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In this report, we present the design dZtails of four components of the

DBC. These four components form the structure loop of the DBC. They are the
keyword transformation unit (KXU), the structure memory (SM), the structure
memory information processor (SMIP) and the index translation unit (IXU).
The KXU converts keywords into their internal representations. The need for
and the implications of internal representations are discussed first. Data
structures maintained and algorithms executed by the KXU are then presented.
Finally, a hardware organization to realize the KXU is proposed.

The primary function of the SM is to retrieve and update structural 7
information of the database. This information is likely to be large (10 -10°
bytes). Furthermore, the operations on this information must be performed at
a rate commensurate with that of database operations performed by the mass
memory (MM). In this report, the concept of a partitioned content addressable
memory (PCAM) is used to implement the SM with the above properties. Powerful
PCAM organizations are possible using emerging technologies. To this end,
three design alternatives using different technologies are examined. The

_ three technologies are magnetic bubble memories, charge-coupied devices (CCDs)

and electron beam addressable memories (EBAMs). Algorithms which manipulate
the storage systems and auxiliary data structures maintained by the processing
elements are also given. In order to enhance performance of the SM during
heavy updates, a look-aside buffer memory is proposed.

The SMIP is responsible for performing set intersections on structural
information retrieved by the SM. The concept of PCAMs is once again
utilized to perform rapid intersection. The IXU is intended to decode the
structural information output by the SMIP.

The four components are designed to operate concurrently. Keywords are
sent to the KXU at regular intervals by the DBC's command and control
processor (DBCCP). The output of KXU is sent to the SM which retrieves
index terms for the transformed keyword predicates and sends them to the
SMIP. The SMIP output is interpreted by the IXU and sent to the DBCCP.

This pipeline of processors results in maximum utilization of the hardware.

The remaining components of the DBC form the data loop and are described
in Part III.
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1. INTRODUCTION
1.1 Background
The database computer (DBg) iﬁoa specialized back-énd computer which is
capable of managing data of 10 -10 bytes in size and supporting known data
models such as relational, network, hierarchical and attribute-based models.
In addition to its intended purpose of handling large databases and interfacing
with various data models, the DBC is one of the first database machines which
have built-in protection mechanisms for access control and clustering mechanisms
for performance enhancement.
We intend to issue a series of reports on th. DBC. The first one on the
concepts and capabilities appears in [3]. Two reports on the design of the
DBC are scheduled. Additional reports will be on the use of the DBC in
supporting various data models. This report represents the first of the two
design documents. Although this report is self-contained, the reader may wish
to refer to Part I [3] for motivation and clarification of concepts and

definitions.

1.2 Scope
In this report, we present the design details of four components of the

DBC. These four components form the structure loop of the DBC (see Figure 1).

They are the keyword transformation unit (KXU), the structure memory (SM), the
structure memory information processor (SMIP) and the index translation unit
(IXU). The KXU, discussed in Section 2, converts keywords (sent by the DBCCP)
into their internal representations. The need for and the implications of
internal representations are discussed first. Data structures maintained and
algorithms executed by the KXU are then presented. Finally, a hardware
organization to realize the KXU is proposed.

The priuary function of the SM is to retrieve and update scructural7
information of the database. This information is likely to be large (10 -10
bytes). Furthermore, the operations on this information must be performed at
a rate commensurate with that of database operations performed by the mass
memory (MM). In Section 3, the concept of a partitioned content addressable
memory (PCAM) [3) is used to implement the storage system of the SM with the
above properties. Powerful PCAM organizations are possible using emerging
technologies. To this end, three design alternatives using three different
technologies are examined. The three technologies are magnetic bubble
memories, charge-coupled devices (CCDs) and electron beam addressable memories
(EBAMs). Algorithms which manipulate the . t. ‘age systems and auxiliary data
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structures maintained by the processing elements are also given. In order
to enhance performance of the SM during heavy updates, a look-aside buffer
memory is proposed.

The SMIP is responsible for performing set intersections on structural
information retrieved by the SM. In Section 4, the concept of PCAMs is once
again utilized to perform rapid intersection. The IXU is treated in the fifth
section and is intended to decode the structural information ortput by the
SMIP.

The four components are designed to operate concurrently. Keywords are
sent to the KXU at regular intervals by the DBCCP. The output of the KXU is
sent to the SM which retrieves index terms [3] for the transformed keyword
predicates and sends them to the SMIP. The SMIP output is interpreted by the
IXU and sent to the DBCCP. This pipeline of processors results in maximum
utilization of the hardware.

The remaining components of the DBC form the data loop (see Figure 1)
and are described in Part III (8].
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2. THE KEYWORD TRANSFORMATION UNIT (KXU)

The keyword transformation unit (KXU) 1is intended for the performance
enhancement of the structure memory (SM) in the search, storage, and processing
of directory entries. The manner in which keywords are represented in the SM
plays a pivotal role in the efficient execution of these tasks. Thus, it is
important to examine the issues involved in the internal representation of
keywords and the mechanism employed to carry out the transformation of external
keywords into their internal representation. In this section, we propose a

hardware organization to realize keyword transformation.

2.1 Keyword Transformation

The most frequently used SM operation is the search command which retrieves
directory entries of those keywords which satisfy the predicate associated with
the search command. One of the purposes of transforming keywords is to enable
the SM to readily identify the sectors of the partitioned content addressable
memory (PCAM) to be searched for a given keyword. (Recall from [3] that the
SM is implemented using a PCAM). Hashing as a search technique accomplishes
this. The basic strategy of any hashing technique is to partition the search
space into mutually exclusive sets called buckets. Buckets usually comprise one
or more sectors of the PCAM. Such an arrangement, then, allows the SM to search
for the directery entry of a keyword within the confines of a few sectors instead
of the entire PCAM.

Another reason for transforming keywords is related to efficient use of
PCAM storage. Keywords used by the database user are not constrained to be of
fixed length. Variable-length keywords will, in general, require larger storage
space than fixed-lenyth ones, since a variable-length keyword will require a
field to indicate the length of the keyword in addition to the keyword itself.
Thus, it is advantageous to store keywords in their encoded form of fixed length.

A third reason is related to the efficient processing of information which
is known a priori to be of fixed length. Since variable-length keywords are
internally represented as fixed-length fields, keyword comparisons can be made
at a faster rate in the SM.

From the discussion, we conclude that the keyword transformation involves
the encoding of variable-length keywords into fixed-length form by hashing.

How does the use of hash encoded directory entries affect the operation of
the DBC? 1In a directory where keywords are stored in their original form, all
directory entries are distinct. However, this is not guaranteed to be the case

SRR VS SRS S




when transformed keywords are used, since two keywords could be transformed into
the same hash code (i.e., there is a collision). We will call this structural
ambiguity. In order to determine the severity of structural ambiguity existing
in the DBC, we shall consider the probability p of one or more keywords being
transformed into the same hash code (i.e., the probability of one or more
collisions).

p= 1-[n(n-1)... (n-(N-1))]/n"
where N is the number of keywords and n is the address space determined by the
length L of the hash code.

The inability of the SM to distinguish between keywords having the same
internal representation may result in MAU accesses which do not have any record
satisfying a user query. (For a given MAU address f, the MAU access is defined
to be the process of locating and searching the f-th MAU by the mass memory (MM).
Note that this does not imply that records in such MAUs will be passed on to the
user). We shall call this problem arising from structural ambiguity, access
imprecision. How often does the problem of access imprecision take place in the
system? To answer this question we need to compute the probability p' that a
partition of the MM will be searched for a query Q even though all of the keywords
in the query are not in the keyword basis of the partition. Since a partition of
the MM is characterized by a triple (MAU address f, cluster number c, security
atom name s), the keyword basis of the partition is

KB(f,c,s) = {K|3Re (f,c,s) ) KeR}.
Let the cardinality of KB(f,c,s) be m, Further, let us assume that the query Q
is a conjunct of n equality keyword predicates and that r out of n of these key-
words also appear in KB(f,c,s) for some f, c, and s. Then we can show that

nm n-r
pr <k ) &
oL

When all keywords of Q except one appear in KB(f,c,s) (i.e., n-r = 1), then
_om_
2L
Under normal circumstances, nm << 2L, so p' will be quite small. For
example, for nm = 1,000 and L = 48, p < 4 x 10-12; for nm = 1,000 and L = 32,
p' < 2.5 x 10-7; and for nm = 1,000 and L = 24, p' < 6.2 x 10_5. When more than
one keyword of Q is not in KB(f,c,s), then the value of p' becomes vanishingly

p' <

small. Furthermore, we observe that L can always be chosen to make p and p' as
small as we please. Thus, we conclude that the problem of access imprecision
due to structural ambiguity will not affect the performance of the DBC in any
significant manner.




2.2 PFunctional Specialization

Since every keyword has to undergo transformation before the SM is interrogated,
one might argue for the integration of the transformation logic with that of the SM
itself. However, there are strong reasons for identifying the transformation logic
as a separate functional unit.

First, the operation of the SM is functionally different from that of the KXU.
Searching on fixed-length fields is the single most important activity taking place
in the SM. In hardware terms, it involves efficient comparison operations. The
KXU, on the other hand, manipulates variable-length fields, and includes shifting
and rotating of the characters of keywords, arithmetic operations on (arrays of)
characters, and indexing for loop control. The KXU should, therefore, be equipped
with general-purpose and indexing registers on which the above type of operations
can be carried out.

