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ABSTRACT 
We present issues related to the architccturc of a document archivcr using optical disk technol- 

ogy. In parttcular we examine the problems of data placement in the optical disk, storage hierarchies, 
data duplication and version control. Simulation results and analytical results are presented. These 
results are used to analyxe the effect of various design decisions on the pcrformancc of such a system. 

1. Introduction 
In today’s offrccs there is a need for systems whtch efficiently store and retrieve multimedia docu- 

ments which contain information in the form of attributes, text, graphics, bitmaps and voice. Such sys- 
tems will have to archive a large number of documents for a long period of time (m&me&a docvnoru 
mchivers). The users of these systems will be able to access multimedia documents by specifying some 
informatum on the document’s content. For such systems to be succcsful access times for multimedia 
documents should be small. In this paper we describe some architectural issues related to the &sign of 
a document archiver and we analyze their impact on the performance of the system. 

Existing secondary storage technology prcscnts several limitations for document archiving. The 
most successful technology, the magnetic disk, has far too small storage capacity for such an applica- 
tion. Documents with bitmaps even if they are compressed they may easily rquire storage capacity of 
the order of hundreds of kilobytes, and there will be many much documents in an office of a large 
organization where information is archived for several years. A new emerging secondary storage tcch- 
nology, the optical disk, appears to be the most promising technology for docmnent uchiviag due to 
the large storage capacity which it provides, the small cost per bit of stored information, the capability 
of random access, and the much better archival life [Fujitani g4], (Izawa &o. Table 1 gives some com- 
parative figures for optical disks and magnetic disks. 
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Table 1: Characterxstics of Magnetic and Optical Disks 

User Access 
Capacity Time 
Mbytes ms 

Data 
Rate 
Mbits/s 

Cost/Bit 
in cents 

Archival 
Life 
in years 

Magnetic Disk 70 3!5 7.0 IO4 2-3 
(IBM 3340) 
Optrcal Disk 1000 m-225 2.0 10-s >lO 
(Phdrps DOR) 
Jukebox (Phihps) I28000 2osecs 2.0 lo+ >lO 

ifdisk 
exchange 
required 

Notcl: Jukebox is a collection of 64 optical disks. It comes with one or two drives. The above llgurcs 
are approximate and vary wrthin members of the same family. 
Note2: Prototypes and commercially available systems with much higher transfer rates (10 to SO 
Mb&s) exist [Kenney et al.791, and some experimental systems which use multiple light beams advo- 
cate 100 to 320 Mbits per second. On the other hand seek times arc slower than seek times of magnetic 
disks [Fuptam 84). 

The optical disk is organized in much the same way as the magnetic disk for reasons of compati- 
bility ([Fujttam 841, (Maicr 821, (Kermey et al 791, [Philips 84)). A laser beam from a thtcd laser is used 
to read and write m the top of a metal 6lm. Optics which is mounted on a sled which is moved from 
track to track by a linear motor is used to position the beam in the appropriate track. The major 
difference wtth the magnetic disk is that the recording into the optical disk is by ablating holes in the 
metal film. Another very significant difference from the performance point of view is that in some 
designs the optics can be used to move the beam to a nearby track in one revolution (from 1 to SOms) 
without moving the entire optical assembly (Bell s3]. This is done using light dcffectors with small iner- 
tia. We wrll call a SAM the set of tracks forwards from a given location of the optical disk head from 
which informatton can be read or written without a mechanical move of the disk head. 

Current optical disk technology has the limitations of the write-once storage. However, this is 
not a problem for our particular application en vlronment (document archival) since we do not expect a 
large number of updates. In some cases the write once restriction may even be desirable. The optical 
disk technology provides particularly attractive features for a document arch&r. These are huge 
storage capacity, cheap storage per bit and long archival life. The random access of the optical disk is 
much slower than the random access of the magnetic disk. Although the random access times for opti- 
cal disks will improve in the future, the inertia of the optical assembly system will limit the impruve- 
ment (as in the case of the magnetic disks). Another sign&ant problem is the increased contention in 
these devices which may result in increased rcsponce times for the users due to qucucing. The 
increased contention will be the result of the much higher storage capacity provided by a single device 
and the probable centralization of these devices within the organization. It is therefore important that 
we investigate methods for improving system performance. On the other hand the very high transfer 
rates possible and the span access capability are important performance differences of the optical with 
the magnetic disk and they should be exploited. For exxmple very high transfer rates make squential 
access methods lrke signature tiles much more desirable. 

In this paper we present issues related to the architecture of a document archiving system using 
optical tik technology. We &scribe the issues and analyze some decisions which affect the pcrfor- 
mance of the system. In section 2 we describe document states; in section 3 WC describe the function of 
the archiver, in scctlon 4 we analyze the problem of document placement in the optical disk; in section 

35 



5 we dtscuss the results of a stmulation; in section 6 we describe the problem of storage hierarchies and 
document mtgratton m the magnetic dtsk;in section 7 we describe document copy in the on-line optical 
disk from an off-lute disk; m section 8 WC discuss version support, tinally in section 9 we present a sum- 
mary and current research. 
2. Document States 

In this sectum we descrtbe the life of a document in a multimedia information system. Such a 
multtmedia information system (MINOS) is under implementation 

([Christodoulalus et al. 841, [Christodoulakis et al. Sm. 
The progress of a document through the system is described by the document states. Document 

states are shown in Diagram 1. 

Documents may arrive from another workstation or they may be created using an editor formator 
capability. 

