assumption made early in the program tha t led

to the implementation of non-inter leaved er ror  detection and correct ion

code hardware was that the raw e r r o r s  would be stat is t ical ly independent.
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In fact , the occurrence of raw er rors  tended to be in bursts , showing

statistical dependence of errors .  ( Tha t is , the probability of many

errors  per hologram was higher than expected. ) The interleaving

process tends to scramble the burst errors such that the occurrence

of errors in the interleaved data streams tends toward statis tical

independence (randomness). Error detection and correction codes work

best on such error statistics.

With the addition of data interleaving, as suggested in Section

5. 1 , performance approaching ~~~~ BER can be achieved.

,

~ ~~~ 

•
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IV. TEST AND RESULTS

In the course of the construction, initiali zation, and operation
of the HRMR system , a bod y of technical data has been accumulated
which is an essential pa r t of a comple te system description. Thi s section
will document that technical data , de tailing the experiments performed , —

the results of those experiments , and the conclusions and recommend-
a tions to be drawn from each result.

The results to be presented in this section will be or ganized

into three main subsections. The f i r s t  will detail the system optimization
and initialization procedures , i. e . ,  those tests through which the operating
points of the key system components were selected during system inte-
gration. The second subsection will present some of the results tha t
characterize the achieved performance of the com ple ted sys tem. rhe
thi rd subsection will describe some of the diagnostic techniques used

to track and minimize data error sources in the completed system.

For each area of investi gation in each subsectio n, a complete

description will be given of the test  condi tions , the variable and observable
quanti ties or qualities , the experimental procedure , the data recorded ,
the implications of the observations , and any recommendations which

• may have emerged from the results in that test area .

4. 1 System Optimization and Integration

- During the assembly and checkout of the HRMR system, the

key activities were the performance verification studies done on the
• major optical and electro-optical subsystems. These studies served

two purposes: f i rs t , they provided confi rmation tha t the subsys tems

would perf orm according to design; and second , they delineated the
tradeoff relationships necessary to select the system ’ s operating

4-1
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parameter values. This subsection will describe some of these important

experiments, their results , and the system operating parameter choices

which resulted.

4.1.1 TGA Studies

The Transform Gene rato r Assembly ( TGA) performs the basic

- • translation of the digita l data from the bit domain to the frequency domain,

using a discrete Fourier Transform process. In addition, the TGA (a

more complete description of which is given in Section 2. 4) performs

a filtering ot pre-emphasis on the transformed data to compensate for -

the nonuniform frequency responses of such system components as the

film , lenses , and AOBD.

4. 1. 1. 1 Test Procedure

The purpose of the f i rs t  test perfo rmed on the TGA was to

determine the effects of parameter variations on the output signal, as

well as to verif y the proper functioning of the unit. The two main para-

meter settings which were varied were the TGA gain and the Digital Filter

setting . The TGA gain controls the overall amplitude of the resultant

discrete Fourier transform coefficients ( subject to clipping when the 8-bit

dynamic rang e is exceeded), and the Digital Filter (DF) setting controls

the amount of enhancement received by the higher frequencies. The

functioning of the TGA and its response to variations in these parameters

were documented by means of two type s of oscilloscope photos:

(1)  Photos showing the output of the TGA, i.e. , the

repeti tively gene rated 512 DFT coefficients which

represent the spatial variation of amplitude to be

recorded in the holograms; and
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(2) Photos showing the outpu t of a spectrum analyzer

which received as input the signal described in

item (1).

The features of interest in the TGA output photos are: the

amplitude uniformity (or lack thereof) , which is indicative of the perfo r-

• xnance of the phase-randomization algorithm (see Section 2. 4) and the

presence or absence of coefficient clipping , which, because of its -

nonlinear na ture , can cause intermodulation noise to degrade the

system SNR . In the spectrum analyzer photos , the bi t height fluctu-

ations caused by the intermods (or other noise sources) can be seen ,

as well as the frequency-dependent profile which is intentionally added

through the use of the Digital Filter.

4.1, 1.2 Digital Filter Test Results

The first test was simply to document the eff ect that the DF

setting has on the frequency profile of the data , The series of photos in

Figures 4.1.1.2-1 through 4 .1 , 1 .2-4  show spectrum analyzer outputs for

the various DF settings. Data for these photos is as follows:

All Figures
TGA Gain 5
Spectrum Analyzer Parameters

Center Frequency 1 MHz
Bandwidth 3 KHz
Freq/division ZOO KHz
Scan time/division 50 msec

• Vertical scale/division 2 dB

Fig. 4 . 1 . 1 . 2 — 1
DF Setting 1/4

Fig. 4. 1 .1 .2-2
DF Setting 1/2

Fig, 4. 1.1 .2-3
DF Setting 3/4

Fig. 4 .1 , 1,2 -4
DF Setting 1
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Figure 4.1.1.2—1. Spectral Analysis of IGA Output for Digital Filter
Setting of 1/4

• 
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Figure 4.1.1.2-2. Spectral Analysis of IGA Output for Di gital Filter
Setting of 1/2
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Figure 4.1.1.2-3. Spectral Analysis of TGA Output for Digital Filter
Setting of 3/4

I

hi iiUi ii u.
FIgure 4.1.1.2-4. Spectral Analysis of IGA Output for Digital Filter

Setting of 1
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4. 1. 1. 3 Digi tal Filter Test Interpretations

• This test shows that a reasonably wide range of frequency

preemphasis can be obtained through the use of the Digital Fil~er technique .

The l~igh frequencies can be enhanced with respect to the low frequencies

by as little as 1.5 dB or as much as 10 dB. The selection of an operational

value will be described in a subsequent section, and wiil be based on the

extent to which one or more of these filter settings applied to the recorded

f requencie~s can produce a uniform bit height profile in the reproduced

data .

Another conclusion to be drawn from this experiment is tha t the

TGA is quite successful in generating uniform amplitude frequency com-

ponents . These frequency components , which correspond to data bits in

playback . must be kept as uniform as possible to permit optimal thres-

holding and hence minimized BER. The TGA gain of 5 which was used here

will be shown in the following subsection to produce no clipping of trans-

form coefficients (a source of inte rmodulation, and hence spurious bit

height fluctuations). Thus the bit height profile shown in photos 4. 1.1. 2-1

through 4. 1. 1. 2-4 is (neglecting the DF envelope) representative of TGA

performance. Using the 2 dB / czn value from the Spectrum Analyzer

settings, we can see tha t the TGA outpu t frequencies are uniform in

- 

-

• amplitude to better than ± 0. 5 dB.

4. 1. 1.4 TGA Gain Test Results

The second test was designed to show the effect of clipping of

the DFT coefficient amplitudes at high TGA gain settings. The first set

of scope photos shows the 512 DFT coefficients for TGA gains of 5 ( Fig.

4.1.1.4- 1) and 10 ( Fig. 4 .1 .1 .4-2) .  Note tha t in the latter photo many

of the coefficients have exceeded the 8-bit range of the TGA, and are

therefore being clipped at the upper limit of tha t range. For both

pictures, the DF setting is 1/4 , and the scan time/division is 20 psec.
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Figure 4.1.1.4-1. Output of TGA for Gain of 5 , DF of 1/4,
Showinq 512 DFT Coefficients

~~ 
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Figure 4.1.1.4-2. Output of TGA for Gain of 10, DF of 1/4
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The second set of pictures shows the result of sending the TGA outputs in

the previous photo s through spectrum analysis. The spectrum analyzer

data for these pictures are the sam~ as those given in Section 4. 1. 1. 2

above, except that the vertical scale is now 10 dB/division. Note the

dramatic difference which is made by the clipping of the TGA coefficients.

The first photo (Fig. 4.1.1.4-3, which corresponds to Fig. 4.1.1.4-1)

shows a fairly uniform sideband suppression of at leas t 30 dB , and a

coefficient uniformity of better than 1 dB (see previous subsection). By

contrast, Fig. 4.1.1.4-4 (corresponding to Fig. 4~ l.l.4-2) shows barely

20 dB sideband suppression in the region near the data band, and the bit

heigh ts are now visibly non-uniform. This nonuniformity, a result of

intermodulation noise caused by coefficient clipping , is illu strated further

by Fig. 4 . 1 . 1 . 4 - 5 , where the previous figure is repeated , but with a

vertical sensitivity of 2 dB/division. This makes it clear that bit height

fluctuation is now worse than ±. 1 dB.

4. 1. 1. 5 TGA Gai n Test Interpreta tion

This test shows that the dynamic range provided by the TGA

Gain adjus tment is sälficient to drive the TGA to the point of clipping ,

beyond which significant deterioration of the system SNR is inevitable.

Some quanti tative information has also been generated to indicate the

amount of degrada tion to be expected for specific TGA gain settings.

The tradeoffs affecting the actual selection of the operating parameter

values (DF setting and TGA gain) will depend on the relationships of the

illus trated effects to readout BER , and will be detailed in a later section.

4. 1. 2 AOM Equalization Studies

The acousto-optic modulator (AOM) in the HRMR system is

used to modulate the light intensity as the laser beam is deflected (b y

the AOBD) along the hologram ’s length . The intensity modulation is

thus used to write the holographic fringes which represent the coefficient

4-8
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Figure 4.1.1.4-3. Spectral Analysis of TGA Output with Gain of 5
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H

Figure 4.1.1.4-4. Spectral Analysis of TGA Output with Gain of 10 -
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• Figure 4.1.1.4—5. Spectral Analysis as in Previous Figure but at 2dB/div.
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values of the discrete Fourier transform g’~nerated by the TGA. For

optimal information transfer , the r elationship between the RF power

input to the AOM and the intensity of the diffracted light output should be

strictly linear, Nonlinear transfer functions can result (as above with

the TGA clipping experiment) in bit-to-bit crosstalk or intermodulation

• which degrades the system’ s BER performance.

Since a real-world AOM has a drive power/output intensity

relationship which is somewhat non-linear, a technique to compensate

for this nonlinearity had to be found . The selected method consisted of

the following steps:

• (1) Measure the ACM output response to a linear series

of input drive power levels;

(2) Program a memory device with an appropria tely

scaled version of the response curve;

( 3) Let the AOM drive circui t look up in the memory

the appropriate drive level to produce a linear

response.

4 .1 .2 . 1 Test Procedure and Result

This procedure simply verifies tha t the programmed AOM

• equalizer memory successfully linearizes the AOM response. The

procedure is to display on an oscilloscope the contents of the equalizer

memory as well as the actual linearized output of the ACM. The desired

result is produced by setting the TGA to produce a linearly increasing

ramp as the data input , and dispLaying the outpu t of the ACM data receiver.

