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ABSTRACT

This paper reports the design. implementation. and evaluation of a
relational database engine for varlablie length records. The engine executes
operations for data on disks by special purpose hardware. It has the functions
of sorting and relational algebra for variable length records. and on-the-fly
processing in which it inputs data directly from a disk. It consists of
multiple processors. the nucleus of which is a pipeline two-vay merge sorter,
and executes processing using key fields extracted from records. The
evaluation shows the effectiveness of on-the-fly processing and the key

extraction for variable length records.

1. Intreduction

The Institute for New Generation Computer Technology (ICOT) considers that
fifth generation computer systems have the integrated functions of inference
and knowledge bases. and has been researching and developing inference
machines and Kknowledge base machines (KBMs). For KBMs. a relational database
machine, Delta. was deveioped [Shibayvama 84] ([Kakuta 85] because the
relational database is sald to be suitable for logic prograeming. In Delta.
facts in Prolog are stored as relations and retrieved by relational algebra. A
KBM is now under development. in which knowledge represented in the format of
Horn clauses 1Is stored as relations and retrieved by operations called
retrieve-by-unification (RBU) [Yokota 88]. In RBU operations. knowledge is
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selected and joined based on unifiability. in contrast to relational algebra
in which data Is selected and joined based on equality. The KBM has
unification engines (UEs) which perform RBU operations [Morita 887. Although a
Horn clause is represented as a structure which consists of literals and
variables. UEs treat the structure as a variable length string. This research
is about the rclational database engine (RDBE). a special purpose processor
which performs relational algebra for variable length data.

There are two types of special purpose processors for high speed database
processing. One has on-the-fly processing. which is concurrently reading data
from a disk and filtering it. The other has stream processing. which is
Concurrent execution of an operation and transfer of data. The search
processor, SHP [Hayami 86]. is an example of the former. Exampies of the
latter are VLSls based on the systolic array [Kusg 80]. the RDBE in Delta
[Sakai 841, amultiple processors for the join operation [Vanduriez 84]. and
some processors for sorting., for example. a sort engine by pipeline heap
sorting [Tanaka 80] and a pipeline merge sorter [Kitsuregava 83]. Sorting is a
primitive operation for database processing. An algoriths has been proposed
for a sorting processor for variable length records [Yang 88]. but has not
been implemented vet.

With this background. we have developed an RDBE for varlable length records
with following aims:

(1) Processing variable length records using hardware

The RDBE has hardvare which performs sorting and relational algebra (RA)
operations for variable length records by using one fixed or variable length
key fleld. By attaching tag data which indicates the end of key flields. the
same hardvare performs processing using both fixed and variable length key
fields.

(2) Efficient database processing
@ On-the-fly processing
To process data in disks efficiently. the RDBE has on-the-fly processing in
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which it inputs data directly from & disk. Without on-the-fly processing. data
in disks is loaded to main memory (MM) before it is input to the RDBE. then
the data path in the entire processing is “disk — MM — RDBE — MM". On-the-
[1y processing makes the data path "disk - RDBE — MM". and achieves more
effective processing.

@ High speed processing in the RDBE

For high speed processing of sorting and RA operations, the RDBE includes
multiple processors. which mainly consist of a pipeline two-way merge sorter
[Todd 78] and a RA processor. realizing stream processing.

Later sections discuss the design. implementation. and performance
evaluation of the RDBE. Sectlon 2 presents the basic ideas of design and
features of the RDBE. Section 3 summarizes the configuration. format of data
to be processed. functions. and processing. Section 4 shows the implementation
of all conponents of the RDBE. Section 5 evaluates perlormance based on the

design values and measurement.

2. Basic ldeas
2.1 Configuration of the Database Machine
Fig. 1 shows the configuration of the database machine. It mainly consists
of a central processing unit (CPU). MM, RDBE., and database disks. Relations
manipulated by the database machine have both fixed and wvariable length
attributes. Relation schemata and data are stored in different files in disks.
Data ol one relation is stored in one file. One record in a file corresponds
to one tuple inm a relation. Fig. 2 shows the structure of a record. A record
consists of a record header (RH)., fixed length fields (FFs). wvariable length
field headers (FHls). and variable length field bodies (VFs). There are the
same number of FHs and YFs. and they have one-to-one correspondence in order.
The RH consists of record length (RL) and a deleting flag (DF). RL means the
length of the record. A DF shows whether the record is valid (logleally not
deleted). A FH consists of field length (FL) and field position (FP). FL means
3



the length of the corresponding VF. FP means the length from the head of a
record to the head of the corresponding VF. A VF has an instance of a variable
length attribute. Relation data in disks is a series of records. Relation
schemata include the length and the position of each FF and the position of
each FH in addition to ordinary schema (attribute name and data type).

Data processing is shared between the RDBE and the CPU. The hardvare of RDBE
quickly performs processing that is too heavy for the CPU. The CPU performs
processing that is too complex for the hardware or causes a data transfer
bottleneck although it is performed quickly by the hardvare. The RDBE performs
the follovwing data processing:

O Sorting

Records in target data are sorted in ascending or descending order by their
key values.

2 Duplication elimination

Records in target data are sorted in ascending or descending order and if
there are two or more records which have the same key value. one is left and
the others are removed.

@ Selection

Records are selected from target data vhose key values have a speciflied
large and small relationship to the conditional value.
@ Intersection and difference

Records are selected from second target data whose key values are
(intersection) or are not (difference) included in the set of key values of
first target data.
® Equal join

Pairs of records are made between first and second target data. each of
which has the same key values. However. ereating one record from each pair is
not supported by the RDBE. but by the CPU.

The CPU perforas the following data processing:

@ Arithmetic and aggregates



@ Forming records after join in the RDBE

These two types of processing are too complex for the hardvare.
@ External sorting and duplication elimination

In sorting and duplication elimination. If the volume of target data is
beyond the RDBE's capacity. data is divided into several parts less than the
RDBE s capacity. the RDBE sorts or eliminates duplications from each part. and
the CPU performs external sorting or duplication elimination of all parts.
Even if the RDBE could perfors external sorting and duplication elimination.
there would be a data transfer bottleneck,

When a query arrives at the CPU, the CPL executes a combination of the
following three types of processing to ohtain the answer. and returns the
ansver to the user.
@ The CPU requests the RDBE to input data from a disk. process it. and
output the result to MM,
@ The CPU requests the RDBE to input data Crom MM, process it. and output
the result to MM.
@ The CPU directly processes data in M,

Thus. the RDBE inputs data from both a disk and the CPU.

2.2 Features of the Relational Database Engine

In the database machine described in the previous section. the RDBE must
have the following functions.
@ Variable length records are manipulated.
@ Operation processing is executