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In this repor t, we present the design details of four components of the
DBC. These four components form the structure loop of the DEC. They are the
keyword transformation unit (KXU) , the structure memory (SM) , the structure
memory information processor (SMIP) and the index translation unit <IXU).
The IQW 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 pr imary function of the SM is to retr ieve and update structural 7
information of the database. This information is likely to be large (10 —1O~
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
PCAII 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-coup~.ed devices (CCDs)
and electron beam addressable memories (EBAJIs). 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 SKIP is responsible for performing set intersections on structural
information retrieved by the SM. The concept of PCAMs is once again
utilized to perform rap id 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 DEC’s command and control
processor (DICCP) . Th. output of KXU is sent to the SM which retrieves
index terms f or the transform.d keyword predicates and sends them to the
SMIP. The SNIP output is interpreted by the IXU and sent to the DBCCP.
This pipeline of processors results in max imum utilization of the hardware .

The remaining components of the DBC fo rm the data loop and are described
in Part I I I .
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1. INTRODUCTION
1.1 Background

The database computer (DBC) isa specialized back—end 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 ti... DBC. The first one on the

concepts and capabilities appears in [3]. Two reports on the design of the

DEC 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 (3J for motivation and clarification of concepts andI ~i definitions.

‘ 1.2 Scope

In this report, we presen t the design details of f our components of the
DBC. These four components form the structure loop of the DEC (see Figure 1).

They are the keyword transformation unit (KXU), the structure memory (SM) , the
structure memory information processor (SKIP) and the index translation unit

(lxii). The KXU, discussed in Section 2, converts keywords (sent by the DBCCP)

into their internal representations. The need for and the implications of

internal representation’s 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 pr imary function of the SM is to retrieve and update structural
information of the database. This information is likely to be large (10 —10

bytes). Furthermore, th. operation. on this information must be performed at

a rat. commensurate with that of databas , operations performed by the mass

memory (MM) . In Section 3, th. concept of a partitioned content addressable
memory (PCAM) [3J is used to implemen t the stora ge system of the SM with the
above properties . Powerful PCAII orgenisations are po.sibl. using emerging
technologiss. To this end , thr.. de.i n alternat ives using thre. different

t.chnologi.s are .z iesd . ml three t.et .logiee are magnetic bubble
t I ms.oriss , charge—coupled devices (CCI).) d .1.ctro st b. addressable memories

r (BEAM.) . Algoritlmm which msnipvlst. the i t  ~g• syst~~~ end maxiliary data

*
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3

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 PCAI4s is once
again utilized to perform rapid intersection. The IXU is treated in the fifth

section and is intended to decode the structural information o”tput 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 SKIP output is interpreted by the- IXtJ and sent to the DBCCP. This pipeline of processors results in maximum
utilization of the hardware.

1 The remaining components of the DBC form the da ta loop (see Figure 1)
• and are described in Part III (8].
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I
2. THE KEYWO RD TRANSFOR MATION UNIT (KXU )

-
‘ The keyword transformation unit (KXU) is intended for the performance

enhancement of the structure memory (SM) in the 8earch , 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 directory entry of a keyword within the confines of a few sectors instead

of the entire PCAN.

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—length 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 eff icient process ing of information which
is known a priori to be of fixed length . Since variable—length keywords are

internally represented as f ixed—length fields , keyword comparisons can be made

at a faster rate In the SM.
From the discussion , we conclude tha t 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 ? In a directory where keywords are stored in their original form , all
directory entries are distinct. However, this is not guaranteed to be the case
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when transformed keywords are used , since two keywords could be transformed Into

r - 
the same hash code (i.e., there is a collision). We will call this structural

ambIgui~y. 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— l_ [n(n_l)...(n_ (N_l))]/nN

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 MAli accesses which do not have any record

satisfying a user query. (For a given MAli address f, the MAli 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 MMJs 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 charac terized 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(~ R~ (f ,c,s) ) KeR}.

Let the cardinality of KB(f ,c ,s) be m. Further , let us assume that the query Q
is a conj unct 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

n—r
< 

~ 

ma

2

When all keywords of Q except one appear in KB (f ,c,s) (i.e., n—r — 1), then

I ___

2

Under normal circumstances , nm << 2L , so p ’ will be quite small. For

example , for ma — 1,000 and L — 48 , p < 4 x lo~~
2; for ma — 1,000 and L 32 ,

p ’ c 2.5 x and for mu — 1,000 and L — 24 , p ’ < 6.2 x 1O~~. When more than

one keyword of Q is not in KB(f ,c,s), then the value of p ’ becomes vanishingly

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
I I due to structural ambiguity will not affect the performance of the DEC in any

significant manner.

- 

-
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2.2 Functional ~pecialization

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 iden tifying the transf ormation logic
as a separate functiona l 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 SN. En hardware terms, it involves efficient comparison operation8. 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 is, 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 identif ying 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 esse~.tially a computing device requiring redundancy in the

processor to enhance reliability (e.g., triple modular redundancy 112] ).

2.3 The Logical Design of the 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 applical,le to all keywords because keywords of
different files could have widely varying properties and ’ could ’.appear in different
types of que ries. For example, one file could be queried on the basis of simple
conjunct of. equ,~1ity predicates, whereas the queries for another file might consist
of the less—than predicates. 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

- - - - .
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Section 3), the KX1J must ensure that keywords of different files are associated

t 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 informa tion — 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 distin~ct attributes wi thin 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 16—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:

1 50,000 — 5 L000 I
- I r 

Partition Number 
1(100 ,000 — s,000)/256J

I I 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 SN.

The remaining 24 bits of the transformed keyword are obtained by applying
a hashing algorithm to the keyword value. Each active file in the system (i.e., a
file that is currently being accessed) ie allowed to have a maximum of four different
t_ _t . A . . . _ _ S  ..._ A -.  - - — — — - - -
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FILE ID Keyword Proper

15~L variable
length I -

II
- I

I -

I ?

Figure 2. Input from DBCCP
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Att ribute ID] 1 Length J Value J
I l5~.6 17118 19 23

~~~~~~~not used

— 00 numerical value (4 byte fixed point)
j = 01 numerical value (4 byte floating point)

— 10 numer ical value (8 byte floating point)
) — 11 alphanumeric value (< 28 bytes).

~, I~;
Figure 3 • Format of a Keyword Proper

El 
______________________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I Attribute ID J Partition Hash Code

0 15 16 23 24 47

thgica.1 Buck.t
Name

[1

i Figure 4. The Parts of the Transformed Keyword T (X)

I ?

-
, rri~~ Jk~~~ ~~~~~~~~~ T~~ ; - — - - ______
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Attr ibute #
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(SeeFig3)
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_ _ _ _ _ _  

}8bYtes

Address - —of Mm . Value
Hash of Attribute B bytes
Algordhm

255 __________________ 
# of Partitions ~~.,
Riquired ytes

Access Vector AlT Block AfT 8/ ~ *
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Figure 5. Attribute Information Table (AlT)
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this information is acc~essed and stored within the table. The AlT has two

part s: the access vector of 256 entries and a variable number of informa-
tion blocks called AlT blocks. Given the attribute identifier, the access
vector is used to access in a rapid fashion the information block of the

I ‘ attribute. Each 24—byte AlT block contains the following information:
I 

(a) pointer to the next AlT 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
3

values ,

I ~ 
(e) maximum value of attribute ,
(f) mini~im value of attribute and,

(g) number of partitions desired ( ~ 256) .
I The AlT blocks are allocated dynamically as required .

Another importan t 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 the DBC) . Thus, each hash algorithm is stored com-
pletely in one block . HAL memory is allocated (and freed ) one block at a
time. The hash algorithm addresses in AlT 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 th. desired mode of operation . In the load mode, the
EXU accepts information regarding a file. Such information is used by the

KXU to build the LIT. In the tra nslate mode, the lOW performs keyword trans—

1 formations. Algorithms pre sented here will be categorized as eithe r load
or translate type depending on whether they perform In load or translate
mode.

¶ 1 1

-
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ALGORITHM A (Load Type) — To build a set of hash algorithms for a file.

Input Arguments from the DBCCP : Hash algorithms on the input data
lines. [Assume k (i4) algorithms are to be read]

Step 1: i + 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 4: Move hash algorithm from input buffer into the block at HAL

EStep 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 AlT blocks

0 
in step 9].

Step 6: i + Ci + 1). If i ~ k, then go to step 2; else, terminate.

ALGORITHM B (Load Type) — To create a set of AlT blocks for a file.

Input Arguments from DBCCP: Attribute identifiers and related

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

Step 1: i ‘-1.
Step 2: Read the i—th attribute identifier and the related information

from the DBCCP into the input buffer.
Step 3: Request an AlT block by using Algorithm C.
Step 4: Use the 8 low order bits of the attribute identifier A& to

address the access vector and let CIJRRENTPTR 4- A~.
Step 5: Retrieve the AlT pointer pointed to be CURRZNTPTR. Call

it NEXTPTR .
Step 6: ACCESSVECTOR [CURRENTPTR] • Address of new AlT block .
Step 7: Set ALT pointer in the new block to NEXTP TR .
Step 8: Move information from input buffer into LIT block . Using

information in ADDR array (see step 5 in Algorithm A) set
hash address pointer in net’ AlT block.

Step 9: t + i + 1 .
Step 10: If i ~ it , then go to step 2; else , terminate .

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

ALT 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 i.

found , signal error condition. Turn the bit on.
Step 2: Compute the AlT block address corresponding to the bit found

in step 1. Term inate.
AlGORIThM D (Load Type) — To i llocate a HAL block. (In order to maintain —

HAL blocks, a bit map is used) .
Inpu t Arguasnts : None.

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

I

- - . - -: ~~~~~~~ T~~~~~~~~~~~- - -—-— - -
- - -
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Step 2: Compute the HAL block address correspond ing to the bit
~~ I found in step 1. Terminate.

ALGORITHM E (Load Type) — To deallocate a AlT/HAL block.

Input Arguments: None.

Step 1: Compute the bit number in the bit map correspond ing 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.
Step 1: 1 • 1.
Step 2: Use the 8 low order bits of the i—th argument attribute

identifier as index into the access vector.
Step 3: Follow the poix~:er in the access vector entry until a

match is obtained for the 8 high order bits of the argument
att ribute identifier.

Step 4: Release the HAL block pointed to by the hash algorithm
add ress field of the ALT block found in step 3. (Use
klgorithm E).

Step 5: Release the LIT block found in step 3. (Use Algorithm F).
Step 6: i + i + 1: if i ~ a, go to step 2; else, terminate.

ALGORITHM G (Translate Type) — To transform a given keyword prope r 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 h igh

order bits match wi th the 8 bits stored in an AlT block .
Step 3: Retrieve the address of the bash algorithm from the ALT

block and load the hash algorithm from the HAL into the
cont rol store .

- I I Step 4: Compute partition number for the keyword usin g the
I J partition details in the AlT block and the keyword value.

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

J Step 6: Form the 48—bit transformed keyword by concatenating 16
bits of att ribute identifier , 8 bits of pa rtition 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.

I I  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

2.4 The Physical Realization of the KXU.

Li From the above discussion, we can estimate the type and amount of
har~ vare required to realize the KXU . First , we need enough memory to

t I t
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hold the ALT and HAL. Second , we require a mechanism to execute the seven
processor algorithms and the hash algorithms.

F

2.4.1 Table Memories in the KXU.
• Since the ALT is frequently accessed (once for every keyword transformation),

the performance of the KXU can be affected by the access t ime to the LIT. Further-
more, the organization of ALT requires at least two and possibly more accesses
before the requ ired ALT block can be retrieved. Thus a random access memory is
best suited for implementing the LIT. The access times per word can be in the
range of 0.5 to 1 isec, since we need to access a small number (6) of words ( — 24
bytes) at a time. We must now determine the size of the AlT memory. Since each

attribute requires one ALT block and an ALT block occupies 24 bytes, it is easy to
compute the LIT size, if 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 ALT sizes in terms of the number of attributes and files. We

next ask ourselves what technology we should use to implement ALT. 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 BANs with access times of 0.5 - 1 isec 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 I
line.

We now consider the hash algorithm program libeary (HAL ) memory . In ITabli II , we have tabulated the HAL size for different numbers of active
files in the DBC and for different hash algorithm sizes. (Pour 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
ALT 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 memor ies might
be used for storing the HAL . Although random access memor ies can be used to
implement the HAL , we can look for cheaper alternatives In fixed—head disks/
dru..s and sequential CC1) memories. Access time f or fixed—head disks consists
of only latency times which vary from 5—10 macc. Transfer rates can be as
high as 1 P~yt. per second . Thua the total time to retri ev. a hash algorithm
fro. 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 .

- - •
~ 
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TABLE I: Size of ALT in Kbytes

Number Number of Attributes in Fileof _________________________________________

Active
Files 25 50 75 100 150

50 30 60 90 120 180

I I . i 100 60 120 180 .... — 2 4~ 
— 

360 
-

- 150 90 180..— ~~270 360 540
1 —200 120 /240 360 480 720

250 150 / 300 450 600 900
-,  _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

; I

TABLE II: Size of Rash Algorithm Library in Kbytes

Number Rash Algorithm Size in (bytes)

Act ive
- Files 50 100 150 200 400

I 
~~~~~ 