Second, the SM and the KXU are meant to operate in parallel. That 1is, as
soon as a keyword has been transformed, the KXU is ready to process the next key-
word sent by the DBCCP. Meanwhile, the SM is retrieving deleting, or inserting
the index term(s) for the transformed keyword. Such parallelism is difficult to
achieve if the SM is required to perform both keyword transformation and index
term retrieval or update.

Third, modularity is achieved by clearly identifying and separating the
functions of the KXU and the SM. It also lends itself to clear and simple inter-
faces between the components involved.

Finally, the incorporation of reliability features is facilitated by considering
the reliability requirements of each of the components separately. The SM is mainly
a storage system requiring some form of redundancy coding to enhance reliability,
while the KXU is essentially a computing device requiring redundancy in the

processor to enhance reliability (e.g., triple modular redundancy [12] ).

2.3 The Logical Desiﬁg of %he KXU

Good keyword transformation algorithms are highly dependent on the nature of
the keywords and their expected use. It is unreasonable to expect a single trans-
formation algorithm to be equally applicable to all keywords because keywords of
difféerent files could have widely varying properties and could appear in different
types of queries. For example, one file could be queried on the basis of simple
conjunct of.equelit& predicates, whereas the queries for another‘file might consist
of the lell-than';rodicntea. Further, we would require that directory entries of
keywords belonging to different files, be stored in different parts of the SM.
Since storage in the SM is based on the buckets associated with keywords, (see

e e e
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Section 3), the KXU must ensure that keywords of different files are associated
with different buckets. The above discussions lead us to the following data
structures and processor logic.

2.3.1 Data Formats and Structures

Each file that is known to the system has a unique identification number (ID).
The DBCCP, in all its requests to the KXU, sends two pieces of information - the ID
of the file to which the keyword belongs and the keyword proper. This is depicted in
Figure 2. The keyword, in turn has two parts: an attribute identifier and a value
field. This is shown in Figure 3. The attribute identifier identifies the attribute

‘of the keyword uniquely, not only among distinct attributes within the same file but

also among identical attributes of different files.

A transformed keyword T(K) consists of two parts: a 24-bit logical bucket

name and a 24-bit encoded representation of the keyword value. As shown in Figure 4,
the logical bucket name consists of two parts: a l6-bit attribute id (which is
identical to the one supplied by the DBCCP), and an 8-~bit partition number. The

256 partitions, that can be identified by the 8-bit partition field are used for
categorizing keywords of an attribute according to their values. For example, if

the value of an attribute 'salary' ranges from say $5,000 to $100,000, then we

might partition this range into 256 equal subranges. Thus, given a keyword, say,

salary = 50,000, we can easily determine its partition number as follows:

Partition Number = 50,000 - 5,000 §J

(100,000 - 5,000)/25
In case the attribute of a keyword hes a non-numeric value (i.e., alphanumeric
value), partitioning of the values is done on the basis of the encoded order of
characters. One of the nice properties of the partitioning scheme is that it
preserves natural ordering among keywords of an attribute. This leads us to
observe that partitions are created to facilitate inequality predicates so that
they can be processed in a straightforward way by the SM.

The remaining 24 bits of the transformed keyword are obtained by applying
a hashing slgorithm to the keyword value. Each active file in the system (i.e., a
file that s currently being accessed) is allowed to have a maximum of four different

Lo be. . e s P — - - P
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00 numerical value (4 byte fixed point)

\ 01 numerical value (4 byte floating point)
10 numerical value (8 byte floating point)
11 alphanumeric value (< 28 bytes).
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this information is accessed and stored within the table. The AIT has two
parts: the access vector of 256 entries and a variable number of informa-
tion blocks called AIT blocks. Given the attribute identifier, the access
vector is used to access in a rapid fashion the information block of the
attribute. Each 24-byte AIT block contains the following information:
(a) pointer to the next AIT block belonging to an
attribute with same 8 low order bits,
(b) address of hash algorithm,
(c) 8 high order bits of attribute identifier,
(d) value type: 00 for fixed point number, 01
for short floating point number, 10 for long
floating point number, and 11 for alphanumeric
values,
(e) maximum value of attribute,
(f) wminimum value of attribute and,
(g) number of partitions desired ( = 256).
The AIT blocks are allocated dynamically as required.
Another important data structure maintained by the KXU is the
hash algorithm library (HAL). This library contains the hash algorithms

of all the active files in the DBC. The HAL is organized into blocks of
400 bytes. No hash algorithm is expected to be longer than 400 bytes.
(This is a design decision which can be changed without affecting the

logic or performance of tQF DBC). Thus, each hash algorithm is stored com-
pletely in one block. HAL memory is allocated (and freed) onme block at a
time. The hash algorithm addresses in AIT blocks (see Figure 5) point to
blocks in the HAL memory.

2.3.2 Processer Logic
The KXU operates in two distinct modes. These modes are known as the

load mode and the translate mode. By means of control signals the DBCCP

can set the KXU to the desired mode of operation. In the load mode, the
KXU accepts information regarding a file. Such information is used by the

KXU to build the AIT. 1In the translate mode, the KXU performs keyword trans-
" formations. Algorithms presented here will be categorized as either load

or translate type depending on whether they perform in load or translate
mode.
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ALGORITHM A (Load Type) - To build a set of hash algorithms for a file.

lines.

Input Arguments from the DBCCP: Hash algorithms on the input data
[Assume k (<4) algorithms are to be read]

Step 1: 1 « 1,

Step 2: Read the i-th hash algorithm into the input buffer.

Step 3: Request a block in the HAL memory. (See algorithm D for
HAL allocations). Let the address by HALj.

Step &: Move hash algorithm from input buffer into the block at HALi,

Step 5: Set ADDR [{i] to HALj. [ADDR is an array of four address
words which are used to remember the addresses of the hash
algorithms of a file within HAL. ADDR is subsequently used
by algorithm B to set hash address pointers in the AIT blocks
in step 9].

Step 6: 1« (1 +1). If 1 < k, then go to step 2; else, terminate.

ALGORITHM B (Load Type) - To create a set of AIT blocks for a file.

Input Arguments from DBCCP: Attribute identifiers and related

information. [Assume n AITs have to be created.]

Step 1: 1 <1,
Step 2: Read the i-th attribute identifier and the related information
from the DBCCP into the input buffer.
Step 3: Request an AIT block by using Algorithm C.
4:

Step Use the 8 low order bits of the attribute identifier Ay to
address the access vector and let CURRENTPTR +« A,.

Step 5: Retrieve the AIT pointer pointed to be CURRENTPTR. Call
it NEXTPTR.

Step 6: ACCESSVECTOR [CURRENTPTR] + Address of new AIT block.

Step 7: Set AIT pointer in the new block to NEXTPTR.

Step 8: Move information from input buffer into AIT block. Using

information in ADDR array (see step 5 in Algorithm A) set
hash address pointer in new AIT block.

Step 9: 4+« 1 + 1.

Step 10: If 1 < m, then go to step 2; else, terminate.

ALGORITHM C (Load Type) - To allocate an AIT block. (In order to maintain

AIT blocks, a bit map is used)

Input arguments - None.

Step 1: Scan the bit map for the first bit which is 0. If no bit is
found, signal error condition. Turn the bit on.

Step 2: Compute the AIT block address corresponding to the bit found
in step 1. Terminate.

ALGORITHM D (Load Type) - To sllocate a HAL block. (In order to maintain

HAL blocks, a bit map is used).
Input Arguments: None.

Step 1: Scan the bit map for the first bit which is 0. If no bit is
found, signal error condition. Turn bit on.

) ']
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Step 2: Compute the HAL block address corresponding to the bit
found in step 1. Terminate.

ALGORITHM E (Load Type) - To deallocate a AIT/HAL block.
Input Arguments: None.

Step 1: Compute the bit number in the bit map corresponding to
the block to be deallocated.
Step 2: Turn off the bit. Terminate.

‘ALGORITHM F (Load Type) - To delete the AITs and hash algorithms of a file.
Input Arguments (from DBCCP): m attribute identifiers.

i 1 R o

: Use the 8 low order bits of the i-th argument attribute

identifier as index into the access vector.

Step 3: Follow the poirter in the access vector entry until a
match is obtained for the 8 high order bits of the argument
attribute identifier.

Step 4: Release the HAL block pointed to by the hash algorithm
address field of the AIT block found in step 3. (Use
Algorithm E).

Step 5: Release the AIT block found in step 3. (Use Algorithm E).

Step 6: 1+« 1+ 1: 1f 1 < m, go to step 2; else, terminate.

Step 1
Step 2

ALGORITHM G (Translate Type) - To transform a given keyword proper into its
encoded form.
Input Arguments: Keyword supplied by the DBCCP.

Step 1: Use the 8 lower order bits of the attribute identifier in
the keyword proper to index into the access vector.

Step 2: Follow the pointer in the access vector until the 8 high
order bits match with the 8 bits stored in an AIT block.

Step 3: Retrieve the address of the hash algorithm from the AIT
block and load the hash algorithm from the HAL into the
control store.

Step 4: Compute partition number for the keyword using the
partition details in the AIT block and the keyword value.

Step 5: Invoke the hash algorithm in the control store with the
keyword value as argument.

Step 6: Form the 48-bit transformed keyword by concatenating 16
bits of attribute identifier, 8 bits of partition number
computed in step 4, and 24 bits of hash code computed in
step 5.

Step 7: Send the 48 bit transformed keyword to the SM and to the
DBCCP. Terminate.

2.4 The Physical Realization of the KXU.
From the above discussion, we can estimate the type and amount of

hardvare required to realize the KXU. First, we need enough memory to
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hold the AIT and HAL. Second, we require a mechanism to execute the seven
processor algorithms and the hash algorithms.

2.4.1 Table Memories in the KXU.

Since the AIT is frequently accessed (once for every keyword transformation),
the performance of the KXU can be affected by the access time to the AIT. Further-
more, the organization of AIT requires at least two and possibly more accesses
before the required AIT block can be retrieved. Thus a random access memory is
best suited for implementing the AIT. The access times per word can be in the
range of 0.5 to 1 usec, since we need to access a small number (6) of words ( = 24
bytes) at a time. We must now determine the size of the AIT memory. Since each
attribute requires one AIT block and an AIT block occupies 24 bytes, it is easy to
compute the AIT size, 1f the file characteristics (i.e., the number of attributes
per file) and the number of active files in the system are given. In Table I, we
have tabulated the AIT sizes in terms of the number of attributes and files. We
next ask ourselves what technology we should use to implement AIT. There are a
number of technologies which can provide the performance characteristics that we
need, but we should choose the one with the lowest cost. The leading contenders
for RAMs with access times of 0.5 - 1 usec are core technology and MOS/LSI tech-
nologies. Core is more competitive beyond 200 Kbytes while MOS/LSI has the edge
for sizes less than 200 Kbytes. This is illustrated in the table by the broken
line.

We now consider the hash algorithm program library (HAL) memory. In
Table II, we have tabulated the HAL size for different numbers of active
files in the DBC and for different hash algorithm sizes. (Four hash algorithms
are assumed for every active file.) The address of a hash algorithm within
the HAL to be used for a keyword is determined by looking up the corresponding
AIT block. Thus, the number of accesses to the HAL for the retrieval of a
hash algorithm is exactly one. This implies that, besides random access
memory, quasi-random access memories or even sequential access memories might
be used for storing the HAL. Although random access memories can be used to
implement the HAL, we can look for cheaper alternatives in fixed-head disks/
drums and sequential CCD memories. Access time for fixed-head disks consists
of only latency timee which vary from 5-10 msec. Transfer rates can be as
high as 1 Mbyte per second. Thus the total time to retrieve a hash algorithm
from the HAL (implemented on fixed-head disks) will be in the 5-10 milliseconds
range. CCD memories seem to be able to perform better for almost the same cost.

o
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TABLE I: Size of AIT in Kbytes

o Number of Attributes in File

Active
Files 25 50 75 100 150

50 30 60 90 120 180

100 60 120 180_— — 240 T e
150 90 180_~ ~ 270 360 540
200 120 ,/215 360 480 720
250 150 // 300 450 600 900

TABLE II: Size of Hash Algorithm Library in Kbytes

Nu:?cr Hash Algorithm Size in (bytes)
Active
Files 50 100 150 200 400
50 10 20 30 40 80
75 15 30 45 60 120
100 20 40 60 80 160
150 30 60 90 120 240
200 40 80 120 160 320
250 50 100 150 200 400
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For example, clever CCD organization [6,11] can lower access times to the
10-100 psec range. The transfer rate is as good or even better than fixed-
head disks.

The final choice of technology for HAL depends on the access times
required, since all the technologies discussed above can be used to build
HAL memories of sizes tabulated in Table II. The access time to a hash
algorithm is crucial to the overall operating speed of the KXU. This in
turn is tied to the operating speed of the SM and other components in the
loop (see Fig. 1). Thus, we have with us a number of technology alterna-
tives with which to "tune" the KXU so that the KXU is never the performance
bottleneck of the structure loop.

2.4.2 1Implementation of the KXU logic

The KXU is proposed to be implemented using a microprogrammable
LSI microprocessor. The processor's microprogram memory has two parts,
a static store (implemented with a ROM) and a dynamic store (implemented
with a writable control store). The static storage area contains the seven
algorithms outlined earlier and a small control program to initiate the
algorithms in proper sequence. The dynamic area contains the hash algorithm
to be executed for a given keyword. There are several reasons for choosing
a microprogrammable microprocessor. First, given the present state of the
art of the semiconductor technology, it is far more economical to build
control structures using array logic than random logic. Second, by using
bit-slice microprocessor (like the INTEL 3000 series), decisions about data
widths can be postponed until a very late stage in the design cycle. Third,
the slower speed geuerally attributed to microprogrammable processors does not
constitute a performance bottleneck in the DBC, since the SM component does
not need to accept transformed keywords at rates faster than one every milli-
second. Finally, the logic of the KXU is relatively straightforward so that
the usual problems accompanying dynamic microprogramming (like protection of
programs from one another) are absent.

In Figure 6, we have shown the organization of the various compoments
that constitute the KXU.

2.5 Implications of the KXU Design

In the previous sections, we have presented a design for transforming
the keywords of a file into an encoded form which can then be used by the SM
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to store and retrieve directory entries. We now show that the KXU design
indeed meets the goals established in the opening section.

First, the transformation uniquely identifies the bucket in which the
directory entry of the keyword is to be stored or found. The bucket name in
our design is derfived from the 24 high order bits of the encoding. These 24
bits are obtained by concatenatingnl6 bits of the unique attribute number and
8 bits of the partition number. Thus, keywords whose attributes are the same
and whose value is in a given range will be found in the same bucket. Such
an arragement ensures that identical keywords of different files or different
attributes of the same file are not stored in the same bucket. This results
in minimizing the search area in the SM and collisions within a bucket.
Second, the partition number is particularly useful when inequality predicates
have to be processed. For example, if the index terms of all keywords K which
satisfy the predicate K 2 3000 are to be retrieved, and if the partition number
for 3000 is, say, n, then the SM need only to search logical buckets each of
whose attribute identifies K and whose partition number is greater than or equal
to n. Third, the transformation obtained in the design is of fixed length 48
bits for all keywords. Fourth, the hashing algorithms (to be designed by the
users) need only to produce good results in a narrow range of values within
a partition of the total range of values of an attribute. By this we mean that
even if two keywords in two different partitions have the same hash value,
the transformation will still be different for the two keywords. Thus, the
proposed design alleviates the pressure on the user/database administrator to
come up with sophisticated hash algorithms.

Finally, we make a few comments on reliability. The nature of the
information held in the KXU is such that even a total loss of such information
is not catastrophic. The AIT and the HAL are user supplied and thus can be
re-constructed by requesting a reload from the PES. Standard parity check
circuits may be employed with the memory systems to detect random errors and
to request reloads. The processor logic is LSI-based and should require no
speclal reliability feature.
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3. THE STRUCTURE MEMORY (SM)

The structure memory (SM) is the repository of the directory entries
of all the keywords known to the DBC. Retrieval operations on the mass memory
(MM) are preceded by retrieval operations on the SM. Updates to the MM are
accompanied by updates to the SM. Therefore, the performance requirements
of the SM are dictated by a desire to ensure that this component does not
become a bottleneck in the access path to the database residing in the MM.
In meeting such performance requirements, we have proposed alternate designs -
designs which use different emerging technologies. We have adopted this
approach because it is not clear at the present time which, if any, of the
emerging technologies will untimately become commercially viable. Another
aspect of the designs presented in this section is that we have parameterized
the designs to a great extent. The need to parameterize was prompted by our
desire to offer the DBC as a viable alternative to users with a wide range of
requirements. The DBC and in particular the SM should be capable of being
tuned to a particular set of requirements by merely choosing the right set of

design parameters.

3.1 Performance Requirements and Logical Organization of the SM

We begin our discussion of SM design by describing its performance
characteristics. The SM must have sufficient capacity to store the directory
entries for a database of 109 to 1010 bytes. Typically, directories are of
the order of 1% to 10% of the database [7]. Therefore, the SM designs should
be viable for capacities of 107 to 109 bytes. Furthermore, the SM must have
sufficient speed to process queries at a rate commensurate with the speed of
the MM. With good clustering strategy, a query will usually require one MAU
access by the MM. Since the MM is implemented with modified moving-head disks
and requires 15 to 25 milliseconds to access a MAU, the SM query processing
time must be of the same order. Even though queries will vary widely in the
number of predicates appearing in the queries, we estimate that in the worst
case queries will seldom have more than 15 to 25 keyword predicates. Therefore,
the SM must process each predicate in about 1 millisecond.

In order to meet the above requirement, the SM is organized as a
partitioned content addressable memory (PCAM). A partition of the PCAM is
defined to be the set of all of the directory entries that are accessed as a

result of a single search ordef. In our discussion below, we have used the
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term logical bucket to denote a partition of the PCAM, and term bucket memory
to denote the PCAM itself. These terms are historically associated with
hashing; here they serve to remind the reader that partitions of the PCAM
are identified by transformation of search keys.

Since transformed keywords are identified by their logical bucket
names (see Fig. 4), the search for the directory entries of a keyword amounts
to a search of the named logical bucket. By employing a large number of
small logical buckets, we can reduce the amount of information to be searched
in each one. The size of buckets, however, cannot be reduced indefinitely
without incurring a performance degradation. The minimum bucket size is
governed by the technology used to implement the SM.

In practice we cannot guarantee that the logical buckets will be
equally filled. Therefore, buckets cannot be of fixed size., In conventional
disk-oriented systems this problem is solved by allowing preallocated fixed-
size buckets to spill over into shared overflow areas. There are two obvious
drawbacks to this approach: First, the need for a shared overflow area
increases the amount of data that must be searched. Second, by pre-allocating
large fixed-size buckets, space wastage is inevitable. To avoid these problems
we need to have truly variable-size buckets. The implementation of variable-
size buckets can best be achieved by making the physical block size substantially
smaller than the average bucket size.