The result is shown in Figure 4. 1. 2. 1-1. The thin bright curve is the

contents of the ACM equalizer memory ( the horizontal axis is increasing

input drive power; two cycles are shown), while the thicker , fuzzy line

is the linearized AOM output. Note the nonlinearity of the equalizer

-• 
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- Figure 4.1.2.1-1. AOM Linearization , Showing Equa li zer Memory Contents
(Thin Line), and Linearized AOM Output (Fuzzy Line)
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coefficients (corresponding to an equivalent nonlinea rity in the uncorrected

ACM response) and the relative linearity of the corrected AOM response.

The effect of this linearization procedure as a means of

suppressing data dependent noise (i. e .,  in a sys tem context with the TGA

in normal operation and some intermodula tion present) will be shown in

the next subsection.

4. 1. 3 TGA and ACM Equalizer Combined Effects

We have seen in a previous subsection that the bit height

fluctuations which result from bit-to-bit crosstalk via sys tem nonlinear-

ities at high TGA gain settings can be an important source of noise. We

can therefore expect that the ACM linearization process described in the

previous subsection will have a beneficial effect on this intermodulation

noise. To verify this, and to obtain some additional data on the practical

values of the available system parameters , experiments were performed

to determine the intermodulation noise performance of the TGA and ACM

equalizer in combination.

4. 1. 3. 1 Test Procedure and Results

ThiS test was essentially a repetition of the experiment

described in subsection 4. 1. 1 , except that here the TGA output is actually

• modulated onto the laser beam by the (linearized) AOM. The light so

modulated is then detected by a photodiode and the resulting signal is

sent to the spectrum analyze r.

The results of this procedure are shown in Figures 4. 1. 3. 1 -1
through 4. 1. 3, 1 -6. There are three pairs of photos, each at a diff erent

TGA gain setting . Within each pair , the f i rs t  pic ture shows the spectrum

analyzer’s output without ACM equalizer correction , while the second

picture gives the result with ACM equalization. In these pictures , the

spectrum analyzer has been set in a linear vertical sensitivity mode

4- 13 
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- Figure 4.1.3.1-1. Spectral Analysis of AOM Output. TGA Gain = 5
Without AOM Linearization

I

Figure 4.1.3.1-2. Spectral Analysis of AOM Output. TGA Gain = 5
With AOM Linearizat ion
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Figure 4.1.3.1-3. Spectral Analysis of AOM Output. TGA Gain = 8
Without AOM Linearization

•
-

FIgure 4.1.3.1-4. Spectral Analysis of AOM Output. TGA Gain = 8
W i th AOM Linear izat ion
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Figure 4.1.3.1-5. Spectral Analysis of AOM Output. IGA Gain = 11
Without AOM Linearizaton

j ~ 1
I

. • I

Figure 4.1.3.1-6. Spectral Analysis of AOM Output. TGA Gain 11
With AOM Linearizat ion
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(as opposed to logarithmic as in the previous cases). The vertical scale
is 10 mv/division, with a sensitivity of 0.4. Note the smaller amount
of bit height fluctuation in the pidtures with the equalizer activated. This
indicates that the ACM linearization does help to suppress intermodulation
noise.

4 . 1 . 3 . 2  Teet ln terpret a tion

At the lower gain ( TGA gain of 5) the effect of the AOM linear-
ization is minor , because the small gain setting limits the transform
coefficients to a nar row dynamic rang e over which the AOM is already
fairly linear. The intermediate TGA gain of 8 shows a noticeable
improvelnent .as a result of equalization. The most significant improve-
ment is seen at the higher TGA gain of 11. Note that a ± 10% variation
in bit heights was reduced to less than ± 5%, and tha t the intermocig at
the zero bi t sites were reduced by approxima tely a factor of three. At
even higher TGA gains (not illustrated), the effect of clipping at the TGA
predominates’, and ACM linearization has little or no effect on the extent
of the intermodulation noise present. The conclusion reached on the
basis of these experiments is that operation of the system at TGA gains
of 5 to 11 is feasible , provided tha t film nonlinearity can also be compen-
sated in the equalizer to prevent further intermodulation noise increases.

4. 1. 4 Digital Filter Effect at Readout

In section 4. 1. 1 above it was seen that, viewed at the recorder ,
the digi tal fi lter (DF) response correction mechanism had a wide dynamic
range of correction options available. The actual choice of a DF setting
for operation of the full system , of course, depends on the performances
of tie various settings as seen at the reader. In this subsection we
de tail the results of the experiment which investigated those performances.
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4.1.4. 1 Test Procedure and Result

In the previous sections , the data bit heights had to be

observed with a spectrum analyzer , since they were present only as

spectral components of the output of the TGA. After recording , of

course , they are present as spatial frequency components within the

holograms, and the readout process is essentially a spa tial spectral

analysis. Thus at the readout array, the spectral components , now

called data bits , are present simultaneously and may be detected. The

procedure followed here was to record holograms at va rious DF settings

(and TGA gain settings) and to playback and display the de tected data bits

on an oscilloscope.

In these holograms the data pattern was constant, and was

chosen to be an “every-fourth-bit” pattern to minimize bit- to-bit cross-

talk and permit easy observa tion of the envelope produced by the DF

pre-emphasis. The data bits are detected by the Reticon detector array

in two channels , the even and odd bits being separated , so that the “every-

fourth-bi t!’ pattern resulted in an “every-other-bit” pattern on the odd

channel and a “no -bit” pattern on the even channel.

- • The, results are displayed in Figures 4. 1.4.1-1 through

4. 1. 4. 1 -4. The horizontal and vertical scales for all pictures are

2 psec/cm and 0. 2 volt/ cm, respectively, and the TGA gain setting

• for all the fiche was 11. The four pictures present a series of increasing

DF values: DF = 1/4, DF = 1/2 , DF = 3/4 , DF = 1.

4. 1. 4. 2 Test Interpretation

The Digital Filter has a clear-cut effect on the overall bit

height profile , with increasing DF putting increasing emphasis on the

high frequency ( right hand) end of the data array. The extreme values ,

DF = 1/4 and DF = 1 are clearly not optimum, since they each enhance
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Fi gure 4.1.4.1-1. Detected Data in Di gital Filter Study. TGA Gain 11,
DF Setting 1/4

Figure 4.1.4.1—2. Detected Data in Digital Filter Study. TGA Gain 11,
DF Setting 1/2 
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• Figure 4.1.4.1—3. Detected Data in Digital Filter Study. TGA Gain 11,
DF Setting 3/4

I

Figure 4.1.4.1-4. Detected Data in Digital Filter Study. TGA Gain 11,
DF Setting 1
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one end of the array at the expense of the other. The other values
(DF = 1/2 and DF = 3/4) are more successful in producing an even, more
easily thresholded , profile . The DF = 3/4 setting may be slightly more

attrac tive in the illustrations shown, but jn general both settings are
acceptable. Another conclusion is tha t the proper DF setting depends
on the TGA gain setting . Thi s is an expected result, since the TGA gain
also contributes to the amount of nonlinearity in the system. The con-
clusion reached as a result of thi s and similar studies is that the

preferred operational parameter settings for normal use are TGA gain
of 11 with DF 1/2 , or TGA gain of 13 with DF = 3/4.

4. 2 System Performance Characterization

Afte r the integra tion, checkout , and parameter selec tion
process for the HRMR system was complete , continued system opera tion
and testing was done to provide a thorough file of information on the
system’ s capabilities and limi ta tions. This section will present some
of the more significant experimental results concerning the system ’s
capabilities and perf ormance values , while the following section will
de tail some of the procedures undertaken in attempting to cor rect the
sys tem ’s problems and limitations.

4. 2. 1 Recorder Performance

It is convenient to separa te the material to be presented in
thi s section into two parts . Subsection 4. 2. 2 will describe some
important performance cha ra cte ristics of the verifier subsystem; this
subsection details two of the key areas of recorder performance.

In the system development process , successful recorder
op eration clearly must predate the testing and opera tion of the verifier.
The complete set of criteria for proper recorder operation is complex,
and is well summarized in the o p e r a t i o n s  m a n u a l , a s w e l l
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as elsewhere in this repor t. The purpose of this subsection is to •

document two of the more interesting experiments which were carried
out to verify correct recorder operation.

4.2. 1. 1 AOBD Frequency/ Linearization Inte raction

• To provide a correct , minimum-noise transfer of inform ation

fr om electronic signals to photographic film , the acousto -optic beam — 

-

deflecto r (AOBD) must provide a uniform intensity laser beam as a
function of the RF input frequency. This is similar to the requirement

for linearity of the ACM discussed above in section 4.1 . 2. The metl ’x d
of achieving a linear device response is also similar: the input signal
is modified in a pre-programmed way to produce the desired output.
Unlike the AOM , however , the AOBD has a third parameter, center
frequency, which must be controlled to ensure proper perfo rmance.
Specifically, if the band of frequencies over which the AOBD operates
is even slightly different from the band for which it has been linearized ,
the equalization will not succeed , and will in fact produce a worsening
of the device ’s outpu t intensity fluctuations .

Because of the existence of this effect , an experiment was
performed to do~ument the effect of frequency errors on the AOBD
linearization, and to quantify the relationship for fu ture system design

- tolerancing. The basic test procedure for this experiment was a simple
one: perform the AOBD equalization (pre-programming) at one cente r
frequency, then record the beam intensity fluctuations (as a func tion of
frequency) produced when the device is operated at other center frequencies .
The two sources of these intensity fluc tuations are: variations in the
output of the VCO which drives the AOBD; and the power coupling
(impedance) resonances of the AOBD transducer itself . The combined
effect of these two sources can produce significant intensity variations
in the device output, Thus a pre-programmeci correctio n intended to
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enhance the intensity at one particular frequency can , if applied at the

wrong frequency, add to an intensity level already at or above the desired

value.

The results of thi s experiment are shown in Figures 4. 2. 1. 1 -1

through 4. 2. 1. 1 -4. The f irs t  picture shows the light intensity detected

at the film plane as a function of scan position; it was taken with the AOBD

operating over its nominal frequency ban4 of 145 MHz to 260 MHz. The

remaining pictures present a series of similar pictures with the frequency

band shifted by a fixed increment each time.