Arrivmg documents arc documents which have been sent from another workstation and they have 
not been looked yet by the user. At some point in time they may be looked by the user using a docu- 
MM browsing capabtlity. A user can only look at documents for which he has authorimtim. When the 
user finishes examining an arriving document he may archive it or he may edit it, or annotate it and 
then archive It. Smce arriving documents are not in a stable state (in the sense that they will change 
state after they have been looked by the user, and this change of state may mean further editing or 
deletion) these documents are stored in a magnetic disk. This allows for fast document access as well 
as m-place update which again results in space savings and write time savings. 

Documents in the cdrting state are edited, created or annotated. Document creation may require 
synthesis of mformation from other documents. Cut and paste techniques can be employed ([Christo- 
doulakts et al. 841, (Christodoulakis et al. 8!ll). Since at a given point in time a user only edits a limited 
number of documents, access to documents in this state is done by name rather than by content. Ver- 
sion support, as well as recovery functions to guarantee that long work is not lost, are also necessary in 
this state. Documents m editing state may be frequently accessed and modified. Thus they should also 
reside in a magnetic disk storage unit. 

Archrved documents are documents which are in a stable state in the sense that the user who pro- 
duced them or received them from the communication lines or inserted them in the system using a fas- 
cimile capability feels that the documents will remain unchanged for the forseable future. At this 
point he explicitly sends the documents to the archival subsystem. A unique identiticrition number is 
assigned to any document inserted in the archiver. Document modifications (editing, annotation) are 
not allowed within the archiver. If at some point of time the user feels that there is a need for 
modifications of a document he has to extract the document into the editing subsystem. If he wants to 
replace the old document with the new one he gives to the system the identification number of the old 
document so that the system deletes it. He can then insert the new document in the archiver. Altema- 
tively he may want to indicate that the new document is a version of the old document, but he may 
want to allow both documents to coexist in the arch&r. He can do that by establishing a link between 
the two documents. 

Documents in the archived state require different system support than documents in the arrivmg 
or editing state. Documents may remain in the archived state many years before they are discarded 
from the system. Due to their large number and age the users will not remember their name (unique 
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identtflcation number). Thus content addressibility is required for these documents. Morwver, since 
the documents are m a stable state, they are appropriate to be stored in an optical disk. 

In the remainder of this report we will concentrate on the archival subsystem. More details on 
the edttmg subsystem appear in [Christodoulakis et al. 8s]. 
3. Docameat Archher 

The document archtver w the subsystem responsible for storage and retrieval of archived docu- 
ments. We assume from now on that the archived documents are stored in an optical disk device. In 
this section we summarixt the mayor functions of the document archivcr. In the following sections per- 
formance issues related to the archiver will be discussed. 

The document archivcr supports the following functions: 
1. Internal representation and presentation 
2. Content addressibility 
3. Access methods for content addresstbtlity 
4. Browsmg Retrieval Interface 
5. Information extraction capability 
6. Version support 
7. Authorization 

The archtver should support an internal representation which reduces the storage requirements 
and the retneval costs and at the same time it makes sure that the documents maintain their original 
appearance. Thts is done by a mapping software which reconstructs the documents from their internal 
representation when the documents are presented to the user (Christodoulakis et al. 841. 

Content addressibility in multimedia documents is achieved by allowing the user to ask queries on 
the content of documents (e.g. text, attributes, images) as well as on some presentation aspects. Since 
users may not be able to specify precisely which document they want the retrieval interface supports a 
browsing capability with which the user can browse through documents or within a document until he 
finds the desired mformation. Once he finds thts informatum he can extract it so that he may use it for 
document preparation of new multimedia documents. Extraction of parts of multimedia documents 
(pictures, graphs, text sections...) and document formation is done outside the document archiver 
[Christodoulalus et al. 851. 

The access method that the archtver uses is based on signatures of the document contents (attri- 
butes, text, Images) [Chrtstodoulakts and Faloutsos 84). Signatures have the advantage that they 
reqmrt a small storage overhead (up to 10% of llle sixc for text signatures) and they allow very easy 
msertmn of new documents. With the advent of cheaper main memories in the future, signatures of 
on-lute documents may be kept mam memory resident. With current technology it is more likely that 
signatures of the on-ltne optical disk will be kept in the optical disk Itself or in a collection of magnetic 
d&s. 

When srgnatures are kept tn an optical disk they present an addttional advantage: insertion of new 
documents IS very easy since the signature of the new document is just appended at the end of the sig- 
nature file. In contrast insertions of new documents when a tree structure is used to provide content 
addressibility may be difficult due to the fact that updates in the index structure may have to propagate 
upwards which IS dtfficult for wntc once storage devices. The very high data transfer rates possible 
with optical disks are also helpful because the signature l&s are accessed sequentially. 
4. Document Placement lo the OptIcal Disk 

We could allocate documents m the optical disk sequentially as they come in the archiving subsys- 
tem. We call this placement algonthm Afgorrthm 0. With each document we would associate some 
authorization information m the form of a capability vector. A compressed form of this vector could 
bc appended at the beginning of the signature of every document so that additional false drops coming 
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from the fact that the user has no authorixatlon for some of the qualifying documents are avoided. 
The advantage of this method comes from its simpltcity. It does not require any directory maintenance 
but a sample pointer to the next avadablc location in the optical disk. There are no problems of disk 
fragmentation. Finally since the documents are allocated sequentially as they come and their signatures 
are appended at the end of the signature file m the same order, there is no need for a directory for the 
signatures, and signatures of documents never have to be moved to make space for more signatures. 

There are however some possible disadvantages associated with the above organization. The 5rst 
is that the method does not exploit any clustering of documents in the optical disk. This may result in 
expenstve seeks. We investigate this aspect in more detail later on. The second is that authonzation 
information ~111 have to be associated with every document and kept with the signature of the docu- 
ment m mam memory. In addition a copy of the authorixatton information will have to be kept m the 
magnetic disk so that it is not lost m the case of a system breakdown. The reason that this information 
is not stored with every document in the optical disk is that the capability vector may have to change 
at some point in trme (addition of a new user say). 