The number of logical buckets is determined by the number of bits that
are used to represent the bucket names. This, in turn, is dependent on the
attribute name length and the partition name length. However, the actual
number of buckets that can exist at any given instant is limited by the number
of physical blocks chat can be independently accessed by the SM. We thus
make a distinction between logical buckets (created by the KXU) and physical
buckets (that can actually exist) in the SM. This observation implies that
the SM must employ a mapping device to maintain the relationship between
logical bucket names and physical buckets.

The SM consists of three logical components: the bucket mapping unit,
the bucket memory and the look-aside buffer (see Fig. 7). The bucket mapping
unit is used to translate logical bucket names into physical bucket names.
Conceptually, the bucket mapping unit contains a set of couples of the form
(1,k) where 1 is the name of a logical bucket and k is the name of a physical
bucket. The couple indicates that the logical bucket is stored in physical
bucket k. The bucket memory maintains a variable number of variable-size
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physical buckets. It accepts as input a physical bucket name and an access
order, and operates by performing the indicated access on the physical bucket
identified by the input physical bucket name. The look-aside buffer is used

to buffer update operations in order to improve performance.

3.1.1 Storage Considerations of Directory Entries
As we recall from [3], a directory entry D(F,K) consists of a set of
index terms
{(fl, s sl), (fz, Cy» sz),.... (fk, Crs Sk}
where f is an MAU address, ¢ is a cluster number, and s is a security atom
name. Since a bucket cannot be shared by two or more files and since file
names may be identified by logical bucket names, storage formats for index

terms need not carry file names. Such a format, called the encoded directory

entry format is shown in Figure 8. To estimate the length of the storage
format, let us compute the length of an index term. We first determine the
number of bits required to specify a MAU address. The DBC must have a capacity
of 10°-10%°
typically has a capacity of about 4 X 105 bytes (say, 20 tracks per cylinder,
with 20 Kbytes per track). This means we need about 2.50 X 103 - 2,50 X 104
MAUs to hold a database of capacity 109—1010 bytes. To address the higher
limit of the range of MAUs, we need 15 bits.

To estimate the number of clusters that have to be represented and

bytes. A MAU (in case of a moving-head disk implementation)

hence the number of bits required to uniquely identify a cluster in the index
term, let us estimate, in the worst case, that a file will! have 1000 clusters.
If the DBC is designed to hold in the neighborhood of 1,000 files, then the
total number of clusters required to be represented is about 106. Thus we need
20 bits to represent a cluster name uniquely. The same kind of argument may be
advanced to determine the number of bits required to uniquely represent a
security atom name. We are now in a position to determine the length (in bits)
of an index term. Each index term will require 55 bits (= 15 + 20 + 20). Can
we do better than this? The answer, fortunately, turns out to be in the affirma-
“tive. Let us see how we can achieve a reduction in the index term size. First,
recall from the previous section on the design of KXU that directory entries of
keywords of different files will be stored in and retrieved from different
logical buckets. Second, each query formulated by the user applies only to
records within a particular file (i.e., a query cannot refer to more than one
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file). Third, no file is expected to occupy all of the MAUs. Fourth, no

file is expected to have more than 1000 clusters or security atoms. These
four observations imply a) that the index terms stored in the SM need not be
unique, and b) the lengths (in bits) of each of the three index term components

can be less than those required to represent the entire ranges of these
components. Thus if a file is allocated to a maximum of n MAUs and has a

maximum of p clusters and q security atoms, then an index term need only occupy
llogzn] + [logzp] + [logzq] bits. The format of such an index term is shown
in Figure 9. In the next section, we shall propose an index term format which
reflects much of the above discussion.

What is the price that we have to pay in order to achieve this reduction?
Since index terms are no longer unique, we need to have some kind of file
dictionary which, given an index term, will produce MAU address, cluster number,
and security atom number which can then be used to access the MM. We also need
allocation and release mechanisms for MAU identifiers, cluster identifiers
and security-atom identifiers. These are carried out by a functionally specialized
component called the index translation unit (IXU) which is the subject of our
discussion in a later section.

3.1.2 The Role of the Look-Aside Buffer

During the normal operations of the database, the retrieval of
information from the SM will be far more frequent than the insertion (update)
of (existing) information in the SM. However, it is conceivable that during
short intervals of time, a large number of updates may have to be carried out.
Such an occurrence can seriously affect the average information retrieval rate.
The use of a look-aside buffer is aimed at alleviating such a degradation in
SM performance. When an update or insert command is received by the SM, it
is placed in the look-aside buffer. Execution of commands in the buffer is
delayed until one of the following two conditions is met: (a) The loading of
buffer reaches a certain level, called the threshold value; (b) the SM has no
retrieve command awaiting execution. If and when any one of these conditions
is met, the processing of the commands in buffer is taken up on a FIFO basis.
In order to maintain a FIFO discipline, commands in the buffer are chained
according to their arrival times.

The SM monitors the load (i.e., the number of entries) in the buffer
in the following innncr. When a new insert/delete command is received, it
is placed at the bottom of the chain. The SM then checks the total number of
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MAU Identifier

Cluster Identifier

Security Atom
Identifier

o4 rlogzn] bits —

e [logzp] bits ™

Figure 9. An Efficient Index Term Storage Format
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entries in the buffer. If it is equal to or greater than threshold value, the SMC
proceeds to execute all the commands from the beginning of the chain. The
condition (b) is monitored as follows. After execution of a command, the SM
sends a ready signal to the DBCCP. The SM then waits for a prespecified

amount of time (called the time-out period) for another command from the DBCCP.

If the time-out period expires without a command being issued by the DBCCP,

the SM proceeds to execute the first command in the buffer.

3.2 The Physical Realization of the SM

The three logical components of the SM, (the bucket mapping unit, the

bucket memory and the look-aside buffer) are realized by the structure memory

controller (SMC), the bucket memory system (BMS) and the look-aside buffer
memory (LABM). The SMC is responsible for interfacing with the DBCCP, the
KXU, and the SMIP (see Fig. 1), translating DBCCP commands, and transforming
logical bucket names into physical bucket names.

We begin this section by proposing an efficient directory entry storage
format based on the discussions in the previous section. We then discuss
three design alternatives for the BMS. Each of the three design alternatives
is based on a different technology. The first design utilizes magnetic bubble
memory systems; the second is based on charge-coupled devices; and the third
uses election beam addressable memories. All three technologies are emerging
technologies and therein lies the rationale for presenting three design alter-
natives. It is not clear, at present, which of the three will ultimately
develop into a commercial product. One thing, however, is clear: it will be
difficult if not impossible to implement a reasonably powerful SM at a reason-
able cost without the emerging technologies. The design alternatives are
followed by a discussion on the BMS logic. The BMS utilizes an array of pro-
cessing elements to search and manipulate the contents of a bucket. Finally,
we deal with the implementation of the SMC and the LABM.

3.2.1 Data Structures for the Bucket Memory System (BMS)

In earlier sections, we noted that directory entries of keywords which
are stored in a particular logical bucket (and, hence, in a single physical
bucket) have identical logical bucket names. Since the logical bucket name
occupies the 24 high order hits 1in a transformed keyword, it follows that
all directory entries in a bucket would have the same 24 high order bits in
their respective keyword field. Therefore, only the 24 low order bits of
T(K) would actually be stored in the storage system. This is shown in Figure
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10. [Recall from the discussion on KXU, that the 24 low order bits are
produced by user supplied hash algorithms, and hence do not play a role in
locating the directory entry of the keyword].

The index term's three components have the following lengths. Eight
bits represent an MAU identifier, while two ten-bit fields are used to
identify the cluster and the security atom. This makes for a total of 28
bits. The rationale for this choice is as follows. Consider the space
requirements of a file. The minimum unit of allocation of mass memory is
an MAU. Allocation of an MAU means an allocation of about 4 million bits
of MM. A maximum allocation of 256 MAUs for a file provides a total capacity
of over a billion bits which we feel is adequate for most large files encoun-
tered in practice. Thus, eight bits in the index term can uniquely identify
any of the 256 possible MAUs allocated to a file. As we shall see later, the
IXU maintains a translation table for each file by which the actual MAU
address may be determined. Also, we do not anticipate files with more than
1,000 clusters and 1,000 security atoms. Thus the 10-bit fields are seen to
be adequate to represent the anticipated cluster and security atom population
in a file.

In the case of clustering/security keywords, the logic of some of the
DBCCP algorithms requires that the number (or count) of clustering/security
keywords that make up a cluster/security atom be made available in the index
term. Thus, each index term of a clustering/security keyword has a count
field associated with it. In Fig. 11, we have the formats of the various
types of directory entries.