The pictures show tha t a fairly small (4%) change in the center

frequency can make a significant difference to the effectiveness of the

equalization process. The importance of this is that it shows that the

optical alignment of the recorder system, which interacts with the

frequency band used in the AOBD (i. e . ,  both can caus e positional shifts

of the laser beam) , must always be done in such a way tha t the pre-

programming of the ACBD equalization circuit remains valid,

4. 2. 1. 2 Diffraction Efficiency Studies

Another important feature of a holographic recording system

is the abili ty to produce holograms of adequate diffraction efficiency. In

general, to obtain high diffraction efficiency holograms , a la rge modu-

lation depth is required. In the HRMR system, the modulation depth is

controlled by the TGA gain setting; and , as shown in a previous section ,

tha t setting is also interactive with the amount of undesirable inter-

modulation noise experienced by the system. Thus the proper gain

setting becomes a tradeoff between intermodulation noise and diffraction

efficiency. When the previously described experiments had set the

maximum acceptable level for the TGA gain, readout tests showed tha t

the achieved diffraction eff ~ciency levels were adequate.
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Figure 4.2.1.1—1. Detected Intensity of Film Plane During One Hologram Scan
T ime - AOBD Us i ng Nomi na l Frequency Band

Figure 4.2.1.1—2. Same as Previous Photo, But W ith AOBD Frequency
Band Disolar~d flownwRrd by 6 MHz

• Figure 4.2.1.1-3. Same as Previous Photo, But W ith AOBD Frequency
Band Displaced Downward by an Additional 6 MHz

Figure 4.2.1.1-4. Same as Previous Photo, But W ith AOBD Frequency
Band Displaced Downward by an Additional 6 MHz
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The experimental procedur e was a simple one: a laser beam

was passed in an unfocused condition through the hologram tracks of the’
fiche under test. The diffracted and undiffracted (DC) por tions of the

beam were then separately collected and detected to provide a measure
of the fiche ’s diffraction efficiency. It should be noted tha t , since the

relatively large beam illuminated several dozen hologr ams at any given

time, the resulting efficiency values are not true efficiencies , but

efficiency -propor tional numbers (which are nevertheless highly useful

in characterizing and later repeating a given diffraction performance).

A notable feature of this test was the attempt to measure the
effect of varying data content on hologram diffraction efficiency. In a
completely linear system , theory predicts strict proportionality: the
more data bi ts a hologram contains , the more light it should diff ract ,
with the diffraction efficiency per bit being essentially cons tant. The
next more complicated model predic ts some saturation at high bit content ,
due to nonlinear effects in the film emulsion. To document these effects
in the HRMR system, the diffractior~ efficiency tests were made on a
fiche with controlled variable data content.

• Due to the addition of parity bi ts by the erro r correction coding
electr onics ( and the sync and threshold bits added to each hologram), the

minimum number of “one” bits in a hologram is approximately 14.
Similarly, because da ta patterns which would result in a more -than-50%
populated hologram are inverted before recording (to avoid the nonlinear
effects mentioned above), the maximum number of “one” bits in a holo-
gram is 34. Within this range the holograms can vary in bi t population

according to the nature of the data to be recorded, with a corresponding
variation in the light which will be diffracted from each hologram. To
document and quantify this effec t , a f iche was recorded in which the bit

population varied in a controlled way from 14 to 34. Specifically, ASCII
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characters were recorded in blocks of 256 holograms each, so that the

laser beam could pass through each type (popula tion density) of hologram

individually. The ASCII characters used and the resulting “one” bit

populations of the holograms were as foUow~~

-j ,ASCII Character No. of “1” bits / hologram

NULL 14
18

B 22
A 24 -

H D 24 -

C 26
o 27
E 28

• G 32
F 34

The data for this fiche were taken using a 2. 0 mW Helium-

Neon laser. The typical transmitted portion of the beam was 0. 59 mW,

while the amount of light diffracted into the data band ranged from 5. 0

to 12.9 pW. Thus , using a conventional definition of diffraction efficiency

(the ratio of diffracted to tranamitted light) , our result shows a value

ranging from 0. 84 to 2. 2%, depending on bit population density. The

complete results for the various populations are shown in Figure 4. 2.1.2-1 ,

F which plots the diffraction percentage against the number of “one ’ bits

in the hologram. The error bars result from the averaging of data

taken at four different locations on the fiche to negate any spatial van-

ations of recording intensity.

The result confirms an approximately linear relationship of

bit population to diffraction intensity; it also shows a tendency toward

• deviation from linearity at the higher population densities , providing a

partial confirmation of the validity of the decision to invert the data of

holograms which would otherwise be more than 507o popula ted.
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4. 2. 2 Reader Performance

The performance of the reader (verifier) subsystem is a key

part of the overall HRMR system capability. The two basic methods of

reader performance verification that have been employed during these

studies are: direct measurement of sys tem bi t -er ror- ra te, and observa-

tion of the signals produced by the verifier electronics when a fiche

readout is in progress. Subsection 4. 2 .2 . 2 below will document the

system BER measurement techniques and results ; we will begin in sub-

section 4. 2. 2. 1 with a display of some of the signals observed in the

verifier and describe their significance.

4. 2 .2 . 1 Detected Data §~gnals

In integrating and aligning the verifier subsystem, many of the

criteria of success or failure are derived directly from an observation

of the electronic signals that result from the detection of the data being

played back. Thus it is appropriate to include here a description of

these signals and some of their more significant characteristics.

Figure 4. 2. 2. 1 -1 shows a simultaneous display of several

important readout signals. The upper trace shows the analog data

detected (even bits only), with the tracking threshold superimposed on

it to indicate the level at which bit decisions are being made. The

results of those decisions are shown in the lower trace, where the

digita l output of the bit decision logic is displayed. Note tha t although

there is a rather large amount of fluctuation in the bit heights , the

tracking threshold has successfully separated the weak “ones” from

the strong “zeroes ’ . The observed bit height fluctuation could be

interpreted as an indication of excessive TGA gain (giving rise to inte r-

modulation noise), or as being due to some other source pf crosstalk . - -

-

The sloping threshold across the scan might indicate an incorrect

setting of the Digital Filter. How the various interpreta tions of certain - 

-
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Figure 4.2.2.1-1. Output Signals During Readout: Analog Data With
Superimposed Threshold , and Resulting Di gital Data

I
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• readout indications can be used to track down and possibly correct some

of the system’s problem areas will be discussed below in the section on
Diagnostics (Section 4. 3).

Another verifier signal display which is of f r equent use is

shown in Figure 4. 2. 2. 1 -2. This is a display of both channels (even and
• odd bits) of the hologram readout electronics , taken while the film was

in motion. The motion of the film guarantees that any bit profile or

fluc tua tions are due to some fixed-pattern noise recorded into all holo-

grams , such as intermodulation noise. The fuzzy top of the “one” bits

is due to the fact tha t there are 6 Reticon scans per hologram; thus the

scans made roughly between holograms are responsible for the lower
par t of each trace, while the peaks , where the bit decisions are made,
come from the scans tha t are well aligned with the holograms. Some of

the characteristics of this display which may be of use in the alignment

or operation of the system are: uniformity and symmetry of the overall

envelope , indicative of proper digital filter operation and optical system

alignment; bit height uniformity or fluctua tion , which can be indicative
of the absence or presence of certain types of noise; and synchronization

of the display with various system timing signals , which can verif y proper

reader alignment in the bit-to-bit direction as well as proper scaling of
the recorded data.

4. 2. 2. 2 B i t -Er ro r  Rate Measurements

BER analysis software is provided by the system ’s host

computer; this makes BER measurement a strai ghtforward process.
Available erro r printouts include the number of errors per track , the

number of errors per block , and complete block data and error  printouts
to the bit level. To determine the raw and corrected BER values for

the HRMR system , the block and t rack level programs were emp loyed.
A representative fiche was selected for analysis. The data was
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Figure 4.2.2.1-2. Even and Odd Analog Data Readout Channels
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reproduced by the verifier and sent to the computer , which performed

an “exclusive or 1’ of the originally recorded da ta with the recovered

data. The result was a difference file representing only those bits
reproduced incorrectly; counting algorithms were then performed and

the results output to a hard copy device. The data taken in this way
are summarized in Table 4. 2. 2. 2 below.

Table 4. 2. 2. 2

BER Analysis Data

Trial #1

Bits Examined 40, 040, 448
Raw Errors 8,485
Raw BER 212x10 4

Trial #2

Bits Examined 15, 052 , 800
Raw Errors 4, 152
Cor rected Er rors 1, 280
Raw BER 2 .76 x10 4
Corrected BER 8.5 x iO -5

• As the data in the table show, an average raw BER of about 2 .4  x

- 
• 

was observed , with the corrected average about 8. 5 x l0~~ . It should

• be noted , however , that some sys tematic errors remained in the system
at the time of these measurements, and have been counted in the above

data . There are two types of such systematic errors:  one , which affects

only -the raw data, is apparently responsible for 50% of the raw errors
currently observed in the sys tem , and is also discussed in Section 5. 1

of thi s repor t; the other , which affects only the corrected data, appears

to be arising in the data- transfer or decoding electronics , and accounts
for approximately 50% of the observed corrected errors.  Thus , although
the current error rates are somewhat high, correction of the two
systematic er rors could reduce raw BER by a factor of 2 , and cor rected -

•

BER by as much as a factor of 16 (ZX directly, and up to 8X indirectly
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as a result of the raw BER reduction). As a specific example , if in

Trial #2 above the systematic errors are not included in the total, the-

observed error total falls from 1280 to about 580, and the corrected

• BER is then about 3.7 x

• A final note about BER performance concerns the use of inter-

• leaving techniques. The sys tem as currently implemented does not

interleave the recorded codewords; as a result, any burst errors that

occur a re sure to produce a decoder failure, because many of the er rors

fall into the same codeword. Interleaving (or interlacing) of codewords

- - can prevent thi s, effectively sharing the burst  e r ro r s  among a num ber

1 I of codewords . This technique and its potential results will be discussed

in detail below in Section 5. 1, where it will be shown that for a sufficiently

great interleave depth , the sys tem as currently configured is capable

of reaching the 1 x i0~~ BER reg ion.

4.3 Diagno stic Studies

An important phase in the development of any complex sys tem

- 
- 

is the dia gnosis and correction of the various expected and unexpected

problems that are encountered during system operation. In some cases ,

the diagnosed problem may be simply corrected , either by a chang e in

the operational routine or by a minor modification of some part or

subsystem. In other cases , either the design complexi ty of the affected

area or the cost and schedule commitments of the program may prevent

to tal resolution of the problem. In all cases , the information gathering

process is crucial , in that it provides a solid base of experience on
• which future programs can build .