Another disadvantage of the method is that it requires searching of the signatures of all docu- 
ments m the optical disk in order to answer a given query. This requires more CPU time and more 
main memory to store all the signatures and the capability vectors. If enough memory does not exist 
then user queries will force the system to retrieve a portion of the signature file from the magnetic or 
the optical disk with additional CPU and IO overhead. Assuming that main memory becomes very 
cheap and that we associate enough mam memory with the document archiver to store all the signa- 
tures and the authomation information as well as that we use some hardware for the search of signa- 
tures, the only remaimng dlsadvantage may come from the longer seeks of the optical disk head for 
locating quahfymg documents. 

A vanatlon of Algorithm 0 which may be used to achieve better clustering is the following: small 
sixe documents are stored as they comm at the beginning of the optical disk. Large documents are 
stored together at the last tracks of the optical disk. The size separating small and large documents is a 
parameter of the system. We call this placement algorithm Afgorithm 01 The motivation behind this 
placement algorrthm is that in order for the optical disk head to bypass a larger document which does 
not qualify a seek will have to bc done. Thus by moving large documents to another place in the opti- 
cal disk we expect to 5nd several documents within a track and thus reduce the average seek cost. This 
intuttlvc explanation can be described more formally using properties of Schur wncavt functions 
[Christodoulakts 84b]. This variation however suffers also from the same disadvantages of the previous 
method (although it IS expected to improve clustering). 

A tbrd approach IS to dlvtdt the optical disk into a number of areas which correspond to some 
general files tn which the documents can be catcgorixed. With each 516 we could associate some 
authorization mformation. The separation into general files will be environment depcndcnt and thus it 
will have to be decided within the organization. The advantages of the approach is that it exploits the 
clustermg of information in the optical disk in order to avoid expensive seeks and that it does not 
replicate authortzatlon information with every document. Finally since the user requests refer to a par- 
ticular file the signature search is restncted. In addition, even if the signatures of all the documents in 
the optical drsk do not fit in main memory some user requests will be completely examined using only 
srgnatures which exist in mam memory. With some smart utilization of main memory (e.g. sclcction of 
the signature file to be replaced) it will be,the case that many user requests will be completely satisfied 
without any secondary storage access. This indicates that the main memory that we have to associate 
wrth the server for storing signatures is less than the main memory that we need with the previous 
approach, which may lead to a less expensive system. If special purpose hardware for search is associ- 
ated with 5xed SIXS of main memory this indicates further reductions in the system 00% 

The disadvantage of the approach is additional complication. The optical d& space is now struc- 
tured according to a directory which resides in main memory or a magnetic disk (since updates to the 
directory may be needed). To avoid fragmentation of the optical disk some algorithm should be used 
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to decide what happens when the contiguous space which has been allocated to a talc in the optical disk 
is exhausted. There arc several algorithms which can bc used for this purpose (Algorithms 1 thru 8 
below). 

We would like to examine the effect of document placement in the optical disk on the system 
performance. We will ignore the signature search time and we will concentrate on the retrieval time 
from the optical disk. The problem presents similarities with the problems of compaction and fmgmen- 
tation in file systems ([Tcorey and Fry 821, [Claybrook 83J). There are however a number of 
differences between the two environments: 
1. Envtronment Characteristics 

There are no physical deletions in the optical dwk. Thus there is no problem of utilizing the opti- 
cal dtsk space again. There are no insertions in a particular order (or within a text ftle) which may 
force the rewntrng of the file (as in an editor environment). In general 6lc systems it is difficult to 
parametrize rcaltsttcally those factors. The fact that these restrictions hold in our environment makes 
modtllmg and performance evaluation easier. 
2. File Charactertstlcs 

In general file systems files may exhibit drastically different characteristics (e.g. ffles with high 
update to query ratio or vice versa, text ffles versus data files, and so on). Performance of clustering 
algorithms ~111 be sensitive to file characteristics and thus it will be environment dependent. Again the 
document archiving envtronmtnt is more uniform and easier to parametrize. 
3. Query Characteristtcs 

The ways in which files are accessed by the users are many (e.g. sequential scan versus random 
access, tile dependencies like joins, . ..). Our environment is a server type of environment using the 
same access method for all tiles. The signature access method allows for accessing the documents in 
the optical disk m sequence so that the access mechanism is not moved forth and back. 
4. Performance Characteristics 

The optical disk charactenstics are different than the characteristics of magnetic disks. Random 
access ttme IS considerably slower than magnetic disks, while the transfer rate can bc very fast (10 to SO 
Megabits ptr second or faster). This should have an effect on the pcrformancc of clustering algo- 
rithms. In addition some optical disk designs allow that data in a number of nearby tracks are accessed 
without a move of the access mechanism [Maier 82). This should also affect the performance in the 
case that documents are clustered into files. 

We have decided to txammc the performance of a number of placement algorithms in thts 
environment. In the remaimng of this section we present these algorithms. 

The first two algorithms allocate space for documents as they come without separating them in 
5lU. 

&u+thm 0: Allocate space for documents as they come. This algorithm was described at the begin- 
ning of thts section. 
Algorithm Ob Allocate space for documents as they come. Keep small documents at the one end and 
large documents at the other end of the optical disk. This variation was also described at the beguming 
of this section. 

All the other algorithms partitton the optical disk space into a number of files. Each file is given 
originally a number of bytes according to what the user predtcttd based on his knowledge about the 
5les. Let Bf, i =l, . . . M bc the number of bytes that a lIle has been allocated originally. Some of these 
ftles may not expand as fast as the designer has predicted and some others may expand faster. When 
the space which was originally allocated to a file is exhausted, then an algorithm has to be used for 
deciding where to place an incoming document. 
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The following algorithms can be used to decide where a document is placed when the space which 
was originally allocated to the file where the document belongs is exhausted. 
Algorithm 1: Frnd the nearest location in the optical disk which is empty and allocate the document 
there. (Look forwards and backwards). 