We now turn to the consideration of sizes of typical directory entries
with a view to establishing certain minimum-access-unit sizes within the
bucket memory. Such minimum-access units will be called modules. The size
of the directory entry of a simple keyword shown in Figure 11lb varies with
the number of index terms in the entry. Let this number be m for simple
keyword K. Then the number of bits b(K) required for storing the directory
entry of a keyword K is

b (K) = |T(K)| + 16 + m - |1]
where [T(K)| = 24 (low order bits of T(K))
and |1| = 28 (size of index term)

thus, b(K) = 40 + 28m.
The size of a security or clustering keyword directory entry will be
larger than what we have indicated for a simple keyword directory entry.
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MAU ID f Cluster ID c Security Atom Name s
Figure lla. Format of an Index Term
24 Low Order of index 00 Index Index Index
Bits of T(K) | Terms m Term 1 | Term 1, Term 1
0 23 24 38 39 40 67 68
y Keyword Type - 00
Figure 11b. Format of a Simple Keyword Directory Entry
24 Low Order |# of Index Index Count of Index Count Index Count
Bits of T(K)|Terms m e Term b Term i Q i
y Keywords Q1 2 2 ig Qm
0 23 24 38 39 40 67 68 75 76 103 104 111
{_ Keyword Type = 01
Figure 1llc. Format of a Security Keyword Directory Entry
24 Low Order |# of Index 10 Index Count of Index Count Index| Count
Bits of T(K)|Terms m Term 1 Cluster Term i Q Term Qm
1 2 2
Keywords Q) ip
0 23 24 37 38 39 40 67 68 75 76 103 104 111
L Keyword Type = 10
Figure 11d. Format of a Clustering Keyword Directory Entry
7
Count of Count of
24 Low Order| # of Index 11 Index Security Security
Bits of T(K)| Terms m Term 11 Keywords Q1 Keyword Qj
0 23 24 37383940 67 : o v e
unt o Count of
L Keyword Type = 11 ; Term 1 | Security Cluster
Keyword Qg | Keyword
Figure lle. Format of a Clustering and Security Keyword Directory Entry
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But since the number of security/clustering keywords is small compared to
simple ones, we can use the above figure for our purpose. In order to
minimize the access times, it is desirable that a module have sufficient
capacity to hold the entire directory entry. Further, it would be desirable
to pack several directory entries in a single module since the number of
modules to be accessed for directory entries of keywords satisfying a
predicate would be minimized. On the other hand, we would like to retain
the flexibility of varying the size of the bucket (which is made up of one
or more modules) as finely as possible since we have advocated small physical
blocks (known as modules here). Finally, we should bear in mind that module
sizes can only vary between (narrow) limits set by the technology used to
implement the BMS.

We are now in a position to state the requirements of the BMS. These

are as follows:

Total capacity 1is of 107-109 bytes,

* Typical module capacity is in the range 1-8 Kbits,
* Access time to any directory entry must be under
1 msec; and

It should be highly reliable.

3.2.2 Technology Based Design Alternatives for the BMS

A. Magnetic-Bubble-Memory-Based Bucket Memory
The characteristics of bubble memory systems are summarized below [4]:

* Bubble memories are sequential access memories.

* Shift rates at present are in the region of 100 KHz;
potential exists for higher (up to 500 KHz) shift
rates.

* Bidirectional shifting is possible; bubbles may be
stopped and started without incurring time penalties.

* At present, logic may not be integrated with memory.

* Cost is less than .02¢/bit.

a. Bubble Memory Organization - With the above characteristics in mind,
we have chosen the major-minor loop organization [4]) as the basic chip
configuration., This is shown in Figure 12. 1In this organization, bubbles
are organized in closed loops called minor loops. The number of bits W
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per minor loop and the number of such loops N in a chip are design parameters
which we shall compute later in this section. Bubbles in the N minor loops
are always moved in synchronization. The presence of a bubble in a bit posi-
tion constitutes a 'l' and the absence of the bubble constitutes '0O'. Bubble
chips with the above configuration are organized into 'bit' planes. Each bit-
plane consists of a set of M chips mounted on a board. A set of bit-planes,
called a bubble file, is shown in Figure 13.

The concept of a bit-plane is borrowed from semiconductor memory tech-
nology and is primarily intended for enhancing reliability of the system.
We shall briefly explain how this is brought about. Processing elements
which access these memories do so in words. A word may comprise of, say, P
bits. These P bits may either be contained entirely within a chip or be
distributed one bit per chip across P separate bit-planes (as shown in Figure
13). The major disadvantage with the former type of storage is that if the
chip containing the word malfunctions, entire words may become inaccessible.
On the other hand, the distribution of bits of a word over several chips
enables us to recover from single-chip failure by means of redundancy coding
(e.g., Hamming code). The set of chips across bit-planes, each of which
carries one bit of several words, is called a chip pile as shown in Figure 14,

In summary, bubble memory systems are organized as bubble files. A
bubble t:i: consists of P bit planes (where P is the word length of the
processor). Each plane has M chips; thus there are M x P chips in a bubble
file. Each chip has N loops with W bits per loop. Thus a chip has a total

of N x W bits. Therefore total capacity of a bubble file is M x N x W x P bits.

b. Access Considcerations - As seen from Figure 12, there are two time
periods involved in reading out a single bit from any of the minor loops.
First the bit (or bubble) " s to be moved to the major loop (from its position
in the minor loop). We call this time period the access time. Second,
the bit has to be moved along the major loop till it reaches the read station.
This time period is called the latency time. In the worst case,

t = Time to read a single bit -,-‘!’-tf- + %—

Access Latency
Time Time

where f is the shift frequency. At the present state of technology, the shift
frequency is rather low (about 100 KHz) and thus the total time to read a bit
could be severalmilliseconds for any reasonable value of W and N.

J—




. ]

it p——

- =

=33

A chip pile #
(see Fig. 14 F
for a blow-up

of a chip pile) ] gﬁ chips on

o

Figure 13. A Bubble File

5

P bit-planes
each containing M
chips




-34-

¥
s

i d 7_—P bits
2 constitute
L 18 o word

J

W bits

Figure 14. A Bubble Chip Pile Containing P Chips
Each Containing One Bit of N x W Words

—

e R A B AT LB

——————




e e e ‘, —

P e e e e BEy IR M My EM TR BN aBm -

—— #
o —
[ — (R ]

o, o

This rules out the possibility of serial readout of minor loops. Clearly,
a high degree of bit-~interleaving is indicated. Since a chip associated with
a chip pile can be activated simultaneously, we obtain a P-fold increase in
data transfer. Logically, we find that such a scheme will provide us with
one word instead of one bit per readout. To further increase the transfer
rate, we can activate all the M chips on a bit plane. This scheme gives us
M words (of P bits each) per readout.

We are now in a position to define a module which is the smallest unit
of access and determine the time required to access it.
Definition - A module is the set of words which can be retrieved by a
complete readout of the major loops of all the chips in a bubble file.
Since the contents of a major loop within a chip constitute one bit posi-
tion of all the minor loops in the chip, we conclude that the number of
modules in a bubble file is equal to the number of bit positions in the
minor loop. The average access time to a module is (W/2)/2f. (Here we
take advantage of bidirectional shifting; thus, the longest time for moving
a bit from the minor loop into the major loop is W/2f. On an average this
time will be one half the longest time). The time to read a module is N/f.
(N is the number of minor loops in the chip. By definition a module has
one bit in each and every minor loop in the chip). Thus, the average time
TH to access and read a module = (W + N) x f. In our design we shall
assume f to be 100 KHz. Then, A

1
. e ).
™ 10° %

Since a keyword directory entry is stored in a module, and since we require
that a keyword entrv be retrieved within 1 ms, we have the inequality

T, < 1073
or 1 1
——< x(N+W <
w8 109
or r(u +w) < 100 |
k |

The above inequality holds only if we assume that a keyword directory entry

is found in the first module that is accessed. Since more than one module

may be allocated to a bucket, it is conceivable that several modules may have

to be accessed before the directory entry is located. However, if the number
of processing elements is sufficiently large, then the algorithms presented in
a later section will ensure that the modules allocated to a bucket are uniformly

.

-
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distributed among the memory units of several processing elements. This ob-
servation implies that it will be more often the case that a processing element
will have to access just one module in its memory unit to locate a keyword
directory entry. Under this condition, the inequality is useful for calcu-
lating values of N and W. 1In Table III, we have tabulated typical values

of N and W satisfying the inequality in the box.

The number of processors needed for the bucket memory depends on the
total capacity of the bucket memory, the module access time and processor
capability. Since the capability of a processor is not an easily determinable
quantity, we merely tabulate in Table IV the memory unit capacity as a function
of total bucket memory capacity and number of processors. In Table V, we
tabulate the number of chips required in the memory unit of a processor as a
function of the chip size (from Table III) and memory unit capacity (from
Table IV). A knowledge of the number of chips per memory unit will enable
us to determine the number of bubble files needed and the number of chips
in each of the bubble files. Let P be the size of the processor word and
M be the number of chips on a bit-plane. Then, the number of bubble files
is (total number of chips in memory unit) / (M x P). P is fixed when the
processor is chosen. The number M is decided by trial and error within
limits set by packaging technology. For example, a typical range of M would
be 10-30 chips on a single board. In this design, the average retriexfl

time of a module 1s independent of the number P of bit planes or the number

M of chips on each bit plane. The size of a module, however, is dependent
on these parameters and is M x N x P bits. The number of modules in a bubble
file is W, the number of bit positions (or bubbles) in a minor loop.

c. Design Algorithm - This design gives a step-by-step procedure to
determine the various parameters discussed this far.
Input Arguments: 1. Size of SM required
2., Number of processing elements
3. Word size P of processor
4. Size of module desired within limits.

Step 1: From the size of SM and number of processor, determine the
size of the memory unit attached to each of the processors
by using Table IV. Call this S,..