In thi s section we present  some of the main technical problems

that have arisen in the path of the HRMR system development activity;

included are descriptions of each problem and the diagnostic techniques

applied to it . solutions tha t have been implemented or could be
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implemented, and recommendations for elimination of the problems in

future systems .

— 4. 3. 1 Along-Track Recorder Signatures

The nominal operational mode of the HRMR recording system

calls for holograms to be recorded at equal spacings along the tracks.

This provides the opportunity during readout to use the holograms to

- 
- derive a clock signal, which may be used to predict hologram locations

and thus synchronize the bit decision logic with the maximum received

bit intensities. This is done with a phase-locked loop circuit (PLL).

Several problems can be caused by deviations of the holograms

from equal spacings (as might result for example from nonlinear motion

of the X -Y transport): if the rate of change of spacing is great  enough,

the PLL will- fail to keep up, resulting in incorrect phasing between the

holograms and the hologram clock; this in turn will produce bit decisions

made at less than peak signa l intensities (or even between holograms),

which will raise the bit-error rate substantially. Additional effects
include loss of resolution and hologram crossread in the along track

direction due to partial fringe overlap of adjacent holograms.

• The early experiments performed on the HRMR system showed

thi s to be a no ticeable problem , and some effort  was devoted to reducing

it. For example , Figure 4. 3. 1 -1 shows a close-up of the hologram

tracks of an early fiche . A varia tion of hologram spacing with a period

of approximately 22 holograms is clearly visible; a peak to peak variation

in spacing of nearly 20 % can be measured. Also visible in this Figure
is a rather large amount of “x-axis wobble ” or va riation in the spacing
between t racks as a function of position down the track. The potential
impact of this kind of wobble is tha t it may introduce crossread from

holograms in adjacent tracks dur ing readout, causing interference with

the true data bits and hence increased BER.
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Figure 4.3.1-2. Recently Recorded Fiche, Showing Reduced
• Inter-Track Spacing Var i atipn
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Both of these problems (hologram rate FM signature and

x-axis wobble) result from mechanical vibrations j r-i the recorder sys tem ,

hence the proper approach to solving the problem involves modification

of the mechanical s tructures which support and trans late the fiche when

a recording is taking place. It should be pointed out tha t these vibration

effects are also sensitive to resonance effects in the support s t ructures.

Thus, one attempt at restructuring (using lubrication, preloading , and

alignment techniques) resulted in a system which produced very little

vibration in the early tra cks but increasingly wo rse signature in the

later tracks. Some of the diagnostic techniques applied to investigate

this problem included: recording the later tracks f i rs t  to eliminate any

AOBD drive drift effects (see Section 4. 3. 3); recording at slower than

normal speeds to see if the resonance would be affected (it was) ;  shock

mounting of the fiche transport  s t ructure;  and varying the alignment of

the transport lead screw.

Finally the applica tion of a particula r combina tion of techniques

resulted in a system which could record at full rate and produce an

acceptably reduced amount of along-track microsigna ture. Figure

4. 3. 1 -2 presents a view of the hologram tracks which may be compared

with tha t of Figure 4. 3. 1 -1. Some signature is still visible, but readout

experiments confirmed tha t the mechanical adjus tments had reduced thi s

ef fect to tolerable levels.

4. 3. 2 Reader Vibration Effects

The verifier subsystem is of course also subject to vibration

arising from the various mechanisms of the RPV unit. For thi s reason

several experiments were carried out to determine the magnitude and

consequences of these vibration effects and , if necessary, to de termine

appropriate remedial procedures.
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The e~ perirnental procedure was a relatively simple one.

First , a recorded fiche was loaded into the reader unit and aligned such

that the readout beam was illuminating a hologram. Next , the sample

and hold output (monito ’ing the intensity of a sync bit) was fed to an

oscilloscope. Finally, since the reader x-y  transport  was not moving ,

varia tions in the de tec ted intensi ty of the sync bi t could only be inter-

preted as resulting from a vibration-induced periodic misalignment of

the film and the readout beam. Also, the amplitude of the intensity

flu ctuation could be interpreted as an indication of the extent of the

vibration (e.g. , the amplitude should fall to zero when the beam is

completely off of the hologram).

The result of the f i r s t  experiment of this type is shown in

Figur e 4. 3. 2- 1. The upper trace is the detect ~d signa l when the

processor and fan are off ; no amplitude variation is observed . The

lower trace shows the result  when the processor  and fan are on; now

some amplitude varia tion is present. Estimates derived from this

picture indicate tha t the amount of vibration was approximately 1 / 5 of

a hologram spacing, with a period of 34 msec. This corresponds (at

the nominal system readout rate) to 354 hologram periods. Thus the

vibration of 20% of a hologram period in every 354 corresponds to a

perceived f requency error in readout of 0. 06% peak-to-peak . The

conclusion is that thi s is well within the tracking capabilities of the

phase locked loop used to gener.~te the readout clock signal.

The second experiment was essentially a repeti tion of the f irs t ,

but with the MR Recording mechanisms as the source of the vibrations.

The result , shown in Figure 4. 3. 2-2 , is a considerably stronger vari-

ation in received am’ itude . Note that. the secondary peaks are indicative

of a misalignment greater  than one hologram , that is , the beam produces

a secondary peak when it is disp laced far  enoug h to beg in reading out
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Figure 4.3.2-1. Upper Trace: Detected Sync Bit Amplitude With Vibration
Sources Off. Lower Trace: Same With Processor and Fan On. 10 ms/cm,

0.5 V/cm, Both Curves Riding on 1.5 V Bias
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Figure 4.3.2-2. Same as Previous Figure , Showing Vibration Due to
MR Recordi ng Process
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an adjacent hologram. The estimates derived from this figure show

tha t approximately a 1. 5 hologram disp lacement is being observed with

a period of 32 msec. Thus at normal readout rates this would be

perceived as a peak-to -peak frequency deviation of approximately 0.4%.

This is again well within the desig n tolerance levels of the readout phase -

locked loop circuit, and is therefore not a cause for concern.

The results of these experiments have shown that, unlike the

situa tion in the recorder unit, vibration effects in the verifier are

• sufficiently minor tha t they require no additional design constraints or

structural modifications to be added to the verifier unit.

4. 3. 3 AOBD Linearity Stability

in Sections 4. 1. 2 and 4. 1. 3 the techniques of linearizing the

modulation AOM were discussed , and Section 4.2.1.1 discussed the fact

tha t a similar linearization process is performed on the AOBD (acousto-

optic beam deflector). This process (discussed in more detail jr-i the

operations manual) consists of controlling the level of the VCO drive to

• the AOBD such that the beam ’ s sweep ra te remains cons tant. Control

is achieved during linearization by a two-step process: 1) a time-of-

flight measurement forces the ends of scan to coincide with physical
reference points in the optical system; and 2) the chirp rate at many

points across the scan is forced to be constant by comparing the
differential frequency to a reference frequency. The result of this

comparison is then stored in a RAM memory, which eventually drives

the VCO via a DAC.

Circuitry to perform this task was implemented in the HRMR

system and has performed well.  Considerations of thermal drift  in the

VCO circuits were known from the outset to require tha t the linearization

process be frequently repeated (i .  e . ,  prio r to every recording).

However, the original design called for programming of the RAM using
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an algorithm which did not perform as anticipated. Specifically, the

assignment of values to each cell in the RAM independently without

reference to or resetting of the other cells , resulted in an unstable
- 

- process. Success was obtained only upon resorting to an algorithm

which included all previous cells as well as the next cell in each new

sweep. This process was more time consuming than the earlier attempt,

and hence resulted in some restructuring of the sequence of operations

during fiche recording. -

Some of the signals used to diagnose this problem, and to

verif y prope r linearization ‘?‘hen it was achieved , are shown in the

following photos. Figure 4.3.3-1 shows the sum of the reference

frequency and the chirp differential frequency across the hologram scan.

Note that these signals do not stay in phase , but have a beat about 25%

of the way through the scan. This indicates that the chirp fr equency is

not constant and hence that linearization of the AOBD is not correct.

The result of this fault is shown in Figure 4. 3. 3-2 , where the upper

trace is the VCO signal, while the lower trace is a PMT detection of

the light from the AOBD after it sweeps a grating positioned in the film

plane. Note tha t at a point corresponding to the bea t in the previous

figure, the focus of the beam sweeping the grating is los t.

Compare to the previous photos the results shown in Figures

4. 3. 3-3 and 4. 3.3-4 , where the same signals are disp layed for a situation

in which linearization is correct. Note tha t Figure 4.3. 3-3 shows that
the reference and difference frequencies remain well phased throughout
the scan (except for the retrace and scan start periods, about 10 us
to tal, where linearization is not employed). Similarly the wide modu-

lation depth of the second trace in Figure 4. 3.3-4 is maintaiji ed through-

out the scan, indica ting proper focal performance and hence correct

linearization.
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Figure 4.3.3-1. Sum of AOBD Reference Frequency and Ch irp Differenti al
Frequency Showing Poor Linearizat ion

FIgure 4.3.3-2. VCO Signal (Upper Trace) and PMT Detected Focus Signal
Corresponding to Figure 4.3.3-1
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Figure 4.3.3-3. Sum of i\Q&~ Reference Frequency and Chirp DifferentialFrequency Showing Good Linearizat ion

Figure 4.3.3—4. VCO Signal and Focus Signal Corresponding to Figure 4.3.3-3
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4. 3. 4 TGA Gain Vs Bit Height Fluctuation

Section 4. 1 pr~ sented some discussion of the role that TGA
gain plays in the recording process and the effect it can have on the
stored data . Basically, two nonlinear effects can interact with the TGA
gain (which controls the dynamic range of the recorded holographic
fringes) to produce crosstalk effects: coefficient clipping in the TGA
it self , and film response nonlinearity. In Section 4. 1 the effects of
coefficient clipping were shown to be avoidable by limiting the TGA gain
to values of 13 or less. The effects of film nonlinearity are not as easily
elimina ted; the AOM equalizing filter functions attempt to correct for
the problem, but some nonlinearity remains . This provides a potential
mechanism for TGA/inte rmodulation coupling.

One of the effects which appears to be limiting the currently
attainable BER- performance of the sys tem is the fluctua tion in the
heights of the “one” bits which occurs from holog ram to hologram and
from bit site to bit site . This fluctua tion, which appears to be a fixed -
pattern, data content dependent type of noise , restricts the range of
threshold voltages over which a given hologram can be successfully read
out, making it much more susceptible to errors  caused by the expected
random noise fluctuations ( film grain noise , film surface defects , dust ,
e tc . ) .  The most likely candidate for the cause of thi s effect is inter-
modulation noise resulting from attempted overusage of the film ’ s
dynamic range (resulting from an excessive TGA gain setting). During
the system optimization and tes ting phase of the pro gram, several

experiments were carried out in an attempt to confirm or deny the
relationship of TGA gain to the observed bit height fluctuation effects.