- The dtsadvantage of the algorithm is that there may not be many empty positions at a time and 
the result wrll be that the documents will be spread out. In addition the performance of rcqucstr to 
the other gles may deteriorate. 
Algorithm 2: Fmd the tile in the optical disk with the most available space and allocate the new docu- 
ment there. 

- The disadvantage is that this place may be too far and the result may be long seeks. 
Algorithm 3: Same as Algorithm 1 but split the space into two sections proportional to the rate of 
expansion of the two files. 
AIgarlthm 4. Same as Algonthm 2 but split the space into two sections proportional to the rate of 
expanston of the two files. 

A@rlthm 5: Fmd the file m the optical disk with the minimum of the ratios 2, where U1 is the 

number of bytes of tllc i which were used so far. Thus this minimum indicates the file which is not 
expanding as fast as tt was predicted at the beginning. 
Algorithm 6: Same as 5 but the space is divided among the two files. 

&rltlun 7. Fmd the nearest file in the optical disk which has a value of 2 smalla than the 

53 +. In other words the ftrst file which is expanding slower than expected. Insert the document 
1-l 1 

there. 
A&uQhm 8 Same as Algonthm 7 but the space of the file found is allocated proportionally to the rate 
of expansion of the two files. 

The performance of these algorithms was examined using a simulation. The results of the simula- 
tton are described in the next section. 
5. Simulation Results 

In thts sectton we describe the simulation used to examine the performance of the placement 
algorithms and we analyze the results. A document which is stored in the archivcr has a length of BD 
bytes The length BD of documents may vary drastically from document to document. Documents 
without any bitmaps have a small length in general (somcwhcre between 500 bytes and a few Kbytes). 
Documents with bitmaps even after compression may be very long (from tens to hundreds or even 
thousands of Kbytes). We have used document lengths whtch are selected from two different distribu- 
tions for short and long documents. The selectron is done with probabthty Ps from the short docu- 
ments and PL for the long documents. 

Documents arc inserted in the system with frequencies pi, i ‘1. M , and they arc requested in user 
queries with frequencies qf, i =l, M . A proportion of the documents in a given fllc qualify in a user 
query. Let NI be the number of documents in file 1. A number 4 of quahfying documents arc ran- 
domly selected from the documents of the ftle I. 

The cost model for rctricval is similar to the one described in (Maier 82) and it is based on the 
characteristics of the Philips optical disk [Philips 841. An analogous model for evaluating performance 
of magnetic disks in a dedicated environment is presented in ~eorey and Fry 821. As in this model the 
cost of moving the access mechanism depends on the distance traveled. The major difference is that if 
the optical mechamsm w located m a given track, tt can still read data from the T-l tracks that follow 
by readjusting the optics, where T is the number of tracks in a span. The cost ss (for short seek) m 
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Nun&x of Qualifying Documents 

Figure I: Performance of various clustering algorithms. 

Average Cost 
Per Document 
(m msecs) 

ember 0f tracks in a span 

F&W 2, gffect of the number of blocks per space on performance. 
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this case is equal to the rotattonal delay. We assume that the pointers to qualifying docents are 
always sorted so that the access mechanism moves only in one direction. 

Ftgures 1, 2, and 3 show results of the simulation. In figure I the performance of the various 
algortthms IS compared. The simulation was run in the following way. Originally the optical disk space 
was divtded among 20 lilts. The document insertion rates however were non-uniform and independent 
on the sixes allocated so that when the optical Qsk would be nearly full many documents of a certain 
5le would have to be positioned mto the space which was originally allocated to other ffles. We started 
measurements of the average coat per document retrieved (in ms) only after the optical disk was full of 
documents. Qualifying documents were randomly spread over the documents of a ffle. 

All these conditions are unfavorable to the algorithms which separate the space of the optical 
dtsk mto Bles. One reason is that m this environment a large percentage of the queries on a 51e will be 
submitted to the system whtle the optical &k is not full. In this case the documents of a file may all 
be in a smgle area. Thus the effect of spreading the documents of a 5le into other locations will not 
affect as much the average cost of queries. A second reason is that the person who will originally 
separate the opttcal disk space into file3 wrll have some idea on what the insertion rate is going to be in 
each of the files so that he will allocate space proportional to this rate. This suggests that the indepen- 
dence assumption is also unfavorable to algorithms that separate the disk space into files. Finally a 
third reason is that qualifying documents may not be uniformly spread over the documents of a 5le. 
The unrformtty assumption may also lead in pessimistic estimates [Christodoulakis 84b). 

The reason which we have run the simulation in such a way was that we were mainly interested 
to compare the performance of the algorithms that select a new placement for the incoming docu- 
ments. 

The results in figure 1 seem to show a clear distinction of the performance of the algorithms into 
three dtfferent classes. The first class contains the two algorithms which do not separate the disk space 
into 5les (Algonthms 0 and 01). The second class contains the algorithms which place a document in 
an empty locatton but they do not reserve more space (Algorithms 1,2,5, and 7). Finally the algorithms 
with the best performance are those that, when the 5le space is fllled up, they split the space that has 
been allocated to another 51~ (Algorithms 3,4,6,8). From the last set of algorithms the algorithms 3 
and 8 present the best performance. Algorithm 3 is simpler to implement. Algoritms 0, 01, and 3 were 
used in the subsequent simulations. 