10 20 30 40 80
I l  75 15 30 45 60 120

100 20 60 60 80 160
150 30 60 90 120 240
200 40 80 120 160 320

250 50 100 150 200 400

I I  
___  

- • - • ________—
~~~~~~~~~~ TT~~T
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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 f ixed—
head disks . (

The f inal choice of technology for HAL depends on the access t imes
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—

‘jr. t ivea with which to “tune” the KXU so that the KXU is never the performance
bottleneck of the structure loop .

2.4.2 Implementation of the I0~U 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 wi th 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 

- I
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 gei~erally attributed to microprogramsable 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 ICXU is relatively straightforward so that
the usual problems accompanying dynamic -~ Icroprogranming (like protection of
progr from one another) are absent .

La Figure 6, we have shown the organization of the vario us components
that constitute the Jaw .

2.5 Implications of the KXU Des ign
In the previous sections , we have presented a design for transform ing

the keywords of a file into an encoded form which can then be used by the SM

U 
_ _  

_ _ _  

_ _ _ _  
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4 to store and retrieve directory entries. We now show that the JaW design
indeed meets the goals established in the opening section.

First , the transformation uniquely identifies the bucket in wh ich the
directory entry of the keyword is to be stored or found . The bucke t name in
our design is derived from the 24 high order bits of the encod ing. These 24
bits are obtained by concatenating 16 bits of the unique a t t r ibute  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 [n the same bucket. Such

an arragement ensures that identical keywords of differen t files or differen t
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
nave to be processed . For example , if the index terms of all keywords K which
satisfy the predicate K �~ 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 att ribute identifies K and whose partition number is greater than or equal
to a. 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 differen t 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 LIT 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 logi c is LSI—baeed and should require no
special reliability feature . 

-

41 -
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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 DEC. Retrieval operations on the mass memory

(MM) are preceded by ret rieval operation s 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 differen t emerging technologies . We have adopted this

approach because it is not clear at the present time which , if any , of the

emerging technologies will untiniately 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 DEC as a viable alternative to users with a wide range of

requirements. The DEC and in particular the SM should be capable of being
- 

J tuned to a particular set of requirements by merely choosin g the right set of

design parameters .

3.1 Performance Requirements and Logical Organization of the SM
We begin our discussion of SM design- by describ ing its performance

characteristics. The SM must have sufficient capacity to store the directory
ent ries for a database of l0~ to i.010 bytes . Typically, directories are of
the order of 1% to 10% of the databaae [7]. Therefore, the SM designs should

be viable for capacities of 1O7 to iø~ bytes . Furthe rmore , the SM must have
- I 

- 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 MM)

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 appear ing 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 organ ized as a
partitioned content addressable memory (PCAM) . A partition of the PCAN is
def ined to be the set of all of the directory entries that are accessed as a
result of a single search order. In our discussion below, we have used the
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term logical bucke t to denote a partition of the PCAM , and te rm bucke t memory

to denote the PCAM itself. These terms are historically associated with
hashing; here they serve to remind the reader that partitions of the PCAI1

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
draibacks 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 avo id 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 i hat 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 bucketa.

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 J• 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
(i ,k) where i is the name of a logical bucket and k is the name of a physical
bu cket. The couple indicates that the logical bucket is stored in physical
bucket k. The bucket memory maintains a variable number of variable—size

_ 

1~
. --- - - - - -

~~~ ~~



- 
— 2 1—

flL
- I
• I
- 4

L i
1 - Bucket Retrieve [~~~1T (K) ,  Mapping —~~~ --~~~ M~~~r• 1 (Transformed Unit Coimnands II j Keyword)

JJ

I ~J Update Look—asidE I Comeands Buffer

i l l
11
F] - 

-

Figure 7. Logical Organization of SM

Ii J

f1 
_______________________________________— — ,~~‘ .— ~--— -~~ , .- --,.~—r — r—~~ r — 

~~
.S .’t ‘~~



- ~~----—- ~~-- - -

P -22-

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

( ( f 1, c1, 
~i~ ’ (

~2~ 
c2, 

~2~ ’”’ “k’ 
Ck, 

~
k)-}

where f is an MAU address, c is a cluster number , and s is a security atom
name. Since a bucket cannot be shared by two or more file8 and since file
names may be identified by logical bucket names, storage formats for index
terms need not carry file names. Such a forma t , 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 f i rs t  determine the
number of bits required to specify a MAU address. The DBC must have a capacity
of l09_1010 bytes. A MAU (in case of a moving—head disk implementation)
typically has a capacity of about 4 X 1O5 by tes (say, 20 tracks per cylinder ,
with 20 Kbytes per track). This means we need about 2.50 X 1O3 — 2.50 X lO~
MAlls to hold a da tabase of capacity 109_b iD 

bytes. To address the higher
limit of the range of MAlls, we need 15 bite. LI

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

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 f iles, 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, Irecall from the previous section on the design of Jaw 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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fi le). Third , no file is expected to occupy all of the MAlls. Fourth, no - 

I- — file is expected to have more than 1000 clusters or security atoms . These
fou r observations imply a) that the index terms stored in the SM need not be
uniqu e and b) the lengths (in bitsi 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 ii allocated to a maximum of n MAlls and has a

maxiena of p clusters and q securit y atoms , then an index term need only occupy
[log2nJ + [log2p) + [ log2q] bits . The format of such an index term is shown

In Figure 9. In the next section , we shall propose an index term forma t which
reflects much of the above discussion . J

Wha t is t he pri ce that we have to pay in order to ach ieve this reduction ?
Since index terms are no longer unique , we need to have some kind of file

dictionary which , given an index te rm , will produce MAll address , cluster number ,
and security atom number which can then be used to access the MM . We also need
allocation and release mechanisms for MAll identifiers , cluster identifiers
and security—atom identifiers . These are carried out by a functionally specialized
component called the index transl ation 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 opera t ions of the databa se , the retrieval of

in formation from the SM will be far more fre quen t than the insertion (update)
of (existing) information in the SM. However , it is conceivable that durin g •

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 coniman d is received by t he SM , it

is placed in the book—as ide buffer. Execution of comeands 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 coimeand awaiting execution . If and when any one of these conditions
is met , the process ing of the comeands in buffer is taken up on a FI FO basis .
In order to maintain a FIFO discipline , comsand s in the buffer are chained
according to their arriva l times .

• The SM monitors the load (i.e., the number of entries) in the buffer
in the following manner. When a new insert/delete coimnan d is received , it
is placed at the botto m of th. chain . The SM then checks the total number of

L ‘J — ii-:----
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entries in the buffer. If it is equal to or greater than threshold value , the SMC 
- I

V proceeds to execute all the commartds from the beginn ing 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
lOW , 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 eff icient 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 sys tems ; the second is based on charge—coupled devices ; and the third
uses election beam addressable memories. All three technologies are emerging .1
technologies and therein lies the rationale for presenting three design alter-

natives. It is not clear, at present, which of the three will ultimately 
- Idevelop 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
buck t) have identical logical bucket names. Since the logical bucket name
occupies the 24 high order hits in a transformed keyword , it follows that
all directory entries in a bucket would have the same 24 high order bits in
their resp ective keyword field . Theref ore , only the 24 low order bits of
T(~) would actually be stored in the storage system . This is shown in Figur e

_ _  

_ _ _  
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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

‘I locating the directory entry of the keyword].

The index term ’s three components have the following lengths. Eight

bits represent an MAll identifier, while two ten—bit fields are used to

• J 
iden t i fy  the cluster and the security atom. This makes for a total of 28

• bits. The rationale for this choice is as follows. Cons ider the space
requirements of a file. The minimum unit of allocation of mass memory is
an MAll. Allocation of an MAll means an allocation of about 4 million bits
of MM . A maximum allocation of 256 MAll. 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 MAlls allocated to a file. As we shall see later , the

IXU maintains a translation table for each file by which the actual MAll

I 
- 

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 adequa te 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 clusterin g/securit y 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 llb varies with

I - 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 dirsctory
entry of a keyword K is

b(K) — T (K) I + 16 + a . Iii

where I T ( X ) I — 24 (low order bits of T(K))
and Iii 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.

- 
H
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I MAU ID f J Cluster ID c Secur ity Atom Name s

I Figure h a .  Format of an Index Term

124 Low Order of index I ~ ~ I Index Index ~~
‘ Index

Bits of T(K) Terms a [rerm i Term i2 ( (
~ 

Term

0 23 24 38 39 40 67 68

I 
L.. Keyword Type - 00

Figure hib. Format of a Simple Keyword Directory Entry

1 24 Low Ord er # of Index 
~ 

Index CoUlitO f Index count Tt~ ~JIndex Count
Bits of TOO Terms a Term 1

~__Keyvords Q3. Term i2 Q2 ~ ____________

0 23 24 38 39 40 67 68 75 76 103 104 111
L... Keyword Type - 01

I Figure lic. Format of a Security Keyword Directory Entry

Order # of Index Index Count of Index Count 11 Index Count
1Bits of T(K) Terms m 1 0 Term 

~1 K.yvo~~sQ1 
Term i2 Q2 (~ Term Q~

L 0 23 24 37 38 39 40 67 68 75 76 103 104 111
L Keyword Type — 10

• Figure lid. Format of a Clustering Keyword Directory Entry

8 75 76 83
- I Count of Count of ~~ -

— 24 Low Orderj S of Index 1 1 Index Security Security
- - Bits of T(K)J Terms in Term i1 Keywords Q1 Keyword Q~ 7

1! 0 23 24 37 38 39 40 67
L Keyword Type - 11 

~ 1T~~
Xj

aI ~~~~~~~~ I 
t:r~
J 

-

•Keyword ~~ Keyword
I Figure lie. Format of a C1~aat.rthg 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
minimi ze the access t imes, 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 satisf ying 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 be tween (narrow) limits set by the technology used to 

—

implement the EMS.

j We are now in a position to state the requirements of the EMS . These
are as fo llows:

Total capacity is of l0~—l0~ bytes,
Typical module capacity is in the range 1—8 Kbits,
Access time to any directory entry must be under
1 macc; and
It should be highly reliable . j

3.2.2 Teclmology Based Design Alternatives for the EMS ]
A. Magnetic—B ubble-Memory—Based Bucket Memory

The characteristics of bubble memory systems are sumsarized 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 tha n .02~/bit .

a. Bubble Memory 0rg~~ization - With the above characteristics in mind ,
vs have chosen the maj or-minor loop organization [4] as the basic chip
configuration. This is shown in Figure 12. In this organization , bubbles
are organized in closed m ops called minor loops. The number of bits W 

~- J
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per minor loop and the numbe r of such loop s 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 ‘1’ and the absence of the bubble constitutes ‘0’ . 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 f ile, 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—plane s (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., Eamaing 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 sinumary, bubble memory systems are organized as bubble files. A
bubble t~~ -- consist s of P bit planes (where P is the word length of the • I
processor) . Each plane has M chips; thus there are M x P chips in a bubble
file. Each chip has N loop s with W bite per loop . Thus a chip has a total
of N x W bits. Therefore total capacity of a bubble file is N x N x W x P bits.

b. Access Consid~rations — 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’ - iq to be moved to the major loop (from its position

in th. minor loop). We call this time period the access time. Second,

the bit has to be moved along the maj or 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 +

Access Latency
Time Time

where f is the shift frequency . At the present state of tecimology , the shift
f requency is rather low (about 100 K}Iz) and thus the total time to read a bit
could be several milliseconds for any reaso nable value of V and N.

~ ~~~~~ ~~
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• 
This rules out the possibility of aerial 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 N chips on a bit plane. This scheme gives us

N 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.I 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 maj or loop within a chip constitute one bit posi-
tion of all the minor loops in the chip , we conclude that the number of

I modules in a bubble file is equal to the number of bit positions in the
mino r loop . The average access time to a module is (W/2)/2f. (Here we

I 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

I TM to access and read a module — (V + N) x f .  In our design we shall
assume f to be 100 KHz. Then ,

I TN -

1. 10 4
Since a keyword directory entry is stored in a module, and since we require
that a keyword entry be retrieved within 1 me, we have the inequality

T
M ~

I or _!
~~~x ( N +~~ 

~~~~~I or [(N +!)~~~~~iOO 1
The above inequality holds only if vs ass~~e that a keyword directory entry

I ~ is foond 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 directo ry entry is located. However , if the number
of processing elements is sufficiently large , then the algorithms presented in

~
• a later sct ion will ensure that the modules alloca ted to a bucket are tmiformly

LI 
_ _ _ _  _ — — I
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t 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 V. In 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 Tnemory, 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 tmit 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
N be the number of chips on a bit—plane . Then , the number of bubble files
is (total number of chips in memory unit) / CM x P). P is fixed when the
processor is chosen. The number N is decided by trial and error within 

—

limits set by packaging technology. For example , a typical range of N would 
—

be 10—30 chips on a single board. In this design, the average retrie~al
time of a module i. independent of the number P of bit planes or the number
N of chips on each bit plane. The size of a module, however, is dependent

• 
I on these parameters and is N x N x P bits. The number of modules in a bubble

file is W, the number of bit positions (or bubbles) tn 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 SN and number of processor, determine the
size of the memory unit attached to each of the processors
by using Table IV. Call thi s S~.