The experimental procedure followed in all cases was to vary
the TGA gain in recording , then attempt to observe a corres ponding
increase or decrease in the magnitude of the amp litude fluctuations
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during readout. The results of- one of these experiments are presented

in the series of photos in Figures 4. 3.4-1 through 4. 3. 4-4. The Figures

present the even and odd video data channels recorded during a readout

run. Each Figure represents a different value of TGA gain used during

recording , with all other parameters being held constant. The series

• shows tha t , although the overall amplitude of the readou t signal may vary

( simply due to varying laser power settings), the rela tive bit-to -bi t

intensity profile is clearly fixed. Thi s is an indication that the bit

height fluctuations cannot be attributed to a simple intermodulation

effect , and therefore cannot be corrected by a simple reduction in TGA

gain. Thi s negative result has at least one positive aspect: it indicates

that fi lm response is not currently a limiting facto r in sys tem perfo r-
- 

I mance; thus it may be possible in future systems to achieve even greater

film dynamic range usage.

The inabili ty to implicate intermodula tion noise as the main

cause of the bit height variations was confirmed by several other experi-

mental trials essentially similar to the one jus t described. This fact ,

coupled with the apparent importance of these variations as a limiting

factor in system BER perfo rmance , makes further investigation of this

• problem highly desirable .

4. 3. 5 Effect of Film Processing on BER

One of the most important sys tem performance parameters is

the raw bit-error rate (BER). For this reason, all potential er ror

sources must be investigated and their effects minimized. Of additional

importance is the nature of the errors produced , tha t is, their temporal
- 

- 

and spatial statistical distributions. This is because the application of

proper spatial and temporal information distribution and coding tech-

niques can greatly minimize the final error  rate perceived by the user

of the sys tem. In Section 5. 1 we have discussed the statistical nature
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Figure 4.3.4-1. Even and Odd Video Data Channels. TGA Gain 5

Fi gure 4.3.4—2. Even and Odd Video Data Channels. TGA Gain 7
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Figure 4.3.4—3. Even and Odd Video Data Channels. TGA Gain 9

1

Figure 4.3.4-4. Even and Odd Video Data Channels. TGA Gain 10
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of the errors in some of the recorded and reproduced data observed

during system testing procedures; we have also shown tha t, because

of the presence of bur st er rors  in significant numbers in the reproduced

data , the full power of the erro r correction code implemented in the

system is not achieved, and the BER is unnecessarily ( and remediably)

• high. Section 5. 1 also discusses the proper remedial measures, speci-

fically the addition of interleaving to the error correction code to

minimize the effect of burst  errors .

One of the major error sources in the system, par ticularly
no table for its tendency to generate burst  errors , is the passage of the

film through a moderate quality mechanical film processor (a system

requirement) . Thus it is appropriate to attempt to quantify the nature
and extent of the errors introduced in this manner. Toward this end ,

an experiment was run on the system to compare the error rate s and

patterns produced by a standard machine processed fiche with those of

one tha t had been processed by hand . Hand processing is , of course,

not an option for an HRMR-II type system, but such an experiment is

still of value as an indication of the range of improvement in BER

perfo rmance that could be attained with higher quality processing of

any fo rm.

Two me thods of characterizing the BER performance of the

fiche under study were used. The f i rs t  was simply recording an average

BER value as displayed by the system f ront  panel. To minimize the

effects of statistical fluctuations or spatial variations , several data

runs were averaged togethe r , and data was taken from the same

location on each fiche . The second method , called the “Z-mod” tech-
nique , involved recording with an oscilloscope wha t is essentially an

error map of an entire track; in these disp lays , each of the 64 bit

locations in the holograms appears as a vertical column, with errors
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at the beginning or end of the track being indica ted by bright spots at

the bottom or top of the column, respectively. The resolution of the

Z -mod display is not great enough to resolve individual errors , but

error patterns and concentrations may be interpreted based on the total

• brightness of a given area.

• The result of the f irs t  comparison may be simply stated: the

BER of the hand processed fiche was approximately 4 times better

than tha t of the machine developed fiche. Specifically, the former

produced an average track error  count of 150 , while the latter averaged

652. The result of the Z -mod test confirmed this result. Figures

4. 3. 5-1 and 4.3. 5-2 show the two Z -mod pictures. The error concen-

tration is clearly greater in the machine processed case. An intriguing

facet of this latter result is the apparent constancy of the error  pattern

from one picture to the othe r , with only its intensity being enhanced in the

machine processed case. This could mean that we are seeing a kind of

synergism between error sources , with some other source (perhaps -

vibration resonances , see Section 4. 3. 1) making the signal to noise

ratio marginal, and the processing technique being the deciding factor

between good and poor performance.

• Regardless of the interpretation of the error pattern question,

the conclusion to be drawn from this test appears clear: the quality of

the processing performed by the system can have a major impact on the

system’s BER performance, and future systems designs should devote

significant effort  to obtaining improved quality automatic film processing.

4. 3. 6 Fixed Pattern Noise Inve stigation

The discussion of Section 4. 1. 4 centered on the production of

uniform envelopes or bit pattern profiles extending across the entire data

band ; Section 4. 3. 4 , by contrast , detailed some investigations into the

rapid , bit-to -bit amplitude fluc tua tions encountered in many readout
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Figure 4.3.5—1. Z-Mod Error Display - Hand Processed Fiche

Figure 4.3.5-2. Z-Mod Error Display - Machine Processed Fiche
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operations . We now turn to an intermediate frequency effect: the

fluctuation of bit intensities thmugh several apparent cycles through the

data band . This effect, which can have much the same deleterious effects

on the readout process as those discussed in Section 4. 3. 4, has been

present only intermittently during the system testing activities, making

it very hard to diagnose and treat. In this section we present  the results

of an attempt to verif y that this effect happens during recording , and if

so, to identif y it with an intermodulation effect.

The effect in question is clearly seen in Figure 4 . 3 . 6 - 1 ,

where the two video output channels are again displayed. Note the

almost periodic fluctuation-in bit intensities, making around six cycles

along the leng th of the data band . This recording was made with a

relatively low TGA gain of 5, so intermodulation should not have been

a fa ctor; nevertheless, an investigation was made using a spectrum

analyzer , of some of the signals which are input to the film during

recording.

Figure 4. 3 .6 -2  shows a spectrum analysis of the signal

detected by the AOM monitor photodiode in the recorder. The picture

was recorded in “free run” mo de , i. e .,  the hologram signals are gated

normally, but phase continuity is maintained, as opposed to the reset

procedure normally followed; this is done to minimize the artifacts the

phase reset process produces when seen by the spectrum ana lyzer.  With

this exception, the figure depicts conditions identical to those under which

the test fiche was recorded ( TGA gain of 5, DF setting 1/4 , e tc . ) .  The

uniform bit heights in this picture indicate tha t the effect searched for

has not been introduced at thi s point.

This experiment was carried out numerous times under a

variety of conditions and in all cases the result was negative. Increasing

the TGA gain to 13 did produce some intermodulation effect as indicated
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Figure 4.3.6-1. Even and Odd Video Data, Every Other Bit Set.
TGPt Gain 5, DF Setting 1/4
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Figure 4.3.6-2. Spectrum Analysis of Data Input to Recording System.
TGA Ga i n 5, DF 1/4
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by bi t height fluctuations in the spectrum analyzer output; this corro-
-

- borates the data described in Section 4 .1 .1.  However, the fluctuations
-l did not appear to be correla ted with the variations observed in, e. g .,

Figure 4.3.6-1 . This negative result exhonorated the TGA gain and
• intermods in general, but did not produce any alternative candidates for

1 sources vf  the fixed pattern noise. Since this noise has not always been
present , and does not appear to be a major limiting facto r to the system ’s

• performance, this is not a serious setback . However , this topic does
merit additional investigation.
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V. BIT ERROR RATE ANALYSIS

5. 1 Achievable Bit Error  Rate Improvements

The integrity with which stored data can be recovered is one

of the most important parameters of any data sto rage and retrieval

sys tem. The bit error  rate (B ER) of the current HRMR system , as doc-

umented elsewhere is this report , is adequate to support some important

system operation scenarios; however , it is considerably worse than its

predic ted levels as given in the initial system design studies. The tech-

nique used in those studies to predict a system BER level was threefold:

(1)  through a light budget calculation and analysis of system noise sources ,

calculate a SNR and hence a raw BER; (2) assume sta ti stical independence

of the raw errors; and (3) calculate the achievable sys tem BER based on

the well known theoretical performance of an easily implemented error-

correcting code. It is the false assumption in the second of these three

steps which produced the discrepancy between the early design predic -
tions and the current HRMR system performance.

Experience obtained at Harris since the completion of the

initial performance predictions , both on the HRMR sys tem and on the
several phases of the Wideband Recorder program , has shown that : ( 1 )  the

dominate noise source in current optical data storage and retrieval systems

is film surface noise (generated by handling, processing, e tc . ) ;  (2)  the

errors tha t result are highly correlated rathe r than statistically independ-

ent; and ( 3) these errors can be made to appear independent by means of

rela tively low -risk interleaving techniques. Specifically, experiments

performed during Phase III of the Wideband Recorder program showed

tha t the full theoretical power of a given erro r correcting code could be

-r ealized , provided tha t the codewords are interleaved to a spatial extent

of approximately 130 to 200 pm. To verif y the applicability of this result

lo the HRMR system, experiments were pe rformed to document the actual
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error statistics of the system. In this section we will provide a brief

summary of the original BER analysis , describe the results of the new

system characterization experiments, and summarize the resulting

recommendations for  system modifications and the lowered system BER

that they should produce.

5. 1. 1 Initial System BER Predictions

The initial system BER values were predicted based on an

analysis of the various noise sources to which a system of this kind is

subject. The list of noise sources used , re produced below in Table

5. 1. 1-1, is a fair ly comprehensive one. Based on this list, it was calcu-

lated that a nominal system SNR of 17. 9 dB would be achieved (with a worst

case of 14. 9 dB). Then , using published relationships between the optical

SNR and the theoretically achievable BER (W. H. Lee, JOSA, 62 , 797) ,

this was shown to correspond to a raw BER of approximately lO~~ (worst

case 10 ). - Predictions for corrected error rates were then made, based

on the use of a (63 , 51) BCH code and the assumption that the raw errors

could be treated as statistically independent.