Ftgure 2 shows the results of a srmulation which was performed in order to examine the effect on 
placement algonthms of the capabtlity to read more than one track at a time without moving the 
access mechatusm (span access). Thu time the simulation was run so that concurrent insertions and 
queries were takmg place. Only stattsticr on queries were kept. As expected the performance 
rmprovcs for larger values of the number T of blocks per span because of clustering. The improvement 
IS better for the algortthms that separate the space into files because qualifying documents are located 
near each other. It may therefore be concluded from this experiment that placement algorithms which 
separate the documents of the archiver mto 5les becomes more desirable when optical disks with larger 
number of tracks per span are used. 
6. Storage Blenrchles-mtlon In the Magnetic Disk 

In this sectron we descrtbe some storage hierarchy and file migration problems which appear in 
the document archtver envtronment . 

Even if the write-only limitation of the optical dtsk did not exist, it is unlikely that the optical 
disk would completely replace the magnetic drsk especially in systems where high performance is essen- 
tral [Fulttani 841. The reason is that the random access time of 100 to 550 milliiconds of the optical 
dtsk is too slow. In many high performance environments the two types of storage will coexist and 
wmplement each other. In additton, m our environment and with currently available technology, the 
existence of magnetic dtsks is essential smce they will store documents in the editing or arriving state. 
There 1s therefore a four level storage hierarchy in this environment: main memory, magnetic disk, on- 
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line optrcal disk, off-line opttcal disk (jukebox). 
The marn memory will mainly be used for storing signatures of documents. If the main memory 

cannot store all the signatures of documents that exist in the optical drsk then replacement algorithms 
have to be constdered. The problem is similar to the problems examined in database environments. If 
signatures are clustered and the sixe of a cluster is 5xed, then simple LRU algorithms will do. If signa- 
tures correspond to 5les in the optical disk then replacement algorithms will have to consider the signa- 
ture length m the replacement as well as the time from the last reference. 

Due to the faster access time of the magnetic disk it is desirable that some frequently accessed 
documents reside on the magnettc disk, thus forming a hxo level storage hierarchy with the on-line opt- 
ical disk. Appropriate fetch and replacement algorithms will have to be ahted. The problem 
presents many stmilarities to the problems in cache memories and in ffle migration [Smith 811. In 
buffering data base blocks simple algorithms like LRU were found to work as well as any other algo- 
rithms when they work for fixed sixe blocks. Smith found however which in the file migration problem, 
algorithms that migrate files with the largest value of the product of the size times the interreference 
interval work better. Although our environment is not an editor environment like Smith’s, these algo- 
nthms should also perform well. In [Smith 81b] ways to calculate the length of the interreference 
interval are presented. 

Most commercial systems that use file migration techniques fetch 5les from the mass storage on 
reference or upon expltcit user request. In addition new files are always placed first in the disk. This is 
reasonable for an editor environment where once the tile has been fetched an activity period for 
modt5cattons is expected. It is also reasonable as a buffering strategy for many data base 5les due to 
the locality of references in programs. This is not the case with our environment. The decision on 
where to 5rst put a 5le, or if a referenced 5le in the optical disk should he moved in the magnetic disk 
replacrng some other documents should be based on the values of the space times expected interrefer- 
encc interval for the document and the documents in the magnetic disk. 

To calculate the expected interreference interval for documents some parameters should be kept 
and updated (at least periodtcally) wtth every document of the on-line optical disk. These parameters 
can be kept with the mgnaturcs of the documents if all signatures are main memory resident. They are 
updated rmmedtadely when the signature of the document is found to qualify. When all signatures are 
not main memory resident this approach becomes more expensive because updates may imply block 
writes 

An alternative is to keep main memory resident pairs of id numbers and associated parameters 
(mcludmng length) for every document. It seems however that this approach requires much main 
memory and CPU time. A second alternative is to keep current this information only for these docu- 
ments which reside m the magnetic disk. These parameters could be directly used to indicate which 
documents are to be replaced from the magnetic dtsk. The de&on of if a (referenced or incoming) 
document should be placed m the magnetic dwk can be based on the size of the document and the 
expected interreference mterval for the age of the document. All the documents in the archrver which 
have the same age are assumed to have the same interreference interval. The age of the document is 
recorded at the ttme that the document IS inserted in the archtver Note that this structure can also be 
used to indicate if a document is located in the magnetic disk and where. This information is difficult 
to be stored wrth the signatures if they are not continuously main memory resident because it requires 
updates. 

Documents m the magnetic dtsk which do not have a wpy in the optical Qsk yet should be copted 
automatically when the server ts idle. The copytng can be factlttated by batching all writes of docu- 
ments that refer to the same file. Thus the cost per document wnte will be reduced since some seeks 
will be avoided. Documents are selected for replacement if they have already a copy in the optical 
dak. The documents of the file with the maximum sum of the product of sixe times interreference 
interval are first copied m the optical disk. 
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7. Docament Copy to the Online Optical Disk 
A second storage hierarchy problem appears when the optical disk is full and it has to be moved 

into an off-lute storage factlrty ltke the Philips jukebox. Should some portions of the optical disk be 
wpted mto the new on-line optical drsk to speed up retneval? Note that the problem is important 
smce access times for the off-line optical disks are very slow. (For example for the Philips jukebox 
access time for an off-he optical disk is of the order of 25 seconds while access times for the on-line 
optical disks are bctwcen 100 and 500 milluuwnds). Note also that the problem is not a 5le migration 
problem. Once some data is wpied into the on-line optical drsk it stays there for ever due to the write 
once property of the disk. They do not migrate forth and back. 

The 5rst question wluch we face IS what is the unit of data that is copied into the on-lute opttcal 
disk: 5les or documents. The advantage that the copy of tiles has is that the system will only have to 
look at the on-he data for all the documents of the 51e. In addition keeping statistics on the use 
rqutrcs only one location per 5le. It seems however that transfer of files to on-line storage may be far 
from optimal smce the ages and projected uses of the documents of a given 5le may doffer considerably. 
In addttton 5les may be too large. Thts would imply that the disk would 511 up faster and that a new 
copying process would have to take place. Thus we have decided for a scheme which copies only cer- 
tarn documents from a file. 