• Step 2: From the size of the module desTred and the word size P
of the processor , deter mine the product N x N where N is
th. number of chips on a bit plan. and N is th, number of
minor loops in the chip, since the module su e  is N x N x P .

ii
- 

~~~~~~~~~~~~~~~



t [ Table III. Typical values of N and W which satisfy access constraints.

I W N W x N — chip size

[ 32 92 2944

1 64 84 - 5376

96 76 296

1 128 68 8704

• 160 60 9600

192 52 9984
- ~ - -  -

1. 224 44 9856

- 256 36 ‘ 92161
288 28 8064

320 20 6400

352 12 4224

I
I-I
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Table IV. Meimory capacity of a processor ( in K bytes ) as a -

function total SM capacity and number of processors.

SM Capacity (bytes) (
Number of
processors io~ io8 io~

32 320 3200 32000

64 160 1600 16000

128 80 800 8000

• i i
256 40 400 4000

- 
I
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Table V. Number of chips as a function of chip size and memory un it capacity (K bytes).

Memory Unit Chip size (bits)

I Capacity - ______ ______

in Kbytes 2944 5376 7296 8704 9600 9984 9856 9216 8064 6400 4224 1536

40 109 60 44 37 34 33 33 35 40 50 76 209

I 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

320 872 480 352 296 272 264 264 280 320 400 608 1672

• 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

~ 
1600 4360 2400 1760 1480 1360 1320 1320 1400 1600 2000 3040 8360

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

[ 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

-- 
32,000 37200 87200 35200 29600 27200 26400 26400 27000 32000 40000 60800 167200

I I
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• Step 3: Using SM and choosing available chip size , determine the ~ Inumber of chips required from Table V. Call it CM.

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

Step 5: Determine N where N — Module Size / (P x N).
Step 6: Determine number of chips on a bubble file BY5 when

BF~ — N x P.
Step 7: Compute the number of bubble files asfCM I BF8j.

d. Design Example — We now give an example using the above design
algorithm.

Input Arguments: 1. Structure of Memory Size — i0~ bytes
2. Number of Processors — 128
3. Word Size — 16 bits
4. Nodule Size 2 l(bytes.

Step 1: From Table IV we find SM — Size of memory unit — 800 Kbytea.
Step 2: Module size — 2 Kbytes — 2 x 8 x 1024 bits — N x N x P.

Therefore ,
M x N _ 2 X ~~6

X~~~24 _ l024.
Step 3: Choose chip size — 9856 .

Then, f rom Table V, we have C,~ — 660.
Step 4: For the chip size — 9856, we have from Table III

N — 36, U — 224.
Step 5: N _ Modu le SLze _ 2 x 8 x l 0 2 4 _ l024 _ 2 9P x N  16 x3 6  36 •
Step 6~ BY~ Number of chips per bubble file — 29 x 16 — 464.Step 7: Number of bubble files .rCM / BY.1’.1660 / 4641— 2.

S t a ry of design example
Number of bubble files - 2.
Number of chips on each bubble file — 464 .
Capacity of bubble file • 9856 x 464 bit e — 571648 bytes — 570 Kbytas .
Capacity per memory un it — 1140 flytes.

• Chip detai ls
N — number of minor loops — 36.

V — number of bits p.r 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 un it — 448.
Number of modules ~.n the SM • 448 x 128 — 57344.

• ii
_________________ —.— —. — ------ - .•—•- .- .--- • ——..—-—------.----——-—.— —- •
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j e. Reliability consideration — The organization outlined in the above
subsection is well suited for incorporating error detecting and correcting

F 
~ J 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

1 J 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

( i 
- added to identify the bit plane in which a fault might have occurred . On

I 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

I generators. We observe, that the detection , correction and replacement of
malfunctioning components are achieved without having to p lace the system

I off—line.

The need for such reliability measures at a cost about 37.5% of a

I memory system with 16—bit word may be justified in terms of the ?ffBP (mean
• time between failures) of the system where

MThP — ~~~
— where d is the number of chips and x is

the failure rate. In the design example, we had a chip coun t of about 1000

L per memory unit. Since we had 128 memory units corresponding to 128

I processing elements, the total chip count is about 128000. If we assume
F • a chip failure rate of 0.1% per 1000 hours, then we have an NTBP of about

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

t ~~ 
B. Charge—Coupled—Device—Basdd Bucket Memory

p. Let us enumerate the main characteristics of charge—coup led devices

~ I 
(CCDs).

- 
. Charge—coupled devices , like bubble memories , are

r sequential access memory devices .
• Shift rates vary from at least 2 ~0iz to 10 MHz .

Memory needs to be refreshed periodically.

~ • On —chip logic is possib le .

- 
High stand —by power is required .

~ 
Cost per bit is between 0.05 to 0.O2~ .

The techeology of CCD. is in fact the teclmology of semiconductor devices ,

i and many of the innovations and experiences in LSI fabrication are applicable
- to charge—coupled devices. In addition , because th. structure of CCD5 is

~ t 
simpler than that of other LSI products [6]. one should expect highe r chip

~~ 
~~~~~~~~~~~~~ ~  —-~~~~~~ ~~ -- •~~- - • -
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1

Table VI. Single Error Correction and Double Detection .112]

_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _  
it

Error Code Bits k 5 6 7 8 -

Data word size p 4— 10 11-25 26—56 57-119

Total Bits n = p + k 9-15 17-31 33-63 65- 127

Redundancy Ratio n/p 2.25- 1,5 1.55- 1.24 1.27 - 1.13 1.14 — 1.07

(minimum Hamming Code dIstance: 4)

ii
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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 bitI chip is 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
functio n 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

I 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.

T I 
A number of chip designs have been suggested [1,11] . In choosing a design

to suit our needs, we must caref ully evaluate the 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• I count, the lower the MTBF for a given failure rate. Large size chips imply

high densities. Designs which feature large densities do so by reducing the

I frequency of operation in order to keep the power dissipation of the chip low

L and by reducing the number of refresh stages, I/O stations and other circuitry

r 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 t ime is 3.2 msec. Since the SPS organ ization
does not support moit iple 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.

I.. For small and medium size bucket memories we can use ch ips of sizes 8 — 16

Kbit s, which imply that packing densities can be considerably lower . In Figure
15, we present th. so—called LARAN (Line Addressable RAM ) organization [1) for
implementing small and medium size bucket memories.

LI
a. LARAJ4 organization — This organization has the following properties :

1 1. Random access to any CCD line is possible
1. 2. Access time to a line is negligible compared to read—out time of the line .

3. On—chip line address decoder is available.

~~ ~~~ — U- — 
• • 
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—
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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) 108 io~

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 -

- — I- i
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~ I Table VIII . Number of chips as a function of menw ry un it size and chip size.

~ I ‘ ‘~‘~ _____ _____ 

Memory_Unit_(Kbyte) -

~ 

(bits~ 40 80 160 320 400 800 1600 3200 4000 8000 16000

4K 80 160 320 640 800 1600 3200 6400 8000 16000 32000

- 
8K 40 80 160 320 400 800 1600 3200 4000 8000 16000

I 
16K 20 40 80 160 200 400 800 1600 2000 4000 8000

32K 10 20 40 80 100 200 400 800 1000 2000 4000

64K 5 40 20 40 50 100 200 400 500 1000 2000

Ii

LII
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4 ( 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 f i le  is made up of P (data)

bit planes ~nd k (error code) bit planes . (Here aRain , P is the wicith of a
processor word and k is determined as in Table VI). Each bit plane is populated

by M chips where H 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 I4RAM 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 is given in Table IX. As can be

observed from the Table IX , even f or 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 LARAN—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

t the set of modules defined by M CCD chip piles, a CCD f ile as depicted in
Fig. 16. As in th*. 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

bubbløs. 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 , th. chip within the C~D file i. selected. In step three , the line

I
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Table DC. Line size and read-out times (2 MH~ clock).

Line Size Read-out Time (,LLaec) 
—

64 32

128 64

192 96 
H

256 128 •

320 160 j
384 192

448 
- 

224 
-

512 256

~ I
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Table X. Numbe r of bits per line (W) as a f unction of size
and number of loops (N) . j

_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  

I F
Number d Chip size
loops (N) 8K 16K — 

i
32 256 512

64 128 256

96 86 172

128 64 128

::
320 26 53

384 22 
- 

44 1
j 

512 
- 

16 32 1

II 

--- —.-.- - -.-~ - -- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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I constituting a part of the module is selected . In implementation , the module
yii 

~~~~

. 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 qu ite ra~~dly (a word every 0.5

I u sec.) ,  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

I 
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

1 2. Module Size

3. Word size of processor

• I 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.

I 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

I 
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 determin ed in Step 3 and the chip

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

I chip from Table X.
Step 5: Determine read—out time for a module from Table IX.
Step 6: Knowing the ch ip 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 unitNumber of chips per bit plane — 
Word size x No. of CCD files

E lf 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.

r Step 7: Number of modules — (Number of CCI) files) x
• I (Number of ch ips on a bit plane) x

(Number of loops per chip).
I II

c. Design Example 
8

Input : Total bucke t memory size 10 bytes
IL Module size des ired — 8 Kbits

Word size of processor 16 bits

# of processors — 128
Step 1: Size of Memory Unit attached to a processor — 800 Kbyte. from

Table IV.

- - -—---- - - —--—- —— -
~~

-- ---
~~~~~~~~~~~~~~~~~
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~~ V Chip size chosen — 16 K bits.
Total number of chips - 50,000 from Table VII.

Step 3: Number of bits per loop , w — — 8 x~~024 — 512.

Step 4: From Table XI , the number of loops , N , is 32.
Step 5: From Table IX, read—out time of a module is 256~sec.

Step 6 : Then, the number of chips be bit plane — 16 ~ 25.
Step 7: 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 Kbyte.
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 Kbi ts
Number of modules per CCD file — 800
Number of modules per memory unit — 800
Number of modules in P15 — 800 x 128 — 102400 —

d. Reliability Considerations — Much of the discussion on reliability features
for b ubble memories are applicable here also . In addition , we have to consider j
the volatility of the CCD memories. CCD memories need refreshing periodically.
In the event of a power outage , standby power usast be automatically switched on
to ensure retention of bucket memory contents.

C. Electron—Beam—kddressable—Memory—Bassd Bucket Memory
The characteristics of electron beam addressable memories (ERAM) are as

f ollows (9] :

• Memory bits are organized 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 beam.

• Access to any location is at worst aro~md 3Oiasec, if J

there is a change in the command mode; ich less (lOjs sec) ,
if there is no change in the co and mode. j j

— - -

~

—-  — 

• 
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I- . 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 is under 0.0l~ /bit .
Of all the technologies considered so far , EBAMS have the best access times

L 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

L a module is distributed over a set of tubes ju st as in the case of the other
designs discussed thus far. The surface on which the election beam is allowed
to st rike is known as the memory plane. Thus a memory plane is analogous to
a bit—pl ane in our earlier designs. Each memory plane is divided into a number
of lenslet fields (see Pig . 17). A lemslet field is analogous to chips in our
previous design. A lenslet field is further divided into pages. A module

I 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

I 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.

- j  I The electronics required by EBAI4 (i.e., the f ield and page aelect 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 mult ipl.e tube
system could be substantially lower than in a single tube system. Mult iple
tube systems can be operated in serial as well as parallel mode. In serial
mode of operation , only one tub e is active at any instant of time, but in

~

‘ parallel mode of operation , all the tubes are active concurrently. The parallel
I 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
I 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—inter~.eaved
to form woria.

( a. Design Algorithm for EBAM—based Bucket Memory — The design algori th m for
EBAM—based bucket memories is si~~ler than those of bubble and CCD designs.

I

_ _ _ _ _ _ _ _ _  
_ _ _ _ _ _

a
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Table Xl. Number of tubes as a function of tube size and bucket n~~mory size. -

Bucket Memory -

N—bits i0~ 108 io9

- 10 8 80 800 -

20 4 40 400

30 3 27 267

- -I
11
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I

[ — — — — — — — — The enlargement of
a lenslet field

I Memory Plane divided into lenslet
fields. Each f ield can be
ind ividually accessed.

F 

_ _ _ _ _ _ _ _ _

A page consist s of a
number of data lines. --I —s 

_ _ _ _ _ _ _ _ _ _ _ _ _

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I 
_ _ _ _ _

F Each lenslet fie ld is divided
I - into a number of pages which can

be addressed by the page selector.

Ii
Figure 17. Memory Plans and Lenslet Fields of an EBAM
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Input Arguments: 1) Bucket Memory Size

2) Number of processors

3) Module Size

4) Word size of processor
St ep 1: From the bucket memory size and the number of processors ,

determine the size of memory unit attached to each of the
proce ssors 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 
8

Bucket size — 9.6 x 10 bytes
No. of processors — 16
Module size — 16 K bytes

Word size — 16

° 6  10Step 1: Size of Memory attached to a processor — ~ Z bytes • 6 z 10 bytes .
Step 2: Let tubs siz~ be 30 N bits. Number of tubes required — - 256. 

-

Step 3~ Number of tubes per processor — (256)/(16) — 16 tubes .
Step 4: Page size — (Module Size)/(Word Size) — (l6xl024)/(16) — 1024 bytes .

Number of modules per processor — (Memory attached to a
proc.ssor) /Module Size — (6 x 10~)/( 16 x iO~)

— 373

c. Reliability Consideration — The failure rate of EBAM tubes is reported to
be 20Z in a 20 ,000 hour r.plscsmsnt period (93. In the design example, vs had
a tube count of 236. Thus we get an effective MTBF of about 400 hours • This
figure compares very favorably with the MTBP of other memory systems . Of course ,
in our design, vs had assumed fairly large tube sizes , which kept the tube count
rather low . But even for small tub e sizes (say , 10 *its), the device count is F

not greater than 800, giving us a worst cas. of ?‘ffBF of abou t 250 hours .

D. INS Designs in Retrospect
The main objectiv, of the dssign exercises in the preceding sections was

to thvsstigat. the suitability of the three leading contender, for the realize—

II
I ’ ~~~~ 

—
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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

r 
technologies. For example , bubble memories and CCDs are feasible only for

L realizing small to medium size bucket memories . EBAM systems on the other

- 
hand, are economical only for larger bucke t memories. In the case of bubble
systems, the shift rate is 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 ,

I which in turn increases device count. We saw earlier that device count has
a profound effect on reliability. In the case of CCDs , we found that

F 
increasing chip density meant sacrificing on access t imes--something that we
can ill affo rd. Hence , CCDs become doubtful starters for large bucket memories.

I Why is ElAN 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—

I 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

I probtems. The reader may observe that all the problems described above
hav, their origin in access times and device capacity . If the access time

I of a aory organization using a particular technology is not within the
constraints imposed by our application , we cannot use that organization . If

I 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 algorith ms, we have not calculated the cost of each of
the systems which should be part of any viable design . Such analysis is

F being conducted in conjunction with an analysis of the architecture. fl~j- 

oree.st ation of the above design should be regarded as a first level atte mpt I

at ut ilizi~g easriing technologj.s.
I !

1 3.2.3 Tb. Processing El snts of (PEa) of the INS
LI

A. The ~~~~er aid Nature of the PR — Th. th ree design algorithms presented ear lier

1.! require th. number of proc essing elements as an input arg iasot. This n~~bsr

-- 

~~~~~~ ~~~

---—-

~ 

- 
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8 :ii
cannot be arbitrarily chosen . For example , in case of an ElAN—based 10 —byte
bucket mory. 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 EBAN systems, a
tubs 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 me retrieva l 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 ElAN systems are
very good . Hence , f airly powerful and fast processing elements must be 

- I
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—f ly 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 proce ssing 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 importan t statements regarding physical buckets.
First, buckets aist be of variable size which are reali zed with relatively
small physical blocks. Second, in the design of the INS storage, we define

II
- ___ [ 

-- --—- -~—~,~~‘., - i - - -- - - --v - - - _______ 
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4- I
-~ modules to be the smallest accessible units . Thus , in the PEa , we need a

I mechanism to allocate modules to physical buckets and access the modules
allocated to a physical bucket.

I In order to identify the modules allocated to a physical bucket 
~~~~~~~

the PB maintains certain data structures . These data structures are kept in

L. fast random access memories using bipolar technologies. As we shall see ,
the memory requirement of these data structures is small enough to afford us

E 
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 - depicted 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 R~0 which is also a pointer to the

( Rpo
_th entry in the MAT . If the low order bits of two bucke t names are

identical , then they both select the same entry in the hash vector. The
- 

t 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

I 
the entry is allocated . As shown in Figure 18, the module R~ , represented
by the Rpo

_th entry in the MAT is allocated to the physical bucket with the
name (hh, hL

). 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
inf ormation for the same bucke t (called multiple allocation) as shown in

I 

Figure 19.

In sumary, the modul. number R~~ serves a dual function. First , it

r indicates that ham been allocated to a bucket. Second , it serves as a

L pointer to the next entry in the MAT Which contains allocation information
about th. same bucket or another bucket whose name has the same low order

(1 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 PB. 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

11 0 of the MAT is ussd as the head of a list of available modules.
In order to keep track of the amount of space available in each of the

I modu les, the PR maintains a module space table (NST) as shown In Figure 20.
The u—th entry in the MST records the number of bytes available in the n—t h
module.

—. -
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1

Physical Bucket Name Avail List
Starts at Loc.O 

____________________  of the MAT

RI h , 1 
p3 .....

.
.
.
.

_ _  

_ _  

I

R~0 I R~1 ’ I -

~~

• .! I
• R~4 0 R~5 -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

R95 0 0

____________________ 

RN_I I
Hash Victo r Module Allocation Table

(MA TI

Location 0 of MAT is not allocated to -my 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 . 

-
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I
I Physical Bucket Name

I 
~~~~~~~~~~~~~~~ J h ~ I _

- 1 _1_ R00 
— R92 

________________________

R
~3 0

I
~~

t 
_ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _

~~~

_ I Hash Vector 
— 

Reqislei A/location Table

I f
L 1’ Figure 19. A Case of Multiple Allocation
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Ti
jL_.. Number of Byti,s Ava ilob le in  1Module i ’

0 ‘5

_____________________________ 1

1 1
Figure 20. The Module Space Table
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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
- 

I 
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

L 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 o€ memory unit size and module size . The memory unit

- sizes are as they appear in Table V.
- L In Table XIII, we tabulate the number of bits required by each entry in

I 
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

‘ I conditions . The two performance f igures 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

I
and the average number of probes needed to discover that a particular entry

f is not in the hash table is C ’ where

~ f 
C’ - LF + exp (—LF )

Here , LF is defined as the ratio of the number of allocated entries in the

J L~ 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
- t~ I the table has only 10% of entries allocated , then we shall consider it

f 
lightly loaded .

1 _ 
_  

_  a— 
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—
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Table Xli : No. of modules in a memory unit as a function of —

the mamory unit size and module size - I

Nodule 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
6 7 14 27 54 67 134 267 534 667 1334 2667 5334
8 5 10 20 40 50 100 200 400 500 1000 2000 4000

10 
- 

4 8 16 32 40 80 160 320 400 800 1600 3200
12 4 7 14 27 34 67 134 267 334 667 1334 2667
16 3 5 10 20 25 50 100 200 250 500 1000 2000 ]

‘1
S

I

_ _ _ _ _ _ _  

_ _ _ _ _ _ _  

_ _  
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- I
Table XIII . Numbe r of bIts required In the hash vector and numbe r of bits requi red to

add ress the hash vector a, a function of normalized hash vector size
and numbe r of modules.

I i Ua~h Vector Site
Numbe r of ~~~~~~ - - -- 55~ ______

Modules I 0.25 0.50 1 .00 2 .00 1.00

80 7 (5) 71(6) 71(7) 7/($) 7/(9)

160 81(6) 81(7) S i ( S)  8/(9) 8/(10)

1 400 9/(’t~ 91(8) 91(9) 9/(10) 9/(11)

800 10/(8) 10/(9) 10 (10) 10/(11) 10/(12)

1600 i l l(s)  11,(1O) I1/(11) 11/(12) 11/(13)

3200 12/(10) 12/(11) 12/(12) 12/(13) 12/(14)

1 8000 13/(11) 13/(12) 13/( 13) 13/(14) 13/(15)

16000 14/(12) 14/(13) 14/(14) 11/( 15) 14/( 16)

~ 1 32000 151(13) 15/(14) 15/( 15) 15/(16) --

Heavy
- Load

C 2. 8 T 1.9 1.45 1.225 1.113

I C’ 3. i’3 1.96 1.30 1.08 - 1.02
- 

Light
Load

I C 1. 2 1 .1  1.05 1.025 1.013

C’ 1. 07 1.01 1.004 1.001 1.00

1
Normalized Hash Vector axe

(A) Numbe r of Bits required to Address the Hash Vector -

I • ft.sog2 (Number of Modules) (Normalized Hash) 7
- (Victor SIze

fl (B) Number of bits In each entry of the Hash Vector

~~ rL~2 (Numbe r of Modules)J’

- V (I.e text for definition of C and C’ 
-

Number of bits in each entry in the Module Allocation Table

- 
- - Physica l B.ek.t Hams Size - A • B

- _______
-S — r ’  

~~~~~~~ 
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Thus , 
LF 0.9 x Total Number of entries in MAT

r 
- Number of entries in Rash Vectorheavy

load

12 — 0.1. x Total Number of entries in MAT
light Number of entries in Hash Vector
load -

Now, let

Normali zed Hash 
- Number of entries in Hash Vector

Vector Size Total Number of entries in MAT

Thus, - —I
LF • 0.9

heavy No rmalized Hash Vector Size
load

12 — 0.1 jlight Normalized Rash Vector Size
load

From Table XIII,we find that by increasing the relative hash vector size we
get better performanc e in terms of smaller number of probes . However, the. ]
percentile increase in performance is not the same each time we double the hash 

-vector size . For example in going from a normalized hash vector size of 0.25
to 0.5 the percentile drop in the number of probes C, is 32%, but in going
from 0.5 to 1.0 the percentile drop is only about 23% .

In Table XIX we tabulate memory requirements and performance gain/loss
achieved £ or various sizes of the hash vector. We have arbitrarily chosen the
performance of a hash vector whose normalized size is 1 to have unity
performance. From the table we see that the performance under heavy load
conditions , improves by 28—302 when the hash vector size is made 4 times the
size of the MAT. However , the space requirement , in going from a relative 

- -

hash vector size of 1 to 4, increases from 240 to 480 bytes (a 1002 
- Iincrease) for 80 modules and from 64K to 160K (an increase of 150%) for 16000 
-

modules . Clearly, the performance improv ement is not cost—effective. Under I -

light load conditions , the performance improvement is even less cost—.ffectjve . 1

In fact , under light load conditions we can get as high as 87.5% to 93% of the -

_______  ______________ 
____ 
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Tsb~~ X~~. NIJIW;. ~~~~i~~ m1fl(M In hi. b r  .IiUi Ntr ~~ -j uIV8 ~~I bnth I~~ ;I .%

I oat h id Ih i n,. , ., unit prooenlnr..

Narn-.aij ,,.-.i Hu h  Vevtnr Sac
Numb.r ..i H-Modul.i 0.25 0. 1.0 I 2.0 I 4 . 0

20 40 40 
- 

160 320
;10 + - +

- 2 10 - 210 .0 tO O5-- -

J 

14) - .0 - 160 - 320 - ( 10
180 . . -

I 
441 0 I 440 320 320 320

400 
200 400 400 - 1000 3200

4 ~~~~~ t ~ oo ~oo

400 4100 
- 

14,00 3200 3200

~ 1’ 800 ‘ I