Step 2: From the size of the module desired and the word size P
of the processor, determine the product M x N where M is
the number of chips on a bit plane and N is the number of
minor loops in the chip, since the module size is M x N x P.
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Table III, Typical values of N and W which satisfy access constraints,

W x N = chip size
i
3 92 2944
o4 84 5376
0 76 7296
68 8704
480 60 9600
i 52 9984
224 44 9856
45 36 9216
288 28 8064
330 20 6400
352 12 4224
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Table IV. Memory capacity of a processor ( inK bytes) as a
function total SM capacity and number of processors.

SM Capacity (bytes)
Number of
processors 107 108 ' 10°
32 320 3200 32000
64 160 1600 16000
128 80 800 8000
256 40 400 4000 -
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Table V. Number of chips as a function of chip size and memory unit capacity (K bytes).

l s
Memory Unit Chip size (bits)
l Capacity
in Kbytes | 2944 | 5376 | 7296| 8704| 9600 9984| 9856 | 9216| 8064| 6400 4224 1536
w _———*
l 40 109 60 44 37 34 33 33 35 40 50 76 209
' 80 218 120 88 79 68 66 66 70 80 100 152 418
160 436 240 176 148 136 132 132 140 160 200 304 836
l 320 872 480 352 296 272 264 264 280 320 400 608 1672
l 400 1090 600 440 370 340 330 330 350 400 500 760 2090
800 2180 | 1200 880 740 680 660 660 700 800 | 1000 1520 4180
l 1600 4360 | 2400 | 1760 | 1480| 1360| 1320| 1320 | 1400| 1600| 2000 3040 8360
|
4 I 3200 8720 | 4800 | 3520 | 2960| 2720 2640 | 2640 | 2700| 3200| 4000 6080 | 16720
4000 10900 | 6000 | 4400 | 3700 3400| 3300 3300 | 3500| 4000 5000 7600 | 20900
,{ [ 8000 21800 | 12000 | 8800 | 7400| 6800 | 6600 | 6600 | 7000| 8000 10000 | 15200 | 41800
% !- 16, 000 45600 | 24000 {17600 | 14800 (136000 | 13200 | 13200 |14000 | 16000 | 20000 | 30400 | 83600
3 32, 000 7200 |87200 {35200 | 29600 | 27200 | 26400 | 26400 | 27000 | 32000 | 40000 | 60800 |167200
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Step 3: Using Sy and choosing available chip size, determine the
number of chips required from Table V. Call it Cy.

Step 4: For the chip size used in Step 3, look up Table III to
determine the values of N and W, If the chip size is not
found in Table III, then go back to Step 3 and choose
another chip size.

Step 5: Determine M where M = Module Size / (P x N).

Step 6: Determine number of chips on a bubble file BFg when
BFg = M x P,

Step 7: Compute the number of bubble files asfbu / BF.].

d. Design Example - We now give an example using the above design
algorithm.
Input Arguments: 1. Structure of Memory Size = 108 bytes
2, Number of Processors = 128
3. Word Size = 16 bits
4. Module Size = 2 Kbytes.
Step ;: From Table IV we find Sy = Size of memory unit = 800 Kbytes.

Step Module size = 2 Kbytes = 2 x 8 x 1024 bits = M x N x P.
Therefore,
HxN-z_%.x__l—ozﬁ- 1024.

Step 3: Choose chip size = 9856.
Then, from Table V, we have = 660.
Step 4: For the chip size = 9856, we have from Table IIT
N=36, W= 224,

Me Module Size _ 2 x 8 x 1024 _ 1024 _ 29

PxN 16 x 36 36 ¢
Step 6: BFg = Number of chips per bubble file = 29 x 16 = 464.
Step 7: Number of bubble files =[Cy / BFg|=[660 / 464]= 2.

Step 5:

Summary of design example
Number of bubble files = 2.
Number of chips on each bubble file = 464,
Capacity of bubble file = 9856 x 464 bits = 571648 bytes = 570 Kbytes.
Capacity per memory unit = 1140 Kbytes.

Chip details
N = number of minor loops = 36.
W = number of bits per loop = 234.

Module Size = 29 x 36 x 16 = 16864 bits = 2108 bytes.
Number of modules per bubble file = 224,
Number of modules per memory unit = 448,
Number of modules in the SM = 448 x 128 = 57344,
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e. Reliability consideration ~ The organization outlined in the above
subsection is well suited for incorporating error detecting and correcting
codes. The incorporation of one such code will be briefly described here.

In Table VI, we tabulate the number of error code bits required for various
word sizes. For any word size p, we add k (error code) bit planes to the

p (data storing) bit planes. Input and output error code generators are then
added to identify the bit plane in which a fault might have occurred. On
identification, the operator is alerted to replace the faulty bit plane with
a fault-free plane and reload the new bit plane with the helf of the error code
generators. We observe, that the detection, correction and replacement of
malfunctioning components are achieved without having to place the system
off-1line.

The need for such reliability measures at a cost about 37.5% of a
memory system with 16-bit word may be justified in terms of the MIBF (mean
time between failures) of the system where

MTBF = Ei— where d is the number of chips and x is

the failure rate. In the design example, we had a chip count of about 1000
per memory unit. Since we had 128 memory units corresponding to 128
processing elements, the total chip count is about 128000. If we assume

a chip failure rate of 0.1% per 1000 hours, then we have an MIBF of about

8 hours. With such an MTBF, the reliability provision looks quite desirable.

B. Charge=-Coupled-Device-Baséd Bucket Memory
Let us enumerate the main characteristics of charge-coupled devices

(ccps).

* Charge=-coupled devices, like bubble memories, are

sequential access memory devices.

» Shift rates vary from at least 2 MHz to 10 MHz.

* Memory needs to be refreshed periodically.

* On-chip logic is possible.

‘ High stand-by power is required.

* Cost per bit is between 0.05 to 0.02¢.
The technology of CCDs is in fact the technology of semiconductor devices,
and many of the innovations and experiences in LSI fabrication are applicable
to charge~coupled devices. In addition, because the structure of CCDs is
simpler than that of other LSI products [6], one should expect higher chip




Table VI.
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Single Error Correction and Double Detection.[12]

Error Code Bits
Data word size
Total Bits

Redundancy Ratio

k

P
n=p+k

n/p

5

4-10

9-15

2.25- 1.5

=

6

11-25

17-31

1.55- 1.24

——

7

26-56

33-63

1.27-1.13

8

57-119

65-127

1,14 - 1.07

(minimum Hamming Code distance: 4)
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density. Currently announced chips have a capacity of 16K bits, while a

65 K-bit prototype has been built [11]. It is estimated that the 128 K bit
chip 1s a distinct possibility with improved fabrication techniques [6].
With this information in the background, we begin our design by tabulating
in Table VII the total number of chips required in the bucket memory as a
fuﬂction of chip size and total bucket memory size. We note that the bucket
memory is actually divided equally among n processors. In Table IV, we have
tabulated the memory unit size as a function of the number of processors and
total memory size. For every memory unit size tabulated therein, we tabulate
in Table VIII the number of chips needed as a function of the chip size.

A number of chip designs have been suggested [1,11]. In choosing a design
to suit our needs, we must carefully evaluate tge tradeoffs involved in each of
the designs. For large bucket memories, say 10 bytes, we must use large size
chips ( > 32K) if we wish to keep the number of chips down to reasonable levels.
This is important from a reliability standpoint, since the higher the chip
count, the lower the MIBF for a given failure rate. Large size chips imply
high densities. Designs which feature large densities do so by reducing the
frequency of operation in order to keep the power dissipation of the chip low
and by reducing the number of refresh stages, I/0 stations and other circuitry
which take up space in the chip at the expense of storage elements. A typical
case is the SPS (serial-parallel-serial) organization which can support the
highest densities in a chip. However, such high densities are achieved at the
price of an increase in the.access time to a bit within the chip. This is true
of the SPS organization. For example, for a chip size of 64 Kbits and a shift
rate of 10MHz the average access time is 3.2 msec. Since the SPS organization
does not support multiple loops which can be individually accessed, it is not
possible to shorten the access times by clever organization of modules. We,
therefore, conclude that the price to be paid for realizing large buckets in
terms of higher access times is not acceptable.

For small and medium size bucket memories we can use chips of sizes 8 - 16
Kbits, which imply that packing densities can be considerably lower. In Figure
15, we present the so-called LARAM (Line Addressable RAM) organization [1]) for
implementing small and medium size bucket memories.

8. LARAM organization - This organization has the following properties:
1. Random access to any CCD line is possible.
2. Access time to a line is negligible compared to read-out time of the line.
3. On-chip line address decoder is available.

e ————— i
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Table VII. Number of chips as a function of chip size and total
bucket memory size (bytes).

SM Capacity
Chip
Size (bits) 107 10® 10?
4K 20, 000 200, 000 2,000, 000
8K 10, 000 100, 000 1, 000, 000
16K 5, 000 50, 000 500, 000
32K 2, 500 25, 000 250, 000
64K 1, 250 12,500 125,000
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Table VIII. Number of chips as a function of memory unit size and chip size.

Memory Unit (Kbyte)

Chip

Size
(bits) 40 80 160 320 400 800
4K 80 160 320 640 800 1600
8K 40 80 160 320 400 800
16K 20 40 80 160 200 400
32K 10 20 40 80 100 200
64K 5 -10 20 40 50 100

e -

1600

3200

1600

800

400

200

3200

6400

3200

1600

800

400

4000

8000

4000

2000

1000

500

8000

16000

8000

4000

2000

1000

16000
‘ 32000
16000
8000

4000

2000
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Figure 15. LARAM Organization
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4. High bit rates and short access times are possible.