Again there are two ways to select documents which are copied into the on-line disk: based on 
the expected use of the document or based on the date of insertion of the document in the archiver. 
The reason for wnsidenng date as the criterion ts that it provides a heuristic method for selecting 
these documents which will probably be requested more frequently in the future (since in general the 
use of documents decreases wtth time) and second that the date of insertion could be exploited by the 
system to avoid the retrieval of documents from the off-line storage. For example the system could ask 
the user if he wants to see any documents before a given date. This would be profitable if the user had 
an idea about possible dates. However this method IS not transparent to the user. In addition the 
archtver ~111 be used for storing a large amount of information whtch a particular user may never see. 
In thts envrronment it IS less possible that the user will have an idea about dates. 

The final method makes automatic selection of the documents to be copied to the on-line storage 
based on the projected document use and the document characteristics. 

A selection algorithm is used to do the selection as described below. Only documents from active 
files @es whtch stall accept insertions) are considered by the selection algorithm. The documents 
selected by the selectton algorithm are copied to the on-line optical disk. The signature of the whole 
file (for all active files) remains on-lme (in the magnetic disk or main memory). Within the signature 
the part whtch corresponds to the on-line and to the off-line documents of the same 51e are separated. 
The search of the signature of a 51~ starts from the part which corresponds to on-line documents. With 
a careful selectton of the documents which are copied to on-line opttcal disk the off-line part of the file 
will not have to be accessed. We believe that this approach has some advantages over the two other 
approaches that we described before. In the following of this section we describe this approach in 
more det all 

To dcctde whtch documents are to be copied to the on-lute optical disk we examine what happens 
when the on-line optical drsk is filled up and has to be moved off-line. Consider a document i. The 
cost of not copying the document to the on-line disk is the very expensive accesses to the off-line 
storage for all the remaintng queries which result in the retrieval of the document. In estimating the 
cost of copytng back a document m the on-line optical disk we will ignore the additional storage cost 
(although the cost equations can be easily modi5ed to take this wst into account). The reason is that 
optical dtsk storage ts very cheap (4 or 5 orders of magnitude cheaper than the magnetic disk). The 
cost of copying the document f in the on-line optical disk is that the on-line disk will be fllled up tar- 
licr and thus all the documents of the optical disk will have to be moved off-line with the result of 
more off-lute block accesses for all the other documents. 
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The above reasomng is approxunate for two reasons. The first reason is that it does not consider 
the fact that when the on-lute disk is moved off-line some other documents will be moved again to the 
new on-lute optical dtsk (tf the file is still active). The second reason is that it considers a particular 
document independently on all other documents. This would be correct if queries were asking for a 
single document from the file. However, when more than one document from the off-line part of a file 
qualify the cost of accessing the off-lute storage is shared among the qualifying documents since the 
selectton of the particular off-line disk from the jukebox, its move into the drive, and the warming up 
is done only once. A more detailed analysis of the problem would have to consider the probability of 
accessmg the off-lute part of the 5le for a given selectivity S . This probability however changes as new 
documents are added to the on-line part of the 5le and it is difficult to calculate reliably. Our model 
has assumed that the probabtltty that more than one document of the off-line part of a file qualify in 
the same query is zero (which would be true if a good selection of the documents to be copied was 
done). This assumption of the model wtll tend to result in copying more documents into the on-line 
opt real dtsk than necessary. 

Parameter Description 
CNC = cost to not wpy the document to the on-line optical disk. 
CC = cost to copy the document to the on-line optical disk. 

Ml = rematning references (user queries) for document i at the time of the decision. This number 
can be calculated for the interreference time probability distribution from document i . 

rizel = size in bytes of document i . 
uco~t(x) = cost of accessing x bytes of data from the off-line optical disk. 
lcost (x) = cost of accessing x bytes of data from the on-line optical disk. 
i= average number of bytes per document. 

4 = average number of queries per second to the data of the on-line disk when it is near full. 

P = average number of insertions of new documents per second. 

The two costs can be expressed as 

CNC = RM, l ocost (sizer) 

srzq 
CC = R&f1 l fcost (size,) + 7 

I’P 
q l OCOJl (IQ 

and the decision to copy a document in the on-line disk is taken if CC - CNC C 0. Or 
size, 

R&i, l fcost (size,) + - i*pq 
l ocost (13 - RM, l ocost (size,) c 0 

or 

-EL. 
size, 

(feast (she,) - ocost (size,)) + l<. 

-4 
ocost (1’) 

Pp 

This equatton indicates that it is more desirable to copy a document in the on-line storage as the 
number of remaining requests to the document increases, and as the difference of the wsts of accessing 
a number of bytes from off-line storage minus the cost of accessing a set of bytes from on-line storage 
increases. The profitability of copying a document to on-line optical disk decreases as the ratio of the 
stze of the document to 5le average document srze increases and as the ratio of the queries to inser- 
tions increases. 
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There is an interesting explanation of the ratio s. 
Site‘ 

since - 
i*p is the average time required 

-4 
Fp 

size, 
to ftll up the space occupted by document i the product - i+p q is the average number of queries on 

the documents of the on-line optical disk that will be executed until the space occupied by fflc i is 
covered by new documents. 

Thus the ratio s indtcates the ratio of the total rcmaimng requests to the file i divided by 

-4 
Pp 

the average requests that ~111 be executed until the space occupied by file i is covered by incoming 
documents. 