~~~~ 

‘ - 2100 2400 1000 1000 1000

800 11100 1200 
• 

6400 12(400

I 4800 4400 3200 - 3200 :1200

- 
1600 3200 1.100 12400 2~ 4 .O0

I 

3200 - * *
9600 94,00 (.400 0400 ( 400 

-- 

4000 - 41000 40000 3200.’ 04000
8000  - - *

I 
24000 24000 14.000 - 16000 10000

8000 10000 32K (-- ( K 128K
10000

I 18000 18000 32K 32K 32K
—5-- - k---- - - 4- ---— f  

I I 16000 I 32000 ( .4K - 218k
32000 ‘ -

96K 9(1K 81K 01K

I Husry
L~sd

P 0. 31~ 0.71.3 5-T 
1.00 1. 18

I P’ 0. 820 0. I,~~. 1 00 1.200 1.24

Light
Lc~d

I P 0. 879 0.93 1 1.00 1.021 1 1.087

- 
P1 0.93 0.98 1.00 1.002 4.004

—~

L
~~~ce R.qui r.d by Hush V~ vtor (P at Mnduivus)~ ( Nnr ,n.IIlZId IsO Vuctor nat )
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performance with a hash vector which is one fourth the size of the unity -r performance hash vector . But under heavy load conditions , small vector sizes
can really hurt performance (512—35.9%). Thus the choice of the relative

vector size narrows down to between’ 0.5 and 2. We shall not attempt to narrow
down the range any further at this point, since a more detailed analysis in

terms of memory cost - and overall performance requirements is needed.

D. Logic of the PE -

The orders issued by the SMC to the PEa are as follows: -

1) Find the number of !nodules in use for the physical bucket

named m. 
—

2) Find the total number of modules available.

3) Look up physical bucket in for a transformed keyword whose

low order bits have the value Ti. -1
4) Retrieve from physical bucket in the directory entry of a 

-

transformed keyword whose low order bits have the value

Ti.
5) Retrieve all index terms from the directory entries in the —

physical bucket m. —

6) Delete from physical bucket in the index term i for the
transformed keyword whose low order bits have the value Ti. 1

7) Insert into module j of physical bucket in the index

term (i,(q)) for the transformed keyword whose low order 1
bits have the value Ti. 

-

8) Create an entry in physical bucket in for the transformed

(security/clustering) keyword whose low order bits have the

value Ti and the index is (i,(q)).
1~

For each of the above orders there is one corresponding algorithm which is

executed by the PEs. The first two orders are used by the SMC to ensure that

modules of a physical bucket are uniformly distributed over all the memory 
.

mite.

ALGORIT1OI A: To find the number of modules in use with a bucket and
determine the space available in each of the modules. t __ J
(Result of the algorithm is available in an array called
RESULT.) II

T i
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Input Arguments: Bucket number in 
-

Step 1: r + 0
Step 2: Use the appropriate number of bits in a to index the hash

vector table (see Figure 18). If the entry is empty , go to
Step 1; else, extract the pointer from the entry. Call it R

I Step 3: If the high order bits in the R —th entry of MAT matches
the high order bits of in, then ‘ go to Step 4; else, go to
Step 5.

Step 4: r+r+l; RESULT[r].R ,MST[R 1.
I Step 5: ft 4-MATER 1. (i.e.,~’ extract the pointer to the next entry in

MRT) ‘~

P 
t

Step 6: If R —0 , then go to Step 7; else, go to Step 3.
Step 7: RESUL~(0]4-r. Terminate.
Response: RESULTEOJ contains the number of modules allocated to a physical

bucket. RESULT (1] through RESULT(r] indicate the spaceI availability in each of th. modules.

ALGORITHM B: To find the number of modules available in the memory unit

I attached to a PE. (Each PE maintains a count called COUNTER to
keep track of the number of modules available. This counter is
manipulated by other algorithms).

I Step 1: R.ESULT(0]+COUNTER. Terminate.

ALGORITHM C: To look up bucke t in for a transformed keywork whose low order

I bits have the value Ti.

Input Arguments: Bucket name a, and low order bits Ti.

I 
Step 1: SEARCHJLAG~-falseStep 2 : Call Algor ithm A to obtain the set of modules allocated to

bucket a.
Step 3: If RESULT [0]—O , then go to Step 8; else, go to Step 4.
Step 4: r+RESULT(0]; j+l;
Step 5: Search the module given by RESULT [J ] for a directory entry whose

transformation field matches the argument Ti. If match occurs,

I then go to Step 7; else, go to Step 6.
Step 5: j+j+l; if j~r, then go to Step 5; else, go to Step 8.
Step 7: SEARCHILAG’ ’ true’ ;RESULT(l]4-RESULT[j J

RESULT [2]s-MST(RESULT (j ]]I Step 8: RESULT[0J+SEARCHFLAG; Terminate.

Note: In the above algorithm Step S is a crucial one , as it is respo nsible

E for the search operation . Searching can be done on the fly or on a
- buffered basis depending on processor speed and readout t imes for a

module

ALGORITHM D: To retrieve from physical bucket in the directo ry entry of a
transformed keyword whose low order bits is Ti.

I ~ Input Argument.: Bucket na~e in, low order bits of transformed value Ti.
Step 1: SEARCHPLAG ’false ’
Step 2: Usa the hash vector and module allocation table (Figur e 18) to

- I obtain the module number of the next module allocated to in.
Call it j.

Step 3: If Step ~ does not yield a modula name go to Step 6.

- 
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Step 4: Search module j  for the directory entry of a transformed
keyword whose low order bits are given by T1. If a match is
found, go to Step 5; else, go to Step 2.

Step 5: SEARCHPLAG’.-’true’; store directory entry in RESULT array.
Step 6: RZSULT(0]4-SEARCHVLAC: Terminate.

Response: Directory entry in RESULT array (if found).

ALGORITHM E: To retrieve all the directo ry entries in bucket a.
Input Arguments: Bucket name m
Step 1: SEARCHPLAG.’false’
Step 2: Use the hash vector and module allocation table (Figure 18) to

obtain the number of the next module allocated to a. Call it j .
Step 3: If Step 2 does not yield a module name, go to Step 6.
Step 4: Readout module j and store its contents in RESULT array.
Step 5: SEARCHFLAG+’true’. Go to Step 2.
Step 6: RESULT(O]4- SEARCHFLAG ; terminate. (
Response: All directory entries in RESULT array.

ALGORITHM F: To delete from physical bucket on the index term i for the
transformed keyword whose low order bits have the value Ti.

Input Arguments: module a, index i, transformed value’s low order
bit T2.

Step 1: Call Algorithm A to find all modules allocated to bucket a.
Step 2: If RESULI(OJ.O, then terminate.
Step 3: j.1; r~-RESULT(O].Step 4: Search module identified by RESULT [j] for the directory entry

of a transformed keyword whose low order bits have the value
T • If a match occurs , go to Step 6; else, go to Step 5.

Step 5: + 1; if ~~r , go to Step 4; else, terminate.
Step 6: (Match has occurred.] Look for index term i within the entry.

If found, delete it. If i is the last index in the entry, then
go to Step 7; elsa, go to Step 9.

Step 7: (Entry to be deleted..] EFLAG4-l. Reduce count of number of
entrie, in module by 1. If number of entries is zero , then go
to Step 8; else, go to Step 9.

Step 8: (Module to be freed.] Use the hash vector to trace the chain of
pointers for the bucket a. When the j—th entry ii accessed,
update the entry which is pointed to the j—th entry (called the
predecessor) by copying the contents of the j—th entry into the
predecessor. Link up the j —th entry into the AVAIL list. (The
module is now available for reallocation.]

Step 9: Increase MST(j] by the length of index term just deleted . If
EFLAG — 1 then increase MST(~ ] by the number of bytes occupied
by the transformed value and index term count .
EPLAG.0. Terminate - J

Response : None

ALGORITHM G: To insert into module j of physical bucket a, the index term
(1, (q)) for the transformed keyword whose low order bits have
th. valu e Ti.

Input Argument: Buck t name a, module number 3, index term (i , (q))
and transformed value Ti.

Pt 
_______ _ _ _ _ _ _ _ _  
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A call to this algorithm ii always preceded by a call to

. Algorithm C which looks up the bucket containing the keyword

I entry into which the index term is to be inserted. Recall
that Algorithm C returns the name of the module containing
the entry if the lookup i~ successf ul , i.e., SEARCHYLAG —

‘t rue ’.

I Step 1: Read module j into buffer if it not already in the buffer . [It
is quite likely that the information in module j is already in

L 
the input buffer , since Algorithm C searched the module before
the invocation of this algorithm. ]

Step 2: Scan index terms of the entry for the t ransformed value Ti .
If i already exists, then terminate.r Step 3: Move the directory entries of other keywords in the buffer  to

1.. make space for the current index term (i , (q)) . (There will
always be enough room , since the SMC does not issue this

I order if there is not enough space in the module.]
Step 4: Update MST[j ] to reflect the space occupied by the new index

term. Terminate.
Response: None

ALGORITHM H: Create an entry in bucket in with index term (1. (q)) for the

I 
(security/clustering) keyword whose low order bits have the
transformed value Ti.

Input Arguments: bucket a. Index term (i, (q) ) and Ti.
Step 1: Call Algorithm A to find the set of modules already allocated to

bu cket a. If RESULTIO] — ‘false ’, go to Step 3.
Step 2: Find from the set of modules identif Led by RESULT (1] through

t RESULT [r], the module k which has the largest space available
and exceeds the space required by the entry. If no such module
exists, go to Step 3; else, go to Step 4.

t 
Step 3: [Allocate new module] From the AVAIL list, pick up the first

available module k, and link it up in the chain emanating from
the hash vector entry for a. (see Figures 18 & 19) . Go to
Step 5.

f Step 6: Read the module k chosen in Step 2.
Step 5: Pla -~e the argument entry in the first available location indicated

by MST(k]. Update MST(k] to reflect the space occupied by the new

t entry.
Step 6: Write back the module k. Terminate.

Response: None

I
- 

E. PBs and the Structure Memory Controller
The above algorithms have been carefully tailored to eliminate much of the

decision making tasks from the logic of the PR.. The a1~orittms are only

ii capable of trans mittin g the information tn the SMC which makes decisions . These
L decisions pertain to uniform distribution of keyword directory entries and

taking care of overflows in modules, etc. For ex~~ le, SMC, before making an

I insert request, orders the PEs to see if the keyword already has an entry, and

— - ~~~~~~~~~~~~ 
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to determine the amount of space available in the module containing the entry. -

Based on these two pieces of information, the SMC can make a decision on where -

to insert the index term. We shall see more of this decision making procedure
in the algorithms of the SMC.

Most of the algorithms need working space (for insertions, deletions, 
-

etc.) The working space required is of the order of the size of a module. In
some instances, particularly in the “Retrieve All” order (Algorithm E) the
amount of data retrieved may exceed the work space available. In such cases, —

the retrieval is done in burst mode, i.e.,  when the work space fills up, it is
transmitted to the SMC before more retrieval is attempted.

3.3 The Structure Memory Controller (SMC)

The SMC is reepons~bla for carrying out the following functions: —
• Transformation of logical bucket name to physical bucket name
• Controlling the bucket memory system (EMS)
• Controlling the structure memory information processor (SMIP)
• Maintaining the look—aside buffer memory system

• Executing the following DBCCP coi~~ands
Retrieve Index term for a keyword predicate —

• Retrieve with count the index terms for a (Security/
clustering ) keyword

• Insert index term for a keyword
• Delete index term for a keyword
• Reset - 

-

— 

- The algorithms executed by the SMC are sequential in nature ; parallelism is -

induced by the siz~u1taneous invocation of the PEs of the BMS . The critical
requirement of the SMC hardware is that it should be able to move information -

in and out of the SM and make decisions at a rate which is comparable to the 
-

rate of flow of information from the PBs .

3.3. 1 Tr ansformation of Logical Bucket Name to Physical Bucket Name
The rationale for transforming logical bucket names to physical bucket

names has already been put forth in an earlier section . Here we discuss its
implementation. In Figure 21, we detail the basic data structure required to -

implement the sappin g. The structures are similar to those involved in mapping - - 1
a physical bucket into a set of module names. The main difference , here , is
that for a given logical bucket name there is only one physical bucket name.

___________  ______________  
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The in low order bit of the logical name is used to access the index vector.

The corresponding entry in the index vector contains a pointer to the physical

bucket name known to the SMC. Thus, (since we had assumed a 16 bit physical
bucket name in earlier sections) , we need 216 entries. Each entry has the

(24—a) high order bits of the logical bucket name to which the physical bucket

corresponds , and a pointer to the next entry in the table which is allocated
to a logical bucket name with the same in low order bits as the f irst logical —

bucket name. This is clear from the chaining for the logical bucket name
(bh,be) show in the figure. The larger the value of a, the faster is the
mapping process , since a larger index vector implies fewer probes of the PBNT.
An analysis , similar to one conducted for the module allocation table, can be

made for the PBNT. Since the PBNT is a larger table, it is not feasible to

have an index vector with the same number of entries or more. Tolerable
performances can be obtained by having an index vector with about one eighth 1to one sixteenth the number of entries in the PBNT. [The average number of

probes for a successf ul match will be about 5 and 9 , respectively, for 902 -

load on the PENT]. The memory requirement for a PENT with 2 16 entries is 65K -

words ; and for the index vector , the memory requirement is 4K words tA 8K
words for 213 and 2hI

~ entries, respectively. [a word — 4 bytes]. .1

3.3.2 The DBCCP cosmands executed by the SMC I
Each of the five DBCCP couinands listed earlier is carried out b) an algorithm .

For the sake of clarity, these algorithms are presented as if the look—aside 
1buffer did not exist. Later on, we shall discuss the effect of the look—aside

buffe r on each of the algorithms. -

ALGORITHM A: To execute the cotanand , “Retrieve index terms for a keyword
predicate. ” -

Input Arguments: 1. Predicate type from DBCCP
2. Transformed value of the keyword from KXU

(Note that the DPCCP sends the predicate type ~~~~~~~~~~ along with the —

coemand , while the keyword is sent via KXU where it is transformed as
described in Section 2.] --
Step 1: Obtain the transformed keyword value T(K) from the KXU . I
Step 2: If the predicate is “‘ or ‘*‘ , then go to Step 3; else, go -

to Step 7.
Step 3: Use the index vector and PENT to obtain the name of the physical

bucket correspond ing to the logical bucket name. Call it a. -~
Step 4: Issue the order to the Us, “Retrieve from physical bucket a,

the direc tory entry of a transfor med keyword whose low order bits
have th. value T,(K) ” .

Step 5: If the predicate is ‘ ‘ , then send the retrieved indices to the -

SMIP for futh er processing , set DFLAG 0, and terminate. Else,
go to Step 6.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~-~ :~~~~~ - -
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Step 6: [The predicate i. ‘*‘] Send the retrieved indices to the SMIP
for further processing, set DFLAG — 1, and terminate. [See

- 
- Section 4.1 for the function of DFLAG].

Step 7: (Predicate is one of ‘~~~‘, ‘> ‘, ‘5’, ‘c ’] . If predicate is ofI type ‘5’ or ‘4’ , then go to Step 12; else , go to Step 8.
• Step 8: (Predicate is either ‘

~~~~
‘ or ‘ > ‘]. From the logical bucket name

and in the transformed value, obtain the partition number p. If

I the predicate is ‘> ‘ , then p1-p + 1.
Step 9: Use the index vector and PBNT to determine the names of the

physical bucket for all the logical bucket names whose partition

I 
numbers are equal to or greater than p. Call this set of
physical bucket names I.

Step 10: For each physical bucket narLe a in I , issue the order ,
“Retrieve from physical bucket m, all the index terms of all

I 
the directory entries. ”

- Step 11: Send the retrieved indices to the SMIP for further processing
with DFLAG — 0. (See Section 4 .2  for details.] Terminate.

- Step 12: (Predicate is either ‘5’ or ‘ < ‘ ] .  From the logical bucket name
and in transformed value, obtain the partition number p. If
the predicate is ‘ C ’ , then p4-p—i .

I 
Step 13. Use the index vector and PBNT to determine the names of the

physical buckets for all the logical bucket names whose partition
numbers are equal to or less than p. Call this set of physical
bucket names I. Go to Step 10.

I Notes on Algorithm A: This algorithm provides a limited facility for
processing keyword predicates which are of the
type ‘s’, ‘c , ‘

~~~~
‘ and ‘>‘. The limitations

- - I arise from the manner in which keyword directory
- entries are .~tored in the BMS. The reader will

recall from Section 2 , that the partition number

L in the logical bucket name associated with a
keyword , reflects a range (of values) within
which the keyword happens to be. A range has a

I 
low extreme Vp and an upper extreme Vh .
Algorithm A will perform correctly under the
following conditions : The predicate ‘c ’ must be
associated with the lower extreme of some

I 
range. The predicate ‘5’ must be associated with
the upper extreme value Vh of some range. The
predicate ‘ > ‘ must be associated with the upper

1~ 
extreme value Vh of some range. The predicate

1. ‘~~~~‘ must be associated with a lower extreme value
V1 of some range . These four conditions are
n~t nearly as restrictive as they seem to be, since

1 in practice range searches involving these
- predicates are carr ied over ranges which can be

predicted in advance , and therefore can be associated
I ~ exactly with partitions . If the second or fourth
I . condition is violated , more indices will be

retrieved than necessary . If the first or third
condition is violated , some relevant indices may

- k not be retrieved.

ALGORITHM B: To retrieve with count the index terms for the (security/

I 
clustering) keyword.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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Input Arguments: 1. Count value from DBCCP
2. Transformed value of the keyword K from KXU

(This algorithm is used to find out the name of the cluster or security
atom to which a record belongs. The predicate associated with this
algorithm is always ‘“ . The count value is the number of clustering!
security keywords present in a record belonging to the cluster or
security atom.]

Step 1: Obtain the transformed keyword value T(K) from the KXTJ.
Step 2: Use the index vector and PBNT to obtain the name of the physical

bucket corresponding to the logical name in T(K). Call it m.
Step 3: Issue the order to the PE5 “Retrieve from physical bucket a, the

directory entry of a transformed keyword whose low order bits
have the value T,(K) ’~.Step 4: For each of the ii~dex term retrieved in Step 3, compare the
associated count fields against the argument count value supplied
by the DBCCP. Form the set S of index terms for which the
equality operation is successful.

Step 5: Send the set S to the SMIP with DFLAG — 0. Terminate.

ALGORITHM C: Insert index term for a keyword.

Input Arguments : 1. Index term from DBCCP.
2. - Count value from .DBCCP if applicable (only

in case of security or clustering keywords].
3. Transformed value of keyword from KXU. -

Step 1: Obtain the transformed keyword value T(K) from the KX(J .
Step 2: Use the index vector and PBNT to obtain the name of the physical

bucket correspondin~ to the logical buckc t name . If the PBNT
fails to yield the physical bucket name, then allocate a
physical bucket from the AVAIL list. Call the bucket name a.
If bucket a is newly allocated , skip to Step 13.

Step 3. Issue the order, “Look up bucket a, for the directory entry of
the transformed keyword whose low order bits have the value T~

’
to all the PEa.

Step 4: If the SEARCHFLAG of one or more PEa is ‘true ’, then go to Step
5; else , go to Step 7.

Step 5: Det �rmine the PE whose module has the largest space available.
Call it j .

Step 6: If the space in j  is greater than that required by the index
term (and its count if applicable) , then issue the order ,
“Insert into physical bucket a, module j ,  the index term
(I , (q)) fo r the keyword whose low order bits have the transformed
value TL and terminate. If space in j is not enough , ~o to
Step 7.

Sup 7: (Control comes to this step if no PE reports the existence of the
directo ry entry of the concerned keyword in Step 3, or if the
space in any of the modules is insufficient to contain the index
term as determined in Step 6]. Issue the order , “Find the number
of modules in use for physical bucket with name a, to all PBs.

~t.p 6: From the response to the order in Step 7, choose the set of PBs
which have no module allocated to a and call this set Z. If the
sat Z is empty, go to Step 12. (Z s {P1 P P 9 P • • $ ~ Pr }]•

.,a C: T. each of the PBs identified in Z , issu$ tEe order , “Find the
~~~ sr of modules available.” Call the response set Z’ - - I

• UPi.ai). (p 2,n2) , . . . ,  r ’~ r~~~
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I Step 10: From Z’ choose the one PB p’ which has the largest number n’
of modules available.