5. Fabrication is complicated resulting in low density.

Chip sizes are assumed to be in the range 8-16K bits. As in the case of bubble
memory design, we organize chips into CCD files. Each file is made up of P (data)
bit planes ind k (error code) bit planes. (Here again, P is the wi&ih of a
processor word and k is determined as in Table VI). Each bit plane is populated
by M chips where M is one of the design parameters. Unlike bubble memory loops,
however, LARAM lines are not synchronized, and, thus, the concept of modules
corresponding to bit positions (as in the case of the bubble memory system)

does not hold in LARAM design. Instead, the contents of an entire line will

form part of a module. Assuming a 2 MHz basic clock rate, the time required

to read out an entire line of various sizes 1is given in Table IX. As can be
observed from the Table IX, even for a large loop (with 512 bits) the readout
time is small compared to bubble memory readout times. Let the line size be
W bits. A module is defined to be the set of bits contained in P lines each _
of which is on a bit plane. The module size is, therefore, P x W. If there
are N lines in a chip giving a chip capacity of N x W, then each chip in a
chip pile would hold one bit of all the words constituting N modules. A chip
pile is defined in exactly the same manner as in the bubble memory system.

The major difference between the CCD chip pile and the bubble chip pile is

the manner in which the modules are defined. In the bubble memory design,
there were W modules distributed in M chip piles. In the LARAM-based CCD
system there are N complete modules per chip pile. Each module has W words

and each of the W words is distributed across P bit planes. We shall call

the set of modules defined by M CCD chip piles, a CCD file as depicted in

Fig. 16. As in thc case of the bubble memory system, we need to determine

the values of N and W. In Table X, we tabulate the number W of bits per

line as a function of the number of lines and chip size.

A number of observations can be made at this point as a prelude to the
design algorithm. First, the level of interleaving is limited to that required
to form a single word. Recall that in the case of the bubble design we had
a much higher level of interleaving because of the slower shift rate of the
bubbles. Second, each individual line in a chip can be addressed to the
exclusion of other lines by means of on-chip address decoding circuitry.

Again, this is in contrast to the bubble design where minor loops could not
be addressed conceptually in three steps. In step one, we select the CCD file.
Then, the chip within the CCD file is selected. In step three, the line

A 3 s e ROP—— ST, — —
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Table IX, Line size and read-out times (2 MHz clock).

Line Size Read-out Time (sec)

64 32
128 64
192 96
256 128
320 160
384 192
448 224
512 256
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Table X. Number of bits per line (W) as a function of size
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and number of loops (N).

Number of Chip size
loops (N) 8K 16K
32 256 512
64 128 256
96 86 172
128 64 128
192 43 86
256 32 64
320 26 53
384 22 44
512 16 32
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constituting a part of the module is selected. In implementation, the module
address is broken into three components - one for selecting the CCD file, one
for selecting the chip within the CCD, and one for selecting the line within the
chip. Fourth, since the data is transferred quite‘rapidly (a word every 0.5
usec.), it may not be possible for the processor to process the information on-
the-fly. It may then become necessary to buffer the data. Fifth, as a result
of random access to a line, access time to a module is negligible compared to
the access time in bubble system.

b. Design Algorithm
Input Arguments: 1. Bucket Memory Size
2. Module Size j
3. Word size of processor
4. Number of processors

Step 1: From bucket memory size and number of processor, determine size
of memory unit attached to each of the processors by using Table IV.

Step 2: Choose a chip size - 8K or 16K. Calculate total number of chips
by using Table VII.

Step 3: Use the word size and module size to determine the number of bits
per line with the help of the following equation:

Module Size = Number of bits per word x number of bits per line

Step 4: Use the number of bits per line determined in Step 3 and the chip

size determined in Step 2 to determine the number of loops per

chip from Table X.

¢ Determine read-out time for a module from Table IX.

Step 6: Knowing the chip size (Step 2) and size of memory attached to a
processor, determine the number of chips in the memory unit by
using Table VIII. This is distributed in one or more CCD files.
The number of CCD files can be determined by iterative calculation
as follows:

Let number of CCD files by 1, then,
« Number of chips in a memory unit
Rumber of chips per bit plane Word size x No. of CCD files
If the number of chips per bit plane is in the range 10-30, go to
Step 7. Otherwise, increase the number of CCD files by one and
recalculate.

Step 7: Number of modules = (Number of CCD files) x

(Number of chips on a bit plane) x
(Number of loops per chip).

c. Design Example .
Input: Total bucket memory size = 10 bytes
Module size desired = 8 Kbits
Word size of processor = 16 bits
# of processors = 128

Step 1: Size of Memory Unit attached to a processor = 800 Kbytes from
Table 1IV.

fe




Step 2:
Step 3:

Step 4:
Step 5:

Step 6:
Step 7:
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Chip size chosen = 16 K bits.
Total number of chips = 50,000 from Table VII.

Module Size 8 x 1024
Number of bits per loop, W = —, "a=cPe= = —==

From Table XI, the number of loops, N, is 32.
From Table IX, read-out time of a module is 256usec.

= 512,

50,000
. RO o
Then, the number of chips be bit plane 16 x 1 x 128 = 25.

Number of modules per processor = 1 x 25 x 32 = 800.
Number of modules in bucket memory = 800 x 128 = 102,400.

Summary of design example
Number of CCD files = 1
Number of chips on each file = 25 x 32 = 800
Capacity of a CCD file = 25 x 16 x 16 = 6400 Kbits = 800 Kbytes
Capacity per memory unit = 800 Kbytes

Chip details

N = number of addressable loops = 32
N = number of bits per loop = 512

Module Details

Module Size = 512 x 16 bits = 8 Kbits

Number of modules per CCD file = 800

Number of modules per memory unit = 800
Number of modules in BMS = 800 x 128 = 102400

d. Reliability Considerations - Much of the discussion on reliability features
for bubble memories are applicable here also.
the volatility of the CCD memories.

In the event of a power outage, standby power must be automatically switched on

to ensure retention of bucket memory contents.

C. Electron-Beam-Addressable-Memory-Based Bucket Memory

The characteristics of electron besm addressable memories (EBAM) are as

follows [9]):

b A o e

+ Memory bits are orgsnized as static locations on an
electron beam sensitive surface.

. Memory is accessed by positioning an electron beam
over the required location and scanning the area with
the beanm.

« Access to any location is at worst around 30usec, if

there is a change in the command mode; much less (10usec),

if there is no change in the command wode.

In addition, we have to consider
CCD memories need refreshing periodically.
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. Data transfer rate is around 10 MHz.
. Each "tube" of memory is conceptually equivalent to
a bank of memory. Typical sizes of these "tubes" are
30 million bits.

. Cost 1is under 0.0l¢/bit.
Of all the technologies considered so far, EBAMs have the best access times
and seem to be truly applicable to large buket memories. As in other designs
we will consider a range of tube sizes and calculate the number of tubes
needed. Table XI tabulates the results of such calculations. Each word of
a module is distributed over a set of tubes just as in the case of the other
designs discussed thus far. The surface on which the election beam is allowed
to strike is known as the memory plane. Thus a memory plane is analogous to
a bit-plane in our earlier designs. Each memory plane is divided into a number
of lenslet fields (see Fig. 17). A lemslet field is analogous to chips in our
previous design. A lenslet field is further divided into pages. A module
address therefore has two components - a field address and a page address.
The size of a module can be varied within wide limits. This is because the
memory plane of EBAM is unstructured (unlike the bit planes of CCDs and bubble
memories) and the electron beam may be directed to any spot in the memory plane
without incurring significant time penalties.

The electronics required by EBAM (i.e., the field and page select amplifies,
the memory plane bias circuits and the power supplies) can be shared between
tubes in a multiple tube system. Thus, the cost per bit in a multiple tube
system could be substantially lower than in a single tube system. Multiple
tube systems can be operated in serial as well as parallel mode. In serial
mode of operation, only one tube is active at any instant of time, but in
parallel mode of operation, all the tubes are active concurrently. The parallel
mode of operation gives rise to a high rate of data transfer while reducing the
amount of electronics that can be shared. We have chosen the parallel mode of
operation not because of the resultant high data rate--the data rate of a single
tube is adequate for our purposes--but because our modules are bit-interleaved

to form worda.

a. Design Algorithm for EBAM-based Bucket Memory - The design algorithm for
EBAM-based bucket memories is simpler than those of bubble and CCD designs.
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Table XI, Number of tubes as a function of tube size and bucket memory size.

Bucket Memory

M-bits 107 108 109
10 8 80 800
20 4 40 400
30 3 27 267
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Input Arguments: 1) Bucket Memory Size ’
2) Number of processors
3) Module Size
4) Word size of processor

Step 1: From the bucket memory size and the number of processors,
determine the size of memory unit attached to each of the

; processors by using Table IV.

Step 2: Choose a tube size (this will in the range 10 -30 M bits) and
then determine the number of tubes required for the bucket
memory by using Table XI.

Step 3: Divide the total number of tubes by the number of processors
to obtain the number of tubes per processor.