The demonstrated system raw BER of about 2 x ~~~~ documented

in subsection 4. 2. 2. 2 above, indicates that the worst case SNR prediction
— - of 14.9  dB was within approximately 0. 5 dB of being corre ct; however, the

nominal prediction of 17. 9 dB was 2. 5 dB too hig 1-~, and the relative impor-

tance of the var ious er ror sources was appar ently m isjudged. The error

diagnostic activities documented in section 4. 3 include at least th ree

eff ects not explicitly included in the early calculations: recorder vibration

signatures, machine process ing effects , and crosstalk -like bit height

fluctuations of uncertain origin. These problems , together with those
• orig inally ant icipated , resulted in an effective system SNR of about 14. 5

dB, More work will have to be done, howeve r, befo re a complete assign-

ment of relative responsibili t ies for  this noise fi gure can be made to the

various noise sources.
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TABLE 5.1.1-1

BIT ERROR SOURCES

Recorder Generated

1. Noise Inputs (laser, modulator, air bearing, arithmetic).

2. Exposure Variations (light power, ambient light).

3. Transfer Function Nonlinearities (equalizer, D/A, modulator).

4. MTF Fluctuations (spot shape, bandw idth, sampling , mechan ical
tolerances).

5. Mechanical Positioning Tolerances (regis trat ion, transients, drive
nonlineari t ies, vibration).

Film Generated

6. Wiener Noise (matte particles , base material).

7. Light Transmission Nonlinearities and Instabilities (T
A curve ,

processing, static discharges) .

8. MTF Response (spot size , emulsion thickness).

9. Physical Properties Variations (dimensional humidity and temperature
dependence, thickness variations, etc.).

- - 

10. Obscurations Induced by Handling (scratches, surface contaminants).

Reader Generated

11. Reconstruction Optics Defects (wave field distortion, scale factor ,
focus).

12. Interbit Crosstalk.
H

13. Detection Er rors  (inte rmodulation, crosstalk, timing jitte r , electrical
noise).

- 

- 

14. Detection Circuit Fluctuations ( t iming and threshold estimation er rors ).

15. Mechanical Positioning Tolerances.

-
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The SNR predictions made during the early system analys is

activities, while not totally correct , were within a few dB of the achieved

values as derived from the observed raw error rates. The same cannot

be said for the corrected error rate predictions. These predictions,

beca”se they were based on the assumption of statistical independence of

the raw errors (an assumption shown experimentally in the next subsection

to be fals e), were far from correct .  The implemented error-correct ing

code, BCH (63 , 51), theoretically can translate a raw BER, 
~ r’ 

into a

corrected rate, P , according to the approximate fo rmula
c 

3152 P~

Thus the predicted worst :ase raw rate of l0~~ would cor rect to a rate of

about 3. 1 x l0~~ , provided that burst errors are statistically neg ligible.

The fact that no such low corrected rates we re achieved (even though raw

rates of around l0~~ were achieved) is strong evidence of significant burst

error source activity. Experimental verification of these burst errors, as

well as recommended techniques for eliminating their effects , are given

in the following sect ions .

5. 1. 2 Error Statistics Evaluation Experiments

The first step in the evaluation of the error  statistics of the

HRMR system was the collection of data. A typical HRMR fiche was

selected fo r analysis; this fiche contained as data an ASC II coded text file,

which was repeated in each of the 70 tracks; thus a good range of variation

in the data patterns stored in each holog ram was assured. Each track

contained 105 blocks of 4096 bits each. The f i r s t  evaluation was s imply to

use the standard system software to print out the number of raw errors

contained in each block; this was done for the f i rs t  7 tracks and also for

slightly more than 2 tracks near the film’s cente r. Thus block error data

were obtained fo r a total of 1010 blocks . These blocks were then examined

and those with unusually high error rates were selected for further analysis.

A total of 24 such burst-prone blocks were identified, and for each of them
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a complete bit-by-bit error printout was obtained. For track analysis ,
a complete error printout was also obtained for tracks 0, 1, and 34- (105
blocks each).

5. 1. 2. 1 Track Analysis

The tracks selected for full analysis (tracks 0, 1, and 34) did

not exhibit signif icant burst error act ivity, so they were pr imarily analyz ed

for raw error rate and for the identification of systematic error patterns.

One important systematic error was immediately identified: the 34th user

bit in each holog ram was respons ible for a strong ly disproportionate share

of the observed errors. This is made clear by the following table.

TRACK 0 TRACK 1 TRACK 34

Total 
136 200 156

~ rrors Detected

Total 
6 2 4

Errors Bit 34

BER 
3.19 x l0~~ 4. 70 x lO~~ 3. 66 x 1O~~Including Bit 34

BER 
1.57 x l0~~ 2.54 x 1.46 x lO~~Excluding Bit 34

At a hypothetical BER of 4 x l0~~ , each bit should be in error an average
of 3 times per track. Thus the observed values of 69, 92, and 94 are nearly

certain proof that a systematic error is involved. The cause of this sys-

tematic error was not determined during this investigation, but several
poss ibilities were identified , including: a weak or intermittent photos ite
in the detector array, an intermittent fault in the transform generator
unit, or a software or interface problem. Since th is systematic error is

observed to occur cons istently (in other tracks as well as those just

mentioned), it is readily attackable and should be easily eliminated; further- • -

more, even if this prediction is overly optimistic, since only one b it is
affected an acceptable brute force solution would be simply to record an
additional user bit and use it in place of the error prone bit. Thus it seems

reasonable to assert that the raw error rates observed in the system
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(during ATP and as described in previous sections of this report) should

be reduced by approximately a facto r of 2 to make them truly representat ive

of system performance.

A seconda ry anal ysis pe rformed on the track error data was

run length evaluation. For this test, the error  locations in the track to

- 
- be evaluated were stored in a computer, and operated on by the analysis

prog ram. The analysis program calculated run lengths between errors ,

converted each of these lengths in bits to a number of holograms, and tabu -

lated the probabilities of the various run lengths. Since there was no

important burst activity in the selected tracks, the result was relatively

uninformative: only the less than one hologram and more than 48 hologram

distances accumulated more than their share of run lengths. Thus inter-

leaving of up to 1 hologram (68 bits) would have been slightly benef icial,

but the exact depth required was not determinable, and in any case the

result would not have been applicable to tracks affected by burst errors.

However, we can say as a result of this analysis that any interleaving

scheme which can improve the performance of burst laden tracks should

also suffice for the non-burst laden tracks. A final benefit of this

secondary analysis was the development of a computer program to handle

HRMR error data and compute run lengths and error positions; this pro-
- 

- gram in var ious modif ied forms was used extens ively in the more fruitful

analyses described below.

5. 1. 2. 2 Burst Block Analyses

Twenty-four blocks from tracks 0-7 and 34 were selected for

• analysis because of their hig h e r ror  rate and/or  burst characteristics.

The number of errors in these 4096 bit blocks ranged from 3 to 133 with an

average of about 30. In most cases the errors in each block were fairly

well localized in well def ined bu rsts , but a few blocks we re analyzed

which exhibited general high BER behaviour with few identifiable burst

areas. To investigate these 24 blocks, two computer s imulations of

error correcting code performance were made.
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5. 1. 2. 2. 1 Single-Error  Correcting Code

In the first simulation, the performance of sing le -e r ror

correcting codes was examined. These codes , which can correct one

erro r per codewo rd, a re typ if ied by the BCH (63, 57) code, where 6 parity
bits are added to each 57 user bits to form 63-bit codewords. The proce-

dure used was quite simple: within each block , each er ror  was assigned to

an appropriate codeword depending on (1) its modulus with respect to the

interleave depth being investigated, and (2) its distance from the other

errors in the block. When this assignment was complete, those inter-

leave depths with zero or one er ro r  in each codeword (i.. e . ,  those which

would have successfully corrected the entire block) were printed out. The

result , thoug h strong ly dependent on the distribution of er rors  within each

burst, was an indication of the interleave depth necessary to make a

single-error correcting code viable in the HRMR system. Of the 24

bursts investigated , 12 were typ ically correctable with inte rleave depths

of 100 bits or less , while 7 were not f u l l y cor rectable by an interleave
depth of 256 bits (the maximum investigated). This indicated that, for

data typified by the blocks unde r study, a single-error correcting code
would not be adequate to reach the BER goals of the HRMR program. This

qualitative conclusion was to be quantitatively confirmed by the results of

the second simulation.

5. 1. 2. 2. 2 Interleave Depth Studies

In the second simulation a closer modeling of the performance

of an interleaved error correct ing code was done, and more quant itative

results were obtained. For a number of interleave depths between 1

(1. e., no interleaving) and 256, each burst-prone block was analyzed to

- determine the number of codewords which would be uncorrectable at each

interleave depth. Then the simple relat ionship between word error rate

(WER) and bit error rate (BER) allowed a BER value to be calculated and

averaged over all investigated blocks. A number of assumptions were

made in arriving at the results presented below, and these assumptions

5-7
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should be stated clearly at the beginning. To do so , we must f irs t  outline
• the characteristics of the data Set upon which these experiments took

place; these are presented in Table 5. 1. 2. 2. 2-1.

TABLE 5. 1. 2. 2. 2-1

DATA SET FOR INTERLEAVE DEPTH STUDIES

Total Blocks Examined 1010

No. of Bits per Block 4096

Total Bits Examined 4. 13 x 106

No. of Burst Blocks 24

No. of Non-Burst Blocks 986

BER of Burst Blocks 7. 2 x l0~~
• BER of Non -Burst Blocks 1. 85 x l0~~

Total No. of 63-Bit Words in Data Set 86187

The approximate theoretical relationship between the raw bit-error rate,

P , and the corrected bit er ror rate , P , isr c

~ (N \~~~M+l ,
c N \ M+l / r

where N is the codeword length, M is the correcting power (1 or 2), and D

is the distance of the code (usually equal to ZM + 1). This value of P ,

of course, is the rate to be expected in the absence of burst errors.  The
first assumption made was that the only codewords in error were those

resulting from the burst blocks. This is justified by observing that the
- 1 predicted word error rate (given by the above formula with the factor of

D I N  removed) for a raw BER of 1. 85 x l0~~ is 2. 5 x l0~~ ; thu s within the
86187 words investigated, the expected number of words in error due to

random errors is about 0. 02 (i. e., it is unlikely that any words- would be
• in error on a given trial). A second assumption is that the blQcks follow-

ing the burst blocks being analyzed wer e substantially error free. This
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is necessary because , at the hig her interleave depths , the codewords

extend past the burst prone blocks ’ boundaries; thus the simulation pro-

gram, having no access to e r ror  data from the adjoining blocks , must

assign them a “ze ro error ” pattern. This can be partially justified. by

noting that at the raw BER of 1. 85 x ~~~~ the expected number of e rrors

in the adjacent block is about 0. 75 , i. e., one error in most blocks;

combined with the requirement that to cause trouble for our analysis ,

one error must fall in a codeword with exactly two errors from the

previous block, this seems to be an event of sufficiently low probab ility

that our results will not be materially affected (but no rigorous calculation

has been done on this to date). A final assumption involves the size of the -

data set. With only 4 x io6 bits to be evaluated , firm conclusions about

BER values below about 1 x 1o
6 
cannot be reached. However, it is felt

that by generating curves wh ich are valid for lower BER’s (e. g . ,  ve rsus

interleave depth) , moderate (and cautious) extrapolation of these curves

can carry us to the regions of interest.