Step 11: Issue to p ’ , the order , “Create an entry in bucket a for the

I transformed (security/clustering) keyword whose low order bits
- have the value T1 and the index is (i, (q)). Terminate.

a- Step 12: (Control comes here when all PEa have modules allocated to m].

I Choose the PE(s) which has (have) the smallest number of modules
allocated to m. If the choice is reduced to one PE p’ go to

- Step 11; else, let Z (p(p has the smallest number of modulesj allocated to m}. Go to Step 9. -

- Step 13: (Control comes here when bucket a has been allocated in Step 2 ,
and therefore the BMS has no entries in a]. Let Z {all PEal,

I go to Step 9.
- 

ALGORITHM D: To delete an index term for a keyword

t Input Argument : 1. Index term I from DBCCP
ii 2. Transformed keyword value T(K) from KXU

- 
Step 1: Obtain the transformed keyword value T(K) from lOW
Step 2: Use the index vector and PBNT to obtain the name of the physical

bucket corresponding to the logical bucket. Call this name a.
Step 3: Broadcast to all PEa the order , “Delete from physical bucket a

I 

the index term I for the transformed keyword whose low order
bits have the value Te(K) ” .

Step 4: [Determine if this was the last entry In bucket m]. Broadcast
to all PEa the order , “Find number of modules attached to
bucket a.”

Step 5: If all the PEa respond to the order in Step 4, with zero as the
number of modules attached to the bucket a, then a can be

I reused; else, terminate.
- Step 6: (Physical bucket a in freed]. Place the entry for m in PBNT

in the AVAIL list. Update the chain fo r the logical bucket name
In the index vector. Terminate.

ALGORITHM E: To execute the command ‘reset.’

I 
Input Argument : None

1_ [This algorithm is primarily intended to signal the SMC that a string of
c retrieve commands is ended. The DBCCP always presents the SM with a

string of retrieve commands corresponding to a query conjunct or a
- set of keywords in a record].

Step 1: It~sue a command to the SHIP to retrieve all valid data units

J from its memory and then clear the SMIP memory. Terminate.

3.3.3. The Relationship of SMC , SMIP , DBCCP , and KXU .
I i We have seen data structures maintained by and algorithms executed by the

- SMC. These algorithms concern themselves with the retrieval (or insertion) of

I information from (into) the array of PBs. Informat ion so retrieved is passed

- 
on to the SMIP ; and the information to be placed in the SM is received from the
KXU and DBCCP. The overall f low of the information through the SMC is
schematically shown in Figure 22.

~
t I  

- 
_ _  _ _  _ _ _ _
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The PEs of the BMS can be selectively activated by the SMC using a mask
register. There is one bit in the mask register for each PB. An order issued
by the SMC is received by all the PEs , but only those which have the correspond-
ing mask bit turned on, carry out the order. The bits in the mask register can

be set (or reset) by the SMC on an individual basis. Data transfer between the

PE and the SMC takes place over a data bus called the SMPEBUS (see Figure 22).

f 
Such data transfer is always in response to or a part of orders broadcast by

the SMC. Thus, communication between the SMC and the PEa is in a master—slave

E relationship, with the SMC assuming the master role and the PEa assuming the
slave role. The design of the control function and the SMPEBUS is conventional

L

and, theref ore, will not be described here.
The relationship between the SMC and the SHIP is also a master—slave one,

with the SMC assuming the master role. Whenever the SMC executes a retrieve

I command issued by the DBCCP, the response of that command is sent to the SHIP
-

- as soon as the SMIP is ready to accept the data. Data transfer is always

I from the SMC to the SHIP in burst mode. When the reset command is issued by

the DBCCP , the SMC informs that the current string of-data is completed, and
that the SHIP should send all valid data units to the Index translation unit
(IXU). After retrieval, the SHIP clears its memory and readies itself for the

t next data string.

- 
3.4 The Look—Aside Buffer Memory (LABH)

I Before describing the LABM, we introduce a few notations which will be
used rather frequently in the ensuing discussion. A command received by the

SMC from the DBCCP will be called an input command, while a command already
present in the LASH will be called a buffer command. A command has up to three

E arguments: a transformed keyword value T, an index term I , and a count C.

The subscript i will be used to identify input command arguments and the
subscript b will be used to identify buffer command arguments.

t I-
- 3.4.1 Design and Implementation of the LASH

~ I 
The look—aside buffer memory is divided into two components: an associative

memory (Ml) and a random access memory (RAM). The AM has n data cells each
of which has a 24—bit search key and a pointer to the random access memory . The
search key ii the logical bucket name specified in the transformed keyword value

L 
of one or more buffer commands . The pointer directs to a list of commands in the
RAM whose transforied keyword value arguments are all referring to the same

I’ 
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r logical bucket name in the corresponding search key . (See Figure 23a). The

AM is searched on the basis of a logical bucket name occurring in T~. The 
-

response set of the AM contains the pointers to those data cells whose search

keys satisfy the search criterion. The search criterion may be ‘— ‘, ‘~~~‘, ‘>‘,
— 

- ‘5’, or ‘c ’• The RAM which holds the command is divided into a entries each

of which can hold one command. Each entry has six fields (see Figure 23b).

FIELD 1: List Pointer — This field points to the next comm and entry (in the

RAM) whose transformed keyword value refers to the same logical bucket name

as the command in the current entry . This field is [log2m] bits long.

FIELD 2: Queue Pointer — This field is used to maintain a FIFO discipline
among all the commands awaiting execution in the LASH. The field points to

the update commazid which arrived next in the time sequence. It requires 
- 

(
[log2m] bits. -

FIELD 3: Order Code — This field is used to indicate whether the command is -

an insert or a delete command and is one bit long. (Order Code — 1 for -

insertion; 0 for deletion.] -

* FIELD 4: Transformation Value — This field holds the 48 bits of the transformed (
value associated with the command.

FIELD 5: Index Terms — This field holds the 28—bits index term which is to be -

deleted or inserted.

FIELD 6: Count — This field is used to indicate the number of security (or —
clustering) keywords in the security atom (or cluster) identified in the index

term in Field 5.

3.4.2 Effects of the LASH on SMC Command Execution
Algorithms executed by SMC are affected by the presence of the LABM.

A. Delete Commands (See Algorithm D in Section 3.3.2) — When an delete -

command is received by the SMC, the SMC orders the AM of the LASH to search for
the logical bucket name contained., in T~ . If the response set is empty, then -

a co iand ent ry is created for the command in the RAM and a data cell is -

created in the AM for the logical bucket name in T~. The pointer in the data

- - ~~~- 
- k~~~ -~~~~~~-- _ _~~~~~~~~z~~~
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Figure 23a. Organization of Look—Aside Buffer Memory (LASH)
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cell is set to point to the command entry ju st created. If the response set

contains a pointer , then the corresponding list of commands is scanned . If
the list contains a command whose order code is ‘insert’ and the index term

is the same as I~ , then the command entry is deleted and the new
command is not placed in the LABM.

B. Insert Commands (See Algorithm C in Section 3.3.2) — When an insert -

command is received by the SMC, the AM is ordered to search for the logical -

bucket name contained T1. If the response set is empty, then a command -

entry is created in RAN for the command and a data cell is created in the AN
for the logical bucket name in T1. The pointer in the data cell is set to 

—
point to the command ent ry just created. If the response set contains a
pointer, then the corresponding list of commands is scanned. If the list 

-

contains a command whose order code is ‘delete’ and the index term I.
~ 

is the

same as Ii’ then the command entry is deleted and the new coimnand is not placed -

in the LA3M.

C. Retrieve Commands (See Algorithms A and B in Section 3.3.2) — When a
retrieve command is received by the SMC, then the AN is ordered to search .1
for those logical bucket names that satisfy the command ’s predicate with

respect to the logical bucket name in T~. If the response set is not empty, j
then the lists pointed to by the pointers in the response set are scanned for

- I ‘insert’ commands. The index terms ‘b of such commands are placed in the Jretrieval set. Either Algorithm A or B in Section 3.3.2 is then executed. As
a result of the execution , the retrieval set is augmented. At this point, the

AM is again queried for logical bucket names satisfying the retrieval -~

predicate. The lists (if any ) are scanned for ‘delete ’ commands . The index
terms 

~‘b~ 
of such commands are removed from the retrieval set , if they

occur in the retrieval set . 
-

The AM has a very small number of data cells , typically, under 64. The 
-

exact number will be determined by the performance improvement achieved for a
certain number of data cells in relation to the cost of implementing the full

associa t ivity . The number of command, entries that can be stored in the RAN
should be larger than the number of data cells in the AM by a factor governed
by the average number of commands per logical bucket name. In many instances,

we do not expect retrieval sets to be affected by commands in the LASH. This -

implies that the response set of the AM will be emtpy for many search orders .

-
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Thus, the availability of an AN enables us to avoid fruitless scans of the
command queue for each and every retrieval command . In the absence of an AM,

‘ I such scans become inevitable and may result in performance degradation.
When the AN is full , ( i .e . ,  no data cells are vacant), the LABM is

I considered f ull , although there may be a few vacant command entries in the
- RAN. Such a condition forces the SMC to initiate execution of the pending

I update commands on a FIFO basis. Each of the commands will require the
execution of either Algorithm C or D in Section 3.3.2. The execution of
LASH commands may also take place if the SMC has not received a retrieve
command for a length of time known as the t ime-out period.

I
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4 • ThE STRUCTURE MEMORY INFORMATION PROCESSOR (SHIP)

This section presen ts the part of the DBC known as the structure
memory information processor (SNIP) . The SNIP is a processor which performs
intersection on sets of index terms provided for by the SM of the DEC . The
architecture of SNIP is presented in three stages : First , we describe the
SNIP as a logical machine . Next we discuss an implementation of the SHIP
involving hashing. Finally , the physical realization of the algorithms are
discussed in some depth .

4.1 Logical Description of the SHIP
As shown in Figure 24 , the SNIP maintains an intermediate set which is —

subsequently modified by the argument sets in the course of intersection.
The argument sets are supplied by the SM consisting of sets of index terms.
The intermediate set is designated SW and consists of couples (m ,d) called
SNIP data units. The first part m of the couple is called the ~~y and the
second part d -is called the data. The manner in which this intermediate
set is manipulated is determined by the state of the SMIP and the command
received from the SM.

The concept of a partitioned content addressable memory (PCAJ4) , used to
implement the SM,is also used here to realize the intermediate set. As shown —

in figure 24 , the intermediate set is partitioned into % H subsets , each of
which contains one or more data units. As in the case of the SM, searching
is the most important operation carried out in the SNIP. Index terms in an
argument set are used as search keys to determine which one of the partitions

- 
has to be searched for the existence of a data unit with a corresponding
matching key .

The SNIP can be in one of three states. These three states are known
as the initial , the active and the retrieval state . The SNIP is in the initial
state when it is ready to accept the first argument set from the SM. The SNIP
is in the active state when it has already proc essed one or more argument sets
and has formed an interm ediate set • The SNIP is in the retrieval state when
the last of the argument sets has b *~n received and the SNIP is in the process
of retrieving valid data units and sending them to the ECU. We shall see later
what we mean by’ valid data units.

There are two kinds of SNIP commands . The first kind of SNIP command
is repre sented by SMIP cm,g~ where m is a key and g is a manipulation

TI
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function , The manipulation function can do one of two things depending on the *

state of the SNIP. If the SHIP is in the initial state, then g is interpreted
as a “create” function which creates a SNIP data unit for in with the data part
d 1.  When the SNIP is in the active state , g is interpretcd as a “replace”
function which may modify the data part of an existing SNIP data unit with key
m under certain conditions or do nothing if a SMIP data unit with key in is
not found. The second kind of SHIP command is represented by SMIP<retrieve>
which signals the end of the intersection operation and requests the SNIP hard-
ware to retrieve all valid data units.

The SNIP maintains an argument sat count (ASC) which represents states
and governs the action of the manipulation function. In the initial state , the
ASC has a value 0. Thus , when ASC is zero a command of the form SMIP<m ,g> is
interpreted as a “create” function . This function creates in the SNIP memory
a data unit with in as the key and (ASC + 1) as the data. After all the ele-
ments of the first argument set have been used for such “creation ” , the SM
sends an end-of—set signal. This signal increment. ASC by 1, and changes the
SNIP state to active. When the second and subsequent argument sets are received,
g is interpreted as a “replace” function as follows: Let in be the key of - 

)
an element in the i—tb argument set (i’l) . The SHIP memory is searched for a
data unit with in as the key . If it is found and if the data part d is
equal to ASC, then d is replaced by (d + 1). If the search does not succeed
in finding a data unit with in as the key , then no action is taken . When all
the elements of the i—t b argument set have been processed in this way , ASC is
incremented by 1 and the SNIP remains in the active state to process the next
argument set . After all arguments sets have been dispatched by the SM, the SM
sends the command SMIPcretrieve> . This command changes the SMIP state to
retrieve . In the retrieve state , the data parts of the data units in the SHIP
memory are compared to the value of ASC. Those data units whose data part d
equal the ASC are retrieved and sent to the ECU . Such data units are known as
valid data units. After the retrieval process is completed , the SNIP returns
to its initial state by sett ing ASC to 0.

For simplicity, we have not touched upon the role of the DFLAG (first -
mentioned in Section 3.3.2) which accompanies every argument set except the
first. W. shell now briefly describe the effect of the DFLAC . When the
DP’LAG — 0, the SNIP behaves •xactly as reported above . However , when the
DYLAG — 1, the g function acts as a delete function . The keys of every
element in an argument sit with DFLAC — 1, are used to search the SHIP memory . - - t ’~ 

-
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I 1f a data unit with a matching key is found , it is deleted ; if it is not found ,

! I no action is taken . At the end of the search , the ASC is not incremented . The

( need for the DFLAG arises out of the presence of negated keyword predicates in

queries.

I In Figure 25, we have reproduced from [3] an algorithm which perform. an

N—set intersection with appropriate comments in the light of our discussions.

~ 4.2 Ij~plenzentation Considerations

In carrying out set intersections, the most frequently used operation In

the SNIP is the search—and—manipulate operation. Thus, it is obvious that in

-: 
any implementation of the SHIP we must provide for an efficient and rapid search
function . An important characteristic of this search function is that it always
manipulates at most one SMIP data unit. This is because the data unit to be

I manipulated is identified by a unique key which forms a part of the data unit.
This characteristic gives us a clue about a possible implementation technique,
namely, hashing. Hashing as a search technique is effective only when the

criterion for success is an exact match between a “search” key and a part of a
data unit stored in the SHIP. Hashing is effective because it partitions the

set of all possible search keys into equivalence classes by a relation called
the hash function. Each of these partitions is implemented by a bucket memory .

[ In order to locate a data unit  with a key in , it  is enough to search the bucket
memory into which the key is hashed , instead of searching the entire SMIP memory .
A system of bucke t memories is implemented using the concept of PCAM that we
used to implement the SM. In a PCAN— implemented SHIP each bucket is identified

E by a memory unit—p rocessor pair. There are H such pairs. The intermediate

set SW is partitio.~ed into K subsets designated SWB1, where K ~ H. The command
SMIP<m ,g> is executed by ordering a].]. the K memory unit—processor pairs to

- 

I retrieve valid data units . It should be noted that during the processing of
an argument set, all the memory unit—processor p.~drs will be simultaneously

I ~ manipulating data units corresponding to different search keys associated with
different elements in the argument set . The size of the memory units and the

I J number of pairs are dictated by performance requirements.
- It may be interesting to point out some of the differences between the 

-~

ii manner in which PCAMs are employed in the SM and th. manner in which PCAN are
IL used in the SNIP. In the SM, a partition of the P CAM is implemented by allo-

cating one or more modules in one or more memory units. In the SNIP a partition

I is usually completely contained in a singl. memory unit. [The case when
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~1• Argument Sets X1, X2 , . . .,  X .  — -

1 begin
- 

j 2 ~~~~ each X1j of X1 ~~;
3 begin

- 4 execute the command SMIP<create ,
5 Comment: at this point ASC — 0, SHIP state — initial state ; (
6 end

7 Comment: ASC ~ - ASC + 1, thus SHIP state — activ e state ; -

8 for j  — 2, 3, 4, . . . ,  N do ; -

- 9 be1~~ - -

10 for each element X
j j  

of X~ ~~ ;
11 begin 

—

12 execute SMIPcreplace, xjj>; i
13 Comment: ASC — j — l , state — active;
14 end
13 ASC + ASC + 1;

16
17 Executu the SNIP command SMIPcretrieve> ;
18 Comment : ASC — n , state — retrieve; - -

- 
Figure 25: A N—set Intersection Algorithm
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bucket overflow occurs will be discussed later as an except ional case.]
Because of the above difference, the type of parallelism available in the

two components is different. In the SN, all PEa (except those that are

masked) carry out the same operation on the same bucket (partition). In

[ the SHIP, the same operation could be performed concurrently on several
buckets (partitions), although all the operations would pertain to the same

( argumen t set . The memory unit—processing element pairs of the SM are synchro—
- nized in the execution of an order; this is not the case in the SMIP. Each

II memory unit—processor pair has a variable number of searches to be performed
- and are not synchronized. The variable number of searches is due to the fact

that any hashing function, however good, will exhibit local nonrandoaness

~~• I. leading to more searches in some buckets than in other buckets.
Why did we choose to implement PCAMS in two different ways in two

I components which apparently have the same major function , namely, searching?
Before answering this question, we note parenthetically, that if we were given

[ a choice, we would implement the SM PCAN in a manner similar to that of the
- SNIP PCAM , i.e. an implementation involving concurren t search ing of several

I partitions . However , we cannot do this in the case of the SM because the SM

search space is much larger than the SMIP search space . In fact it is easy to
show that the entire SHIP search space is never greater than the largest parti—

I tion of the SM. As a result of this size disparity, the technology applicable
to the SHIP implementation is not applicable to the SM implementation. Whereas

[ in the SHIP , we can use random access memories for each of the partitions, it
is not cost-effective to use random access memories for the SM. Because of

such a constraint, sequential or quasi—random access memories have to be used

f or the SM. The access times in such memories is a significant part of the

r overall ‘retrieva l time (i.e. access time + readout time) . Now , a partition of
SM is likely to be made up of several accessible units. Therefore , we can gain

i i  in performance by distributing these units over several of the processing elements
and allowing them to concurrent ly a~cess the units belonging to the sane parti-
tion. Such a scheme will ensure that in the majority of instances the processing

~ I time will be no greater than one access time plus one readout time. Now , consider
search ing of several SM partitions concurrently. Since partitions may be con—

I tam ed entirely within the memory space attached to a single processing element ,
if there are two requests to two partitions in the same memory unit, then access

I 
to the partition corresponding to the second request will have to wait until the

first request is completely process by the processing element . This may involve

F
J
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several sequential accesses to the memory unit attached to the processing

r element. Thus, we conclude, that for any sequence of requests that does not

distribute uniformly over the partitions contained in the memory spaces of
processing elements, concurrent processing of partitions consumes more t ime
than concurrent processing of a single partition. In practice, we cannot j
ensure such uniformity of requests, and, therefore, it is advantageous to

search a single partition at a time by a group of processing elements. 1
4.3 Physical Organization of the SMIP

The architecture of the SMIP is shown in Figure 26. The SMIP controller

(SMIPC) manages the operation of the structure memory information processing

elements (SMIPEs) via the SMIP control and data bus (SMIPCDB) . Each SMIPE 
- I

normally realizes one bucket of a hash table. The common memory bus ((~fB)

allows one SMIPE to use another’s memory in case of bucket overflows in the (
former.

4.3.1 The SMIP Controller
The SNIP controller is responsible for the following functions:

Maintain ing the value of the argument set count (ASC)
•Rashing the elements of an argument set and determining the (
bucket to which the element belongs

•Controlllng and issuing orders to the SNIP processing
elements -

‘Interpreting the orders from the SM. 1~
The maintena~ce of the ASC is an importan t function since it determines

the command type. The ASC is an eight—bit counter which is set to zero or

incremented by the algorithms described later in this section.

Th. hash function applied to the elements of the argument set in order

to determine the bucket to be searched is simple end straightforward . Recall
that the elements in the argument set are index terms retrieved by the EMS
of the SM. Each index term is 28 bits long and is made up of 3 segments:
an NAZI address (8 bit .), a cluster identifier (10 bits), and a security
atom neme (10 bits). The result of applying the hash function on this 28
bit index term is to produce an u bit number where 2~ is the number of
MU — PE pairs in the SNIP. A simple hash function to do this would con—
catenate (~ ) law order bits of the MU addres s with [~ ] low order 
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L Common Memory Bus (CMB)

Memory SMIP 
— __________  
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Figyars 26. The Architecture of the SMIP
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bits of the cluster name and (n— [~] — [~ J) low order bits of the security atom

name a~ shown in Figure 27. Of course there are several equally effective

hash functions Chat could be used. The purpose of building one such function
was to demonstrate the relative ease of creating hash functions for our
application. Such function can be microprogrammed into the SKIP controller.

The n bit result of the hash function enables the controller to
identify the bucket to be searched for a match. However, it is quite

conceivable that the search time within a bucket is substantially longer than

the time taken to produce the hash function. This observation implies that a

speed mismatch is likely to develop between the controller and the processing
elements. Therefore, the controller maintains a buffer (whose size depends

on the severity of the mismatch) for each processing element in the SKIP.

After all the elements of an argument set have been transmitted by the SM and
the SKIP controller has placed them in their respective buffer, the controller

executes the following algorithm

POLLING ALGORITHM

Step 0: Broadcast ‘search’ Signal to all processing elements.
Step 1: Braodcast value of ASC and DFLAG (supplied by SM) to all

processing elements. Set EMPTY(i]-O for all i.
Step 2: i4- l
Step 3: If the i—tb processing element is not busy, then go to Step

4; else, go to Step 5
Step 4: If the i—th buffer in the controller memory is non—empty,

then transmit a search key from the i—th buffer to the i—tb
processing element. If the i—th buffer is empty, set
EMPT YEi] to 1.

Step 5: i 4- i + 1. If i 5 N, then go to Step 3. If i > N and
E~~TY[J ]—l , for all j  S N, then go to Step 6; else, go
to Stsp 2.

Step 6: MC ~~- ABC + 1. Terminate.
Note: In the above algorithm EMPTY is an array of N bits where N is

th. number of processing elements in the SKIP. Each bit is used
to indicat, if the corresponding buffer is empty.

When the SM indicates to the SHIP controller that all the argument sets have
been transmitted, the SKIP controller executes the following algorithm

RETRIEVAL ALGORITHM

Step 0: Broadcast ‘retrieve’ signal to all processing elsm.nt..
Step 1: Broadcast valus of MC to all processing slsmsnts.
Step 2: Cisar buffer memory in order to receive data units from ths