The above arguments apply to a two drive architecture where the one drive is used for the on-line 
optical disk and the other for one of the off-Iine optical disks. A three drive architecture may be desir- 
able in such a system. An opttcal disk in this architecture is moved off-lute when both on-line opttcal 
disks are full. At replacement time a decision is taken if certain data is going to be copied. The same 
equations still apply wrth the understanding that RM‘ refer to the remaining queries asking for docu- 
ment I when Its optical &Sk is to be moved off-line, and q is the query frequency on the documents of 
the optical disk which is to be moved off-lme. 

The analysts presented above is useful because it gives an inturtion on which are the documents 
which should be copied back into the on-tine optical disk. From the practical point of view a limitation 
of the method is that some paramet&&hould be kept and updated (at least pcriodicaIly) with every 
document of the archiver so that RM, can bt computed. A tradeoff is to keep this information current 
only for documents which are frequently accessed and therefore they reside in the magnetic disk as was 
described in the previous section. 
8. Vendoa Support and Dopllcatlon Cmtrol 

The main reason for versions in a document archiver environment will be for putting some 
private comments at the top of a document (annotation) or to show that a document has been produced 
from another with (minor) modifications. This suggests a version support method based on a tree 
organixatton of versums. The users will be able to traverse the tree up and down if they are aIlowed to 
do that based on their authortxation. An exampIe where a version may not be visible to all users is 
when a user puts his own annotation to a document and he does not want the other users to see the 
annot at ion. 

A unique document identifier is associated with each document. This unique identifier can be the 
address of the document within the optical disk for documents which have already a copy in the optical 
disk. This ~111 allow faster access to documents. Users may use this idcntifter in order to indicate to 
the system to which document a new document is a version. Such an implementation would store 
mformatton about versrons separately in tree structures and use the document identifier to locate in 
whtch tree a particular document exists. (This requires another tree structure with the identifters of all 
documents which belong to one of the version trees.) Since this information requires updates it is kept 
in the magnetic drsk. We expect that the version tree structures will be very shallow. 

An analysts of the system performance in the presence of version support mechanisms has to 
examine two questions: How much storage overhead is involved, and how efficiently the system answers 
questions on most recent versions. The simplest implementation is to store the whole document for 
each new version. Using this method user queries on recent versions will be answered very efficiently 
since the whole document is in one place on the optical disk. However, the method may require exccs- 
sive storage waste since some documents may be very long (several Megabytes) and the differences of 
the two versions minimal (a few lines of annotation say). On the other hand if the new version of a 

document only stores the changes, an extra seek is required to access the data from the original 
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document. 
We note here that the problem of controlling the amount of duplication of data is not only 

related to versron control. In the document archiver environment document6 may be 6yXtthCSiXd from 
some other document6 which extsted m the document archiver and the user may not link them as ver- 
sions. In thts case (which is not typical of traditional data base applications) a large amount of data 
duphcatton may take place, especially if brt maps of pictures are duphcated. The two problems, ver- 
sion control and duplication control however result in the same performance problem which is analyxed 
below. 

Previous approaches to the problem of version control have used differential files [severance and 
Lohman 771, [Rochkind 7q, negative differential t&s Katz and Lehman s4] and shadow pages [Lorie 
771 (although not exphcitIy proposed for version control). Our approach is different. We will allow 
duphcatlon for relatrvely small document6 or parts of documents since optical disk storage is much 
cheaper than magnettc disk storage while random access is more expensive. The decision on what to 
duplrcate depends on system parameters. If we draw the analoguc of records with documents, our 
approach is different in that the granularity of duplication is different (in the ca6c of records the whole 
record stays or the whole record is duplicated), and in that the decision on what to duplicate depends 
on usage characteristics (instead of fixed sixe pages). Note that a document may start from the middle 
of a track and occupy several tracks in the optical disk. In the following we will assume that every 
piece of mformatton withm the archiver has a unique address in the optical disk associated with it. 

We now examine the tradeoff6 involved in the decision of what information to duplicate. Since 
the cost of storage m the optical disk is very small (several order6 of magnitude less than the storage 
cost in the magnetrc dtsk) we will omit it in the following. The cost quations that we give below how- 
ever can be modified to accommodate it. Suppose that we do not copy a piece of information from a 
parent verston to a son version. The extra cost involved is that all the times that the son version is 
going to be accessed it will require an extra seek to find thi6 information from the parent version. If 
this information is copied in the son version the re6tdt will be that some space in the optical disk will 
not be avariable for storing incoming documents. As a result the optical disk wili have to be moved 
off-lute faster than if the duplication had not taken place. Thu6 6ome qUCliC6 that would normally be 
served from an on-line optical disk will bc served by an off-line one. Table 2 de6cribcs the rybtem 
parameters. 

Table 2: Parameter Description 
CND = cost to not duplicate the part of the document with the new version. 
CD = cost to duplicate the part of the document with the new version. 
T’ = total average number of requests expected for any document coming into the arch&r. 
d = number of byte6 to be duplicated (common in the two versions). 
ocosf (x) = cost of acccssmg x byte6 of data from the off-line optical disk. 
lcost (x) = cost of accessing x byte6 of data from the on-line optical disk. 
i = average number of bytes per document. 

Q = average number of quenes per second to the data of the on-line disk when it is near fuIl. 

P X average number of insertions of new document6 per second. 

T~usCD=~’ 
i*p ’ 

l OCOSt (i) where d 
l*P 

is the expected number of ~camds that the optical 
I 

disk wtll be f&d up faster than if duplication would not take place, and &*q is the expected number 
l”P 

of queries over all documents of the archivcr in this time interval. During this time 911 queries would 
have to be served from the off-line storage. We aIso have that 
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CND = f * lcost (d) 

d And the document IS to be duphcated if Y * 
I’P 

4 l ocost (l> - T’ l fcost (d) < 0, or if 

i*p l T' k0st(iQ 

d*q ocost (d ) 
>1 

‘I+ts the progtabihty of duplication increases as the total expected number of requests to a docu- 
ment T 1s greater and as the ratto p/q of insertron to queries is greater, and it decreases as the ratio 
d 7 of the number of byte6 to be copied to the average document length increases and the ratio 

acost 

lcost (i) 
of the off-Iine to on-line access increases. 