The results of the simulation are presented below in Table

5. 1. 2. 2. 2-2 and Figure 5. 1. 2. 2. 2- 2.

TABLE 5.l.2.2.2-2

NO. OF WORDS IN ERROR VERSUS INTERLEAVE DEPTH

Interleave Depth (bits)

31 51 61 128 256

Single-Error 
136 127 123 88 42

Correcting Code

Double-Error 65 45 29 9 2 -‘
Correcting Code

In the Table, 6 words (the number to be expected due to the raw error

rate) have been added to the single-error correcting code entries; as

already explained, no such correction is necessa ry for the more powerful
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double-error correcting code. By combining the results in the Table

with the formula given above, a set of corrected BER values can be ob-

tam ed and plotted versus interleave depth ; the result is Fig. 5. 1. 2. 2. 2.

The Figure shows the calculated BER values resulting f rom the word

errors detected by the simulation program. Note that the lower bounds

have been Included; these are the values given by the formula when the

raw BER .s used, and therefore correspond to the performance achievable

when the raw errors are statistically independent (eithe r naturally, or

by means of a sufficiently g reat interleave depth) . Note also that the

curves have been extrapolated to show projected performance at interleave

depths higher than those actually investigated. The proper extrapolation

technique is subject to some question, since the curve is a system

characteristic dependent upon e r ror  statistics; however , experience with

another film-based data storage system of similar packing density (the

Wideband Recorder System) indicates that a smooth continuation of the

curve as drawn is the most likely s ituation.

The curves in Figure 5. 1. 2. 2. 2 show that, if the data analyzed

here is typical of the HRMR system’s pe rformance, then at an inte rleave

depth of 256 bits, the (57, 63) single-error correcting code could achieve

a corrected BER of about 2. 3 x l0~~ , while the (5 1, 63) double-error~
correcting code (as implemented in the HRMR system) could achieve 1. 8

x 10 6
. Since the asymptote for the weaker code (assuming a raw BER of

1. 85 x l0~~ ) is above the requir ed level of l0~~ , no amount of interleaving

can enable that code to support such a low BER. The (63, 51) code,

however, can reach the l0~~ level , since its asymptotic level is around-

2 x 10~~ . A rough extrapolation of the curve in the figure indicates that

an interleave depth of about 640 bits would be required to produce a sys~..

tern BER of 1 x ~~~~ This amount of interleaving would require a ve ry

larg e buffer , but is not inconceivable with current  memory technology.

5- 11

- - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - • 
~~~~~~~~~

• •



— 
~~~~~~~~~~~~~~~~~~~~~~~~ 

- .  
•__ ~~~~~~~~~~:~~~~~~~~~~~~~~~~~

5. 1. 3 Achievable Improvements and Recommendations

The experiments detailed in the previous subsection show

that a significant amount of burst  e r ror  activity is present in the re-

covered data ; thi s confirms the earlier conclusion reached as a result

of the inability of the implemented erro r correcting code to achieve its

full theoretical correcting power. Thus a significant improvement to

system BER performance can be made by implementing a deep inter-

leaving scheme to complement the erro r correction coding . Such inter-

leaving will always improve system perfo rmance, with the cost of the

improvement coming in terms of the size of the buffer memory required

to interleave the codewords.

As a specific example , consider a depth 256 interleaving

scheme. Since there are 63 bits per codeword, the last bit of any word

is 63 x 256 or about 16K bits away from the f irs t  bit of the word. Thus,

both in recording and readout, a 16K bit buffer is required to permit

parallel shifting out of the interleaved words. The buffer size (and cost)

increases linearly as the interleave dep th is increased above 256.

The experimental results summarized in Figure 5. 1. 2. 2. 2-2

indicate that the larger the interleave depth, the lower the achievable

BER (and this is . of course , true independent of the validity of the parti-

cular data set on which the experiments were performed). This means

tha t the cost and complexi ty of the buffer memory becomes the key

tradeoff in achieving improved BER performance. The curve in Figure

5.1.2.2.2-2 indicates that a BER of 1 x JO~~ ( the sys tem goal) can be

achieved at an interleave depth of approximately 640 bits . At a

minimum, an interleave depth of 512 (at which a corrected BER of

about 2 x 10~~ should be achieved) is the recommended value for

• future system developments.

5 1 2



--—-.-—-~ - — —~~ - - -—--.- --- - ---• -- - —---—__-, ,

VI. PERFORMANCE DEMO NSTRATIONS AND CONCLUSJ 3NS

6. 1 Results of Acceptance Testing

Each of the requirem ents of the HRMR System were formally
• tested as documents in the Test Plan/Procedures with Data, an appendix

to thi s report available under separate cover. These tests verified the

achievement of many significant performance parameters and indicated

those areas where performance improvements may be addr essed. The
following lists some of the key parameters achieved as verified by these

tests:

• Utilizes 105mm by 148mm sheet film

• - • Automated Machine-Read Recording

• Machine-Read Data Recording

30 x 106 Bits / Microfiche

500 Kb/s Record Rate

48 MR information bits per hologram

• Automa tic Film Processing

• Verifier Readout

Readout Bit Erro r Rate 1 x 10~~’

250 Kb/s  Readout Rate
• 5. 5 minutes to read 30Mb from microfiche

including film transport  and handling time .

• Throughput time to record , process and read

out fill fiche is 12. 5 minutes

• Input/Output Devices

Accepts inputs in either binary data or hard

copy format

Automatic data reduc tion/ compression of 5 to 1

for scanned hard copy
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• Storage and Retrieval

6750 Fiche Storage Capacity

31 Second s Random Fiche Access

Automated Purge and Refile

The above performance parameters represent a significant
• - advance in mass memory technology. With further engineering effort

the full potential of the HRMR System-can be realized .

Experiments previously documented in this report  promise
— 

tha t significant improvement in b i t - e r ro r - ra t e  perfo rmance is achievable

with additional error detection and correction electronics.

The time required to record a full fiche was dictated by

available computer memory and not the electro-optical implementation

of the recorder. Because a significant portion of the computer disk was

used to store control programs , sufficient disk was not available to also

store a complete microfiche. Therefore , with additional computer

memory, the fiche record time could be reduced to approximately two

minutes.

The readout rate was limited to 250 Mb/s  by the efficiency

of the readout electro -optics including the hologram diffraction efficiency.

This rate could be doubled to 500 Kb/s  with the addition of a higher power

laser and/or more efficient optical implementa tion. However , then Lie

- ( readout rate will be computer memory limited (as during recording )

unless additional computer memory is added.

It is noteworthy that the testing of Human Read capabilities

of the HRMR System were, for the most part, deferred during the ATP.

Because of the limitation in program funding , integration of the Human

Read electro-optics was not completed. Although the system contains
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the electronic and optical components designed to meet  all the Human -

Read specifications , further effort will be required to bring these to

full operationa l sta tus.

Access to seven of the nine carousels in the storage and
retrieval unit was implemented. Because of fund s limitations , effor ts

• to improve access speeds and provide access to all carousels were
incomplete . However , all system functions were demonstrable. The
readout electro -optics for  the storage and retrieval uni t are essentially
identical to those in the Verifier.  However , because of funds limi tations ,
integration of these electro-optics was not completed and testing was not
included in the ATP.

As tested, the HRMR System was fully demonstrable for MR

functions. With some further recommended engineering effort , the
system performance capabilities could be improved significantly.

6. 2 Recommendations of System Upgrade

Five areas of the system are recommended for upgrade:
1) Data interleaving to improve error  correct ion

perfo rmance

2) Integration of readout electro -optics into Storage
and Retrieval Unit

3) Increase access speed and provide access to top and
bottom carousels in Storage and Retrieval Units

4) Integrate Human Read electro-optics into Recorder

5) Further investigate techniques for reducing raw bit
error rate of MR data recording and readout.

Section 5. 1. 3 described the need for data interleaving and the
promise that bit error rates approaching 1 x 10~~ are achievable.
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Implementa tion of such interleavir~g electronics should be the most

cost effective approach to realizing significant HRMR improved perfo r-

mance.

The Storage and Retrieval Uni t can be brought to full opera-

tional sta tus by undertaking the above second and third recommendations .

Essentially all the electro -optics necessary to implement the readout
capability in the S & R are available. Therefore , adding readout cap-

ability to the S & R should be. readily achievable. Improving the access

to microfiche can be achieved by further effort on the servo loops and

control of the elevator drives.

Realization of Human Read should require little added effort.

The hardware and software is available. Integration and checkout is

required.

I n conclusion, little time was available between system

integration and acceptance testing to conduct fu r ther investigations of

raw bit error sources. Such an investigation is recommended to

realize the maximum potential performance of the HRMR System.

6-4

~~~~ 
1~ -~ . -- .. ~~~~ - - .‘- . .‘ -~~~ 

~~~~~~ ~~_.—a~”



P
I 

-

-

~~ 

j

I

t

- 
4

APPENDIX A

I

-,
~~~~~ I

- u

_ _ _ _ _  
_ _  

3 -~ ~~~~~~~~~~ — -—--—-- - - - . - -  -- —--

I 

.t: 
- -

~ 

•

~~ 

4. i4i•

11 1 3 
— ~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 __________



- ~—-~--- - - ----- .-- ~~~~~~~~~~~~~~~~~~~~~ ~~W~’3. - . - _
~~~~~~~~~~~~~~~~~~~~~~~~ -‘

~~~~~~

Itechnical
brief

• MODULAR STORAGE
AND RETRIEVAL UNIT FOR
INFORMATION ON MICROFICHE

U 
in-filed to one or more S&R modules. Filed
microfiche can be readily removed for use
with existing standard viewing or handling

- equipment , if desired. The two—level carousel
is easily mounted and removed from an S&R

~ :1 ~~ module in such a way that any S&R module
II I! liii I can accept and retrieve microfiche from any

~~‘ ~~~‘~‘~~~~~~-• 
— 

~ 1 two-level carousel mounted in the module. A
~~~--. ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- • single S&R module can be configured for ~~~-. 