processing elements.
Step 3: Por .11 i, set EODPLAG(i] to 0.
Step 4: i+ 1 .  Ii
~~~~~~~;

— ~~—
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Step 5: If the i—th processing element has end—of—data flag on, go to .1
Step 9.

Step 6: If the i—th processing element is ready to send a data unit,
then go to Step 7; else, go to Step 8.

Step 7: Place the data unit from the i—th processing element in the
buffer memory .

Step 8: i + i + 1. If i S N go to Step 5. If I > N and if for
all j EODFLAG(j3 1, then go to Step 10; else, go to Step 4.

Step 9: EODFLAG(i] + 1. Go to Step 8.
Step 10: Transmit contents of buffer memory to IXU. Send ‘clear’

signal to all processing elements. Set ABC to 0 and clear
buffer memory. Terminate.

Note: In the above algorithm EODPLAG is an array of N bits, each of
which is used to indicate if the corresponding processing element
has sent all the valid data units to the controller.

~1
The SKIP controller is essentially a polling processor which monitors the

activities of the processing elements. Its other important function is to
interface with the SM and the IXU. Both these functions can be conveniently
implemented into microprogrammed controller. Thus, the architecture of the
controller does not call for any sophistication beyond what is already
available in the commercial market . The buffer memory attached to the
controller should be large enough to hold either an argument set (during
intersection) or the total number of valid data units while retrieval. We
expect the size of this memory to be small enough to employ semiconductor

4.3.2 The Processing Element and Memory Unit Pairs

Each processing element has two main functions: First, it maintains
the memory unit associated with it. By this we mean that the processing
element is capable of adding, deleting, manipulating and retrieving data
units in its memory in an efficient manner. Second, it interfaces with the
SKIP controller. In this section, we shall address these two functions in
some detail.

Of the four operations that need to be performed on the data units in the
memory unit of the processing element, the most frequent operation is the manip—
ulation function . The data unit to be manipulated, is identified by a search key
supplied by the SKIP controller. Such identification is facilitated by
once again employing a hashing strategy . The hash function employed within
the memory uni t of the processing element should not be confused with the
hash function employed by the SKIP controller to identify the processing
element aimory unit pair. Th. memory unit attached to a processing element
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is divided into two parts - a bucket index and a data memory. In this organi—

zation, all data units whose search key hashed to the same bucket name are

I placed in a linked list. The origin of the linked list is to be found in
the bucket index, while the list itself is placed in the data unit memory, as
illustrated in Figure 28. The hash function merely uses the high order n

bits of the search key to index into the bucket index. The size of n depends

I on the relative size of the bucket index with respect to the size of the data

memory. Each entry in the data memory has three fields: The first field has

(28—n) bits of the search key; the second field is a count field; and the last

I. field is a pointer to the next entry in the linked list. The first and second

field together constitute a data unit.

In our earlier discussion in Section 4.1, we had indicated that the SKIP

has three logical states. Corresponding to these three states, the processing
element has three modes. These modes are set by the SMIP controller through

control signals in the SMIPCDB. The three modes are called clear, search and
retrieve modes. In the clear mode, the bucket index is cleared, thus

eff ectively losing the data in the data memory. The processing element enters

~ 

the clear mode at the receipt of a ‘clear ’ signal f rom the SKIP controller.
In the search mode , a search key is supplied by the SKIP controller along
with the value of ABC and DFLAG. If the ASC value is zero, then an entry

in the data memory is created for the search key with count field set to 1.

If the value of ASC is greater than zero and if DFLAC is zero, then the search

~ f 
key is used to search the data memory for a matching entry . If it is found

and if th. count field equals the ASC value , then count field is incremented j
by one. If the matching entry is not found, or if the count field is not
equal to the ABC ‘walue , no action is taken. If the value of ASC is greater
than zero and if DFLAG is 1,, then the matching entry (if found) in the data

I ~ memory is deleted. The processi ng element enters the search mode upon receipt
of a ‘search’ control signal from the SNIP controller. In the retrieve mode ,

I the processing element systematically traverses the lists originating f rom the
bucket index and transmits all those data unite whose count field equals the

I ABC value supplied by the SKIP controller . The processing element enters the

retrieve mode upon receipt of the ‘retrieve’ control signal.
There may be occessions when a memory unit associated with a processing

h element becomes full and cannot acco.odate any more data units. Such a

vi condition will occur only durtag the execution of the create function
II (ASC—0). When such a Condition occurs , the concerned processing element

1 )1 
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I attempts to obta in space from some other memory units via the common memory
bus. The co~~~n memory bus (0th) shown in Figure 25 can be used to access

[ the contents of any of the memory units. The prcoessing element which
wishes to access its neighbor ’s memory unit must first obtain control of the

[ bus. It can then address the memory unit of another processing element for
reading or writing. All memory units have two I/O parts — one services

r requests from the processi ng element to which the memory unit is attached , and
the second to service requests from the common bus. Before a processing

r element can use its neighbor ’s memory unit , it must make sure that space is
I. available in the memory unit. This is done by examining the allocation

register (see Figure 28). If the ‘memory full’ indicator is on, the the

I processing element has to try another memory unit for space. If the ‘memory

full’ indicator is off , then the processing element reads off the contents
of the allocation register and increments it by 1. The testing, reading and
increment are carried out by a single indivisible instruction. Indivisibility

I of the above operation is important since, the local processing element should
not be allowed to access or manipulate the allocation register while another

I processing element is accessing the same register via the CML Once the
space for data unit has been allocated to a processing element, it can be
manipulated in exactly the same manner as a local data unit. The processing

I element must remember the address of the memory unit from which it has

borrowed the space. This is done by incorporating extra bits in the pointer

I field of a data unit in the data memory.
This completes our discussion on the logic of the processing element.

f As can be observed , the logic is fairly simple and can be implemented on a
utcroprogra sd microprocessor. The memory requirements can be estimated

I 
only when we have an idea of the performance requirements of the SNIP. It is

estimated that the requirements will be small enough to allow us to use random
accesp u ories for memory units attached to each of the processing elements.

Li
I
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5. ThE INDEX TRANSLATION UNIT (IXU)
As a component of the DBC , the index translation unit (IXU) is responsible

for translating an index term received from the SKIP into an absolute MAU
address , a cluster identifier , and a security atom name. It is also responsible
for allocating and releasing cluster identifier and security atom names as -

demanded by the DBCCP. In the ensuing discussion, we first present a -
rationale for having a separate unit to realize the above responsibilities.

We next describe the data structures. We then describe the algorithms executed

by the IXU. Finally, we estimate the hardware capabilities needed to realize
the IXU. J

5.1 The Need for an IXU

We learned that the KXU was specialized because of the need to produce

transformed values of keywords efficiently. Also, the SM and SHIP
hardware were designed to be efficient search engines. We may, perhaps,
contemplate on incorporating the functions of the IXU among the three
components already mentioned. Consider consolidating the functions of the

IXU with those of the SM. We recall that the SM retrieves a large number 
--

of index terms which will ultimately be rejected by the SNIP because only a ‘

few index terms will survive the intersection operation. By prematurely

translating all the index terms, the SM is performing work that is not really
needed . Furthermore , by translating the index terms in the SM, we imply that
SKIP must recognize and maintain three different data units corresponding to
the three components of an index term instead of a single data unit. This -

in general would be reflected in more complex logic in SKIP. Thus, -

consolidating the IXU with the SM is not desirable. Next , consider consolida-
ting the function of the TILl with the SKIP . In this case, in order to maintain
concurrent intersection and translation operation a separate processor will
have to be built into the SKIP to take care of the translation logic, while
the SHIP controller is polling the processing elements of the SKIP for
intersection. Such a decision essentially recognizes the independence of the
TILl . Lastly we may consider consolidating the functions of the IXU with those
of the DICCP. We shall see in [8) that the DBCCP is pri marily designed to
achieve concurrency among separate components of the DBC. By making the IXU r -

as a separate unit , additional concurrency can be achieved by the DBCCP • Thus ,
th. four components, namely ECU, SN, SNIP and IXU, form a structure loop (see
Figure 1) which serves as a pipeline of structural informa t ion of the database. I
We shall have more to say sbout this when vs discuss the DBCCP in Par t III.

H
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k 1 5.2 Data Structures in the IXU

Each file known to the DBC (i.e., a file tha t is stored in the MN) has an

I MAU address table (MAUAT) maintained by the IXU. A MAUAT has up to 256
entries as shown in Figure 29. Each ent ry is two bytes long and contains the

I address of an MAU. A MALI address need be no longer than 16 bits, since the
MN has less than 216 MAUs. (This is true because we are designing a DBC to

I support a 1010 byte database and an MALI can typically hold no less than
2 x l0~ bytes . This means there are no more than 50 ,000 MAUs in the IlK].
Thus a MAUAT occupies 512 bytes. Associated with each MAUAT, is an MALI bitI map (MA UBM) which indicates which (if any ) of the 256 entries in the MAUAT
is (are) free for allocation. The bit map occupies 32 bytes (. 256 bits).

V I As we shall see in the next section, these two pieces of data structure are

used in the translation of MAU numbers (in the index term) into absolute MAU

I addresses and in the maintenance of MA LI numbers.

For each file, the IXU also maintains a cluster identifier bit map
(CIBM) and a security atom name bit map (SANBM) . These bit maps are used
to keep track of the allocation and release of cluster identifiers and
security atom names. Each bit map occupies 1024 bits to keep track of 210

k cluster names or security atom names. Thus the total space devoted to each
file is given by 800 (— 512 + 32 + 128 + 128) bytes.

I Under normal circumstances , we do not expect more than 2000 files to
be existing within the DEC. Thus , the total memory capacity required is
of the order of 1.6 M bytes. Fortunately, as we shall see in the next
section , not all of the data structure need be accessible at any given
time. In fact, since the index terms transmitted by the SHIP in any
period of time corresponds to a particular file, it is enough if the IXU
can have the data structure of that file in rapid access memory. The
remaining data structures for other files may be in slower memory . We
therfore propose that there be two types of memory associated with the

L ECU — a relatively small and fast memory (— 1000 bytes, implemented with
semiconductor RAM.) for holding data structures of the current file and a
large and slower memory (about 1.6 K bytes implemented with a fixed—head disk
or equivalent ) for holding data structures of other files.

LI 3.3 Algorithms Executed by the IXU

I The IXU is controlled by the DBCCP, and responds to commands from the
DBCCP. The commands fall into two categories. The firs t category of commands
requires input data (i.e., index terms) from the SNIP and results in the

— ‘ — - - — ——-
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translation of the index term into MALI addresses, cluster identifiers and
security atom numbers . The second category of commands is used by the DBCCP

I to allocate or release MAUs , cluster identifiers and security atom names .
In the algorithms presented below, Algorithms A, B, C and D are executed in

I ( response to the first category of commands , while the remaining algorithms
are executed in response to commands of the second category.

- ALGORITHM A: Extract from the next set of index terms the MALI addresses
with the help of MAUAT of file F.I Input Arguments: 1. Index Terms from SMIP

2. File ID, F , f rom DBCCP

I Step 1: Load the MAUAT for the file F from the secondary memory into
the primary memory .

Step 2: Wait for index terms from SHIP.

L Step 3: For each index term from SMIP , do Step 4.
Step 4: Extract MAU number (high order 8 bits) from the index term.

Use the MALI number as an index into the MAUAT . Retrieve the
MALI address from the accessed entry .

f Step 5: Transmit all MALI addresses to DBCCP. Terminate.

I ALGORITHM B: Ext ract from the next set of index terms , the cluster identifier.

Input Arguments: 1. Index Terms from SMIP

( Step 1: Wait for index term from SHIP.
Step 2: For each index term from SKIP , do Step 3.
Step 3: Extract the bits 8’ through 17 of the index term.

~ 1 Step 4: Transmit all the cluster identifiers extracted in Step 3 to DBCCP .
1.. Terminate.

1’ ALGORITHM C: Extract from the next set of index term, the security atom
L names.

Input Arguments: 1. Index Terms from SNIP

Step 1: Wait for index terms from SKIP.
Step 2: For each term from SNIP, do Step 3.
Step 3: Extract the bits 18 through 27 of the index term.

11 Step 4: Transmit all the security atom names extracted in Step 3
I ) to DSCCP. Terminate.

ALGORITHM D: Extract from th. next set of index terms , the MALI addresses,
the cluster identifiers and security atom names.

( ~ Input Arguments: 1. Index Terms from SNIP
I i  2. File ID, F, f rom DBCCP

Step 1: Load the MAUAT from the Lii. F from the seconda ry memory to
the primary memory .

I Step 2: Wait for the indsx term from SHIP.
Step 3: For each index term from SNIP, do Step 4

I~ *
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Step 4: Extract the MALI number (bits 0 through 7) from the index term.
Use the MALI number as an index into the MALIAT. Retrieve the
MALI address from the accessed entry.

Step 5: Transmit the MAU address and the 20 low order bits of the )
corresponding index terms to the DBCCP. Terminate.

ALGORITHM E : To allocate a new MALI number for a file F and absolute MAIl
address M .

Input Arguments: 1. File ID , F , f rom DBCCP
2. Absolute MALI address Ma from DBCCP

Step 1: Load the MAUAT and MAUBM from the secondary memory into
primary memory.

Step 2: Scan MAUBM for a bit which is turned off. If none found go
to Step 5. Call the selected bit b5. The position of b
with respect to the first bit in MAUBM is given by ~
A(b 9).

Step 3: Turn b5 on. Use A(b5) as an index into the MAUAT, and place
the MAU address Ma in the entry indicated by A(b5).Step 4: Transmit b5 to the DBCCP. Terminate.

Step 5: Send error signal to DBCCP. Terminate.

ALGORITHM F: To allocate a new cluster identifier for file F.
Input Arguments: 1. File ID, F, from DBCCP

Step 1: Load the CIBM into primary memory.
Step 2 : Scan CIBM for a bit which is turned off. If none found, go

to Step 4. Call the selected bit b5.Step 3: Turn on b8. Transmit b to DBCCP. Terminate.
Step 4: Send error signal to DBCCP. Terminate.

ALGORITHM C: To allocate a new security atom name for file F.
Input Arguments: 1. File ID , F , f rom DBCCP
Step 1: Execute Steps 1 through 4 of Algorithm F using SANBM instead

of CIBM.

ALGORITHM H: To release an MALI number
Inpuc Argument : 1. File ID , F, from DBCCP V

2. Absolute MALI address M
~ 

from DBCCP
Step 1: Load MAUAT and MAUEM for file F.
Step 2: Scan the entries of MAUAT to obtain a match between the contents

of an entry in MAUAT and the argument MALI address M~. Call the
index of the entry k.

Step 3: Turn off the k—th bit in the HAUNt. Terminate. V

ALGORITHM I: To release a cluster identifier for a file P
Input Arguments : 1. File ID, F, from DBCCP

2. Cluster Identifier k

~~~~~~~~~~~~~ 
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i !~ Step is Load d I M  for file P.
Step 2: Turn off the k—th bit in d IM. Terminate.

ALGORITHM J: To release a security atom name for file F
Input Arguments: 1. Pile ID , F , from DICCP

2. Security atom name k

Step 1: Load SAIIIM for file P.f Step 2i Turn off k—tb bit in SAZtIM. Terminate

fr. [ 3.4 Hardware Consideration.
In Figure 30, we show the organisation of the various components of the

IXU The fas t access memory is limited to what t. required by a singis file,
I.. since at any given t ies, the index terms ariving from the SNIP pertains only

to a single file , and th. file’s name is known to the IXU (via the DSCCP) .
Th. bulk of the fil e informat ion is kept on a large r , slower memory. The
leading candidate for this memory are fixed—head disk and CCD memories.

I Certain organizations of CCD have better access t imes than the fixed head
disk, and the cost per bit is almost the same for the two devices. If CC~~s

I volatility is at issue , then the use of disk may be more attractive. .
Th• algorit)~.s to be exscutsd by the I~ J are straightforward and can be

microprogrammed into a ainicoeputsr (or a fast microprocessor).
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~ 1 6. CONCLUDING REMARKS
W. One of the main reasons for presenting a design in considerable detail is

P 
1 to convince ourselves and hopefully the reader that the components described

herein can indeed be contructed. The details, however, do not include a cost—( performance evaluation of the design. This, in fact, is the topic of an

V 
on—going research. The SM was treated in much greater depth than other

E components. This is because that the characteristics of emerging technology
V have the strongest influence on the capabilities of this component. It

became necessary to expound carefully the requirements of the SM and to
examine design alternatives using different technologies. On the other hand,
we have not included descriptions of interfaces between components and their
bus protocols. We felt that , with the given design of simple commands and

- 
straightforward data structures for the communication between components ,

I interface and bus structures are likely to be conventional and routine.
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