As an example, for an environment where f = I m = 40 and F = 20 the de&i= to 

i i 
2 ’ lcost (x r 

duphcate become6 2 l y * 20 l f > 1, or duphcate if d s $. Since we expect that in many 

offrce envtronments the distnbution of document lengths will be bimodal with a high peak at 1 to 4 
kbytes and a flatter and smaller peak at XL100 Kbytes (for document6 with bitmaps), this criterion 
would imply that documents with bitmaps are almost never duplicated. 

Having answered above the question of when to duplicate, we must still examine how to keep 
track of where segments of where segments of different versions of documents are located. 

The question of how is a more drfficult one. We will have to keep track of this information 
within the document descriptor of the documents. The document descrrptor as we mentioned before 
makes the mapping from the internal representation to presentation. If the internal representation of 
the text part occupies a number of consecutive bytes, then a pointer to the beginning of the text and a 
count of the number of bytes is enough. This scheme will have to be replaced with a set of pointer6 
and counts to the various places that the data is stored. This is done within the multimedia document 
editor. Some parts of documents (say images or document6 which are only annotated) may stay com- 
pletely unchanged in the new document. Thus a single pair of (pointer, count) will be enough. More 
detatls on the tmplementation aspects of the multimedia document6 and the way that MINOS deals 
with the problem of duplicatron control appear6 in [Christodoulakis et al. 851. 
9. Somnury and Further Irper 

In thts paper we have described and analyzed several problem6 related to the architecture of a 
multimedra document archiver usmg optical disk technology. Simulation result6 show that clustering 
rnto smaller ftles may constderably improve performance especially when the optical disk supports a 
span access capability. The improvement is better for Iarger selectivities and span sixes. We presented 
simulatron results on the performance of algorithms which desidc where to place a new document when 
the space alIocated ortginally to its tie is exhausted. 

The contentron m the optical dtsk which may result in increased user response times can be 
reduced by combuung (ORing) the queries of more than one users. The combined request is examined 
agamst the signature6 and quahfymg documents are retrieved from the optical disk. (The order of sig- 
natures in the stgnature files is the same with the order of documents in the optical disk.) The docu- 
ments which are retneved from the optical disk are examined against the user queries and they are sent 
to the approprrate user (or users if the same document qualifyies m more than one query). This way 
the average response time per user decreases because the user does not have to wait until the system 
fini6he6 examining the request of another user. Due to the larger selectivity of the combined query 
clustermg also rmproves. Fmally the access mechanism move6 in one direction for longer periods at a 
time. 
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Quahtative and analytical results were presented for some storage hierarchy and mtgration prob- 
lems which appear in this environment. Migration problems arc different due to the write once pro- 
perty of the optical disk. These results give some insight into the tradeoffs which appear in this 
envuonment. Reqmrements and methods for version support were described and an analysis of the 
mformation duplrcation problem was presented. The organization of MINOS, a prototype information 
system which supports archivmg and editing factlities for multimedia documents were briefly outlined. 
More detaris appear in ([Chnstodoulakis et al. 841, [Christodoulakis et al. 85@ 

There are several more performance assues of importance which we are currently investigating in 
thrs environment. We have assumed in our presentation that documents are placed one after the other 
so that they make a maxrmum use of space in the optical disk. This approach may rest& in more seeks 
than necessary because even small document6 may cross the boundaries of two tracks. An alternative is 
to decide where to place a document based on the amount of space that will be left empty if the docu- 
ment is moved to the next track. Of course this decision also depends on the document sixe because 
the move may result in another track boundary crossing. Analysis and experimentation is necessary to 
determine dtsk utihxatlon and performance improvements. In a more complicated scheme the space 
left empty by the move of a document to a different block may be (partially) utitixed by a new incom- 
ing document. Alternatively, in order to avoid pointers, only the last few block6 may be Iooked to find 
rf there is enough space to fit the document. This can be done without additional accesses due to the 
span access capabthty. This scheme requires more comphcated software but it may result in better 
space utihxation and better response times. 

In yet another scheme, document placement in the optical disk is done in batches from the docu- 
ments of the tile which were first inserted in the magnetic disk. This is done so that the write cost is 
minimized. (We assume that some space may be left unused to avoid track boundary crossing.) In this 
case the order of placement of the document6 of the batch on the optical disk will have to be deter- 
muted so that the number of ttmes that document6 of the batch cross track boundaries is minimixed. In 
additton clustenng may Improve with appropriate rearrangment of the document6 within the batch 
[Chrtstodoulakrs 84b]. Thrs will result m a reduction of the average response time. 

Fmally analyttc formulae of the cost wiI1 have to be developed. These es&mates may be used for 
design declsrons tn partrcuIar environments. We have provided so far several exact and approximate 
analyttc estimates of the expected system cost as function of the system and document parameter6 
[Chrtstodoulakts SSa]. 

In additton to the issues of data placement and storage hierarchies, issues of providing efficient 
access method6 tn this environment are also very important. We have studied so far a variety of signa 
ture access method6 ([Tsichritzis and Christodou~akis 831, [Christodoulakis and Faioutsos 841, [Faloutsos 
and Christodoulakrs 841, [Faloutsos 851, [Christodoulakis and Elles 8m. Further research in this area 
will have to consider clustenng teehmques for signature6 and hardware implementation of signatures. 
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