111 _______ 

. stand—alone operation. Operator interface is
I - achieved through a keyboard linked to a

ill. I~ - microprocessor controller. Many S&R mod—
- ~~~~..... 

- ules can be configured for a much larger data ~- 

-
. base with independent retrieve and X—Y ~~. ~~

positioning or scanning functions within each .

module. All functions are under the control ~
of a centralized processor unit; any module !_ 

~~

GENERAL D E S C R I P T I O N  can be used as a backup for any other by ~~
exchanging two-level carousels. S

• The Modular Storage and Retrieval (S&R)
Unit, developed as part of an IR&D project at The present design incorporates incremental
Harris Government Systems Group, provides X—Y positioning for a standard (7 x 14 = 98) s
storage for 1000 standard 105mm x 148mm image. NMA 24X microimage format. Corn— ~micro fiche in a two—level carousel. The unit mand signals, from a keyboard or a (‘PU, can
offers automatic retrieval and X—Y position— call for any image to be positioned in ‘he read
ing as well as scanning of any selected micro— aperture . An aerial image of the accessed page
fiche. The microfiche need not be modified is formed at a plane where a linear, self—
in any manner (e.g-, clips af fixed or notches scanned photosensor array is translated from
cut) to be stored and retr ieved in an S&R top to bottom through the image. T he photo—
module. Existing data bases, consist ing of sensor array scans successive lines in the
convent ional micro fiche, can be directly image. as it is translated from the top to the

4 0e 40

1-LARRIB HARRIS CORPORATION Government S~stems Group
Information Systems P0 Box 37. Melbourne, FL 32901- (3051727-4000
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bottom of the image. The output of ’ t his array for micro fiche, which conta in digital data in
is a video signal. A normalizing circuit deter— linear files of one—dimensional holograms.
mines the maximum and minimum video
sample level during the back sweep (bottom DETAILED DESCR I PTIONS
to top) of the array through the image plane.
All video samples obtained from the array on CAROUSELthe subsequent forward sweep(top to bottom )
are c locked into an AID converter. The The microfiche are stored in easily mounted
digitized video data is then available from the and removed two— level carousels. Each
S&R module, including the normalizing carouse l level can store up to 500 standard
levels. This digitized video data may then be 105mm x 148mm microfiche. Each carousel
routed to appropriate soft—copy or hard—copy level consists of slotted top and bottom platesdisplay subsystems. and a center support with stops to control the

- depth of penetration of the microfiche along
a radius. Each microfiche is assigned to aOt her operating m odes are available for part icular top and bottom pair of correspond—accessing images on microfiche with changes ing slots in a carousel. A carousel code andto the imaging optics andlor the image sam— slot code are logged into an index file alongpling scheme. For example , a convent ional with the corresponding microfiche code forTV camera can replace the photosensor array location of each stored m icrofiche. The two—

and its associated mechanical scanning level carousels are rotated together by a step—
mechanism to convert the aerial image to motor drive that is below the bottom carousel.
convent ional video for a TV monitor. Positive rotational position information is
A lternatively, a projection display formed • 

obtained by controlling the step count: a
direct ly from the portion of the microfiche ~~ once—around position detector defines a zero
the read aperture to a back—lighted display reference position from which all step counts
screen can be provided. If required, the are measured.
projection display mode can be combined
w ith certain video conversion modes. In all of
these modes the carousel , the microfiche AT 24X a single, two—level carousel can store
extractorf insertor , the X—Y positioning 98,000 pages of information on the 1000
apparatus. the read aperture platen for microfiche; at 48X , it can store 392 ,000 pages

— holding the microfiche at a predetermined of information. In a digital storage and
plane , and t he related control electronics are retrieval mode with 0.5 x io~ bits per micro— •

the same. fiche, a total of 0.5 x 10 12 bits can be stored
in a single two-level carousel. In either
the analog image store or digital store modes,

Microfiche which contain digital data , typical random access times to a unit record
recorded as individual densely packed spots or are 3 to 6 seconds. Random access times to
as holograms, can be stored, retr ieved, and other portions of a microfiche already in the
read wit h another version of the S&R module. X—Y positioner are typically 0.5 second.
One axis of the X—Y positioning apparatus is
modified to provide precise continuous RETRIEVING AND REFILING
motion in accordance w ith the arrangement
of files of digital data on the microfiche. The To retrieve a micro fiche. the carousels are
readout (image conversion) design is modified rotated to position the required microfiche
to read digital data as a microfiche is trans— at a retrieval station. The X—axis drive centers
lated through the read aperture . A similar the Y—axis at either the upper or lower
S&R approach has been implemented at carousel. A spring activated clamp, affixed to
Harris for RADC on the Human Read! a pair of pneumatic cylinders, is extended by
Machine Read (HRMR) Mass Storage System pneumatic action so that the clamp fits over
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89769-69

READ STATION PLATEN
optics to produce uniform illumination of the Precision axial position control of the portion
port ion of the microfiche in the read aperture. of the microfiche in the read aperture is pro—
Projection optics to form an aerial image of vided by an air—bearing platen. This approach
the information in the read aperture at a eliminates contact w ith any portion of a
photosensor device or at a display screen (or microfiche that contains the user’s informa—
both in special cases) are provided to lit the tion. The axial position of the portion of the
application. Typically, conventional off—the— microfiche in the read aperture can he
shelf i llum inat ion an d project ion optics can maintained to 6 p m, or better, with this
be incorporated, air—bearing platen.

A-3

________ 

A _ •~ I3_ _4_ ’~ ’•_._ ‘,~ m~l~’W - -- - • - - - -  
- - - —1—— 

~~~

Il ~ - 
~~~~~~~ - - .~: -~~~~~~



I OUTPUT 1 IILLUM,NAT10tI

L UNIT 
I 

UNIT
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FOR 1000
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*V

CAROUSEL [ V AX IS PNEUMATIC
DRIVE AND 

I 
AND I’ — 

30 PSIG
POSITION I DRIVE I

CONTROL AND INTERFACE UNIT -

INPUT REQUEST . DIGITIZED VIDEO
KEY BOARD • ANALOG VIDEO

• PROJECTI ON ONTO
A VIEWING SCREEN 10140-1

the outer edge of the microfiche. The spring incremental motion to specific microimage
is released by a cam to capture the microfiche locations or continuous linear motion to read
and the pneumatic cylinders are contracted to digital files of data. The Y—axis drive provides
extract the captured microfiche and position the required incremental motion to specific
it at a reference location. The X—Y drive then microimage locations- or to specific digital
positions the required page in or translates the file centers. Step—motor , closed—loop servo
required digital file through the read motor, digital pneumatic , and closed—loop

• I aperture. The retrieve sequence is essentially servo pneumatic drive options can be pro—
reversed to refile the extracted micro fiche. vided, as required for the specific application,

for the X— and Y—axes.
X-Y POSITIONiNG ILLUMINATION AND IMAGE
The X—axis drive is designed to position the PR OJ ECTION
extractor mechanism (which moves along the
Y—axis ) at the retrieval position for both Both incoherent and coherent illumination
carousel levels and to provide the required sources can be provided with the appropriate
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PHOTOSENSOR FOR DRIVE AND CONTROL
CONVERSION TO ELECTR ONIC ELECTRONICS
SiGNALS (VIDEO OR DIG ITAL) Each S&R module includes electronics to

drive and control the carousel (rotate and
A self—scanned linear photodetector array of stop), the microfiche extractor/inserter , the
up to 2048 elements is affixed to a linear X—Y positioning, the illumination, the photo—
translation mechanism consisting of- a detector array sweeping and scanning, and the
pneumatic piston and a precision position collection of maximum and minimum video
sensing device to provide scan—start signals to values (on the backward sweep) . Also,
the self—scanned array. This photodetector appropriate interface electronics to accept
array sweeps through the projected aerial and interpret access commands for an image
image from bottom to top while a normaliz— or data file on a particular microfiche are
ing circuit determines the maximum and included. Access commands can be provided
minimum signal values (two numbers per from a microprocessor controller with key —
backward sweep). During the subsequent board command entry (typical for single S&R
forward sweep (top to bottom), the self— module operation) or from a central processor
scanned photodetector array is scanned to unit (typical for many S&R modules on line).
collect video samples on a line—by—line basis

• with the scan and sweep rates adjusted for the 
PHYSICAL CONFIGURATIONrequired top—to-bottom resolution. As the

array sweeps, a linear position encoder 
An S&R module, with all required drive andprovides precision absolute instantaneous
control electronics, fits into a standardposition information as electronic signals 
19—inch wide electronic half—rack less thanwhich are used to initiate an array scan

sequence each time the array has been trans— 36 inches high.
lated one scan line spacing. The video samples
are clocked into an A/D converter. The
digitized video data is available from the S&R 

___________________________________________

- - module, with the two maximum and min-
imum normalizing values, to be provided to
appropriate soft—copy or hard—copy
display subsystems.

An alternative readout technique which can
be implemented is the use of a conventional
or solid—state TV camera unit in place of the
photodetector array and linear sweeper . Also,

screen can be provided, in some cases , in
a projection display on a back—illuminated

combination with a video conversion
capability. Furthermore, for bi—level (black—
white only) microimages, normalizing infor-
mation is not required, and video conversion
and data transfer can occur on both the
forward and backward sweeps of the photo-
detector array, with appropriate adjustments
to control software for sequencing the
retrieved data.

A- 5
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. S&R of photo reduced hard copy • Storage for 1000 standard 105 x 148 mm NMA
microfiche

— Documents (98,000 at 24X; 392,000 at
48X) . No clips required on fiche

— Fingerprints — Existing fiche data can be directly entered
for S&R

- 
- 

— Map and chart repromats
. Fully automatic fiche extraction, po~tioning,

— Other graphics and translation/scanning

• S&R of digital data • No image/data scratching or degrading

• 
— Multiple modules for mass stores • From 3 to 6 seconds typical cycle times

‘ - URM R • Fully compatible with TV camera or linear
photosensor array image/data retrieval

— High—density direct spot -

• Standard 19-inch rack mounting
— Single module for tactical and local stores

• S&R ofCOM

• S&R of any data on standard lOS x 148 mm
fiche

• Projection display of images from microfiche to
viewing screen

I
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