Step 4: Knowing the word size and module size, determine the page size
as follows:

Module Size = Page size x Number of tubes in parallel.

b. Design Example &
Bucket size = 9.6 x 10 bytes
No. of processors = 16
Module size = 16 K bytes
Word size = 16 .
9.6 x 10

7
Step 1: Size of Memory attached to a processor = -——iz-—-—-bytol = 6 x 10 bytes.

Step 2; Let tube eise be 30 M bits. Number of tubes required = 2SXIRES _ 256,

Step 3: Number of tubes per processor = (256)/(16) = 16 tubes.
Step 4: Page size = (Module Size)/(Word Size) = (16x1024)/(16) = 1024 bytes.
Number of modules per processor =(Memory attached to a

processor) /Module Size = (6 x 107)/(16 x 103)
= 375

c. Reliability Consideration - The failure rate of EBAM tubes is reported to
be 20% in a 20,000 hour replacement period {9]. In the design example, we had

a tube count of 256. Thus we get an effective MIBF of about 400 hours. This
figure compares very favorably with the MTBF of other memory systems. Of course,
in our design, we had assumed fairly large tube sizes, which kept the tube count
rather low. But even for small tube sizes (say, 10 Mbits), the device count is
not greater than 800, giving us a worst case of MTBF of about 250 hours.

D. BMS Designs in Retrospect
The main objective of the design exercises in the preceding sections was
to investigate the suitability of the three leading contenders for the realiza-
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tion of the bucket memory. From these exercises we have learned a number of
things. Let us elaborate. All three technologies may be applicable to the
problem at hand; however, the range of applicability is different for different
technologies. For example, bubble memories and CCDs are feasible only for
realizing small to medium size bucket memories. EBAM systems on the other
hand, are economical only for larger bucket memories. In the case of bubble
systems, the shift rate ic too low, so we cannot have very large size loops
or a great many number of loops in one chip. This implies small size chips,
which in turn increases device couni: We saw earlier that device count has
a profound effect on reliability. In the case of CCDs, we found that
increasing chip density meant sacrificing on access times--something that we
can 111 afford. Hence, CCDs become doubtful starters for large bucket memories.
Why is EBAM economical only for large systems? Because, if the bucket memory
size is small, the number of tubes per processor is proportionately small.
Since the tubes attached to a processor share the electronics, it is un-
economical to have a low level of sharing. Further, if the number of tubes
per processor falls below the word size, we might encounter reliability
problems. The reader may observe that all the problems described above
have their origin in access times and device capacity. If the access time
of a memory organization using a particular technology is not within the
constraints imposed by our application, we cannot use that organization. If
the capacity of the smallest integral unit of memory realized by a technology
is large, then we cannot use that technology economically to build small
memory systems.

In our design algorithms, we have not calculated the cost of each of
the systems which should be part of any viable design. Such analysis is
being conducted in conjunction with an analysis of the architecture. The

presentation of the above design should be regarded as a first level attempt

at utilizin ng te ogies.
3.2.3 The Processing Elements of (PEs) of the BMS

A. The Number and Nature of the PE - The three design algorithms presented earlier
require the number of processing elements as an input argument. This number
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cannot be arbitrarily chosen. For example, in case of an EBAM-based loa-byte
bucket memory, the number of processors for a tube size of 30M bits cannot

be greater than 27 (see Table XI). In other words, an upper bound on the
number of processors that may be chosen is imposed by the size of memory

unit that can be attached to a processor. In the case of EBAM systems, a
tube is the smallest memory unit that can be attached to a processor. A
lower bound is obtained by considering the processing capacity of the processor
and the retrieval time of the storage system. Recall that we required a

1 ms retrieval time for an arbitrarily selected keyword directory entry.

If several modules have to be searched on the average in order to retrieve a
directory entry, then it may be desirable to increase the number of
processor. Thus, a bucket can be worked upon by a large number of processors.
Each of the processors, then, need to search over a smaller area, possibly

a single module.

In choosing processors to manipulate the bucket memory, consideration
should be given to the compatibility of the processor and memory. For
example, the access times and transfer rate in case of EBAM systems are
very good. Hence, fairly powerful and fast processing elements must be
employed. On the other hand, magnetic bubble memory systems have poor
access and transfer times. Therefore, slower processors may be adequate.
Also, the decision of whether the data in the BMS is to be processed on-
the-fly or in a buffered mode can be made only when the speed compatibility
issue is determined. In the ensuing discussions, we describe the data
structures maintained by each of the processors and the algorithms executed
by them. These discussions are independent of processor technology (i.e.,
independent of whether the processing elements are made of array logic (LSI)
or random logic (MSI)). The algorithms are designed to be executed on-

the-fly. However, they may be executed on buffered data also if the processor

is unable to keep up with the retrieval speed of the storage system.

B. Data Structures Maintained by PE

Earlier, we have made two important statements regarding physical buckets.
First, buckets must be of variable size which are realized with relatively
small physical blocks. Second, in the design of the BMS storage, we define
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modules to be the smallest accessible units. Thus, in the PEs, we need a
mechanism to allocate modules to physical buckets and access the modules
allocated to a physical bucket.

In order to identify the modules allocated to a physical bucket (hh’hz)'
the PE maintains certain data structures. These data structures are kept in
fast random access memories using bipolar technologies. As we shall see,
the memory requirement of these data structures is small enough to afford us
relatively expensive high-speed RAMs. The translation of a physical bucket
name to a set of module numbers is carried out with the help of a hash vector
and a module allocation table (MAT) as'éepicted in Figure 18. The low order

bits of the physical bucket name is used to select an entry in the hash vector.
The entry consists of a module number Rpo which is also a pointer to the
Rpo-th entry in the MAT. If the low order bits of two bucket names are
identical, then they both select the same entry in the hash vector. The
overflow is handled by chaining in the MAT. The high order bits of an entry
in the MAT identify the physical bucket to which the module represented by

the entry is allocated. As shown in Figure 18, the module Rpo represented

by the Rpo—th entry in the MAT is allocated to the physical bucket with the
name (hh’hz)' The low order bits of the entry in the MAT is used as a pointer
to the next entry in the MAT which contains allocation information about a
bucket whose name is mapped to the same entry in the hash vector as the first
one. It is possible that more than one entry in the MAT has allocation
information for the same bucket (called multiple allocation) as shown in
Figure 19.

In summary, the module number RPi serves a dual function. First, it
indicates that RPi has been allocated to a bucket. Second, it serves as a
pointer to the next entry in the MAT which contains allocation information
about the same bucket or another bucket whose name has the same low order
bits as the first one. We also note that, the modules numbered 0 through r-1
are not available for allocation. These modules are used as back-up memory
for the data structures of the PE. The value of r is determined by the number
of modules in a memory unit and the size of each of the modules. The location
0 of the MAT is used as the head of a list of available modules.

In order to keep track of the amount of space available in each of the
modules, the PE maintains a module space table (MST) as shown in Figure 20.
The n-th entry in the MST records the number of bytes available in the n-th
module.
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Location 0 of MAT is not allocated to any bucket. It is used
to claim all the available modules as shown by the dotted line.

Figure 18. Mapping a Physical Bucket Name into a Set of Module Numbers.




-61-

Physical Bucket Name

/\__/\__/‘\
b, hz

-— R

pt hh sz

vo >
b 0

RDS

Hash Vector Register Allocation Table

e R R e TR S B R R BRI R :
* N ey e En S BN ) TR N A SR e e s e
20

. Figure 19. A Case of Multiple Allocation

[ T S O

Pttt s il




kS

Number of Bytes Available in
Module i

Figure 20. The Module Space Table

3 AR AN Y BN A




l

A

B 12 T .

P e e pay e e e

e

'“g"f"“:‘ L W T

g

b3
-
%

Py ey e o

o I

-63-

C. Sizes and Load Conditions of the Data Structures

The number of entries in the hash vector could assume several possible
values with different performance figures. For example, if the number of
modules available in a memory unit is, say, n, the number of entries in the
hash vector could be 0.25n, 0.5n, n, 2n, 4n, etc. The larger is the vector
size, the lower is the probability of two distinct (low order bits of) bucket
names hashing to the same entry in the hash vector. The number of bits required
in each entry of the hash vector depends on the number of modules in the memory
unit attached to a PE. In Table XII, we have tabulated the number of modules
required as a function of memory unit size and module size. The memory unit
sizes are as they appear in Table V.

In Table XIII, we tabulate the number of bits required by each entry in
the hash vector and the number of bits required to address the hash vector in
parenthesis for various hash vector sizes. We also tabulate for each hash
vector size two performance figures under extremely light and extremely heavy
conditions. The two performance figures pertain to the number of entries
that must be searched until a particular entry is located or is determined not
to be in the table. This quantity is called the number of probes. It has
been shown in [10] that for a hash vector using overflow chaining the average
number of probes needed to find an entry is C where

C=14+LF/2

and the average number of probes needed to discover that a particular entry
is not in the hash table is C' where

C' = LF + exp(-LF)

Here, LF is defined as the ratio of the number of allocated entries in the
MAT to the number of entries in the hash vector. When the MAT is allocated
to 0.9 of its capacity, then we shall consider it heavily loaded. When
the table has only 10X of entries allocated, then we shall consider it
lightly loaded.
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Table XI1 : No. of modules in a memory unit as a function of
the memory unit size and module size

Memory
Module Unit Size
Size (K byte) (K byte)40 80 160 320 400 800 1600 3200 4000 8000 16000 32000
1 40 80 160 320 400 800 1600 3200 4000 8000 16000 32000
2 20 40 80 160 200 400 800 1600 2000 4000 8000 16000
4 10 20 40 80 100 200 400 800 1000 2000 4000 8000
2 7 14 27 54 67 134 267 53% 667 1334 2667 5334
& 5 10 20 40 50 100 200 400 500 1000 2000 4000
10 4 16 32 40 80 160 320 400 800 1600 3200
12 4 7 16 27 34 67 13 267 334 667 1334 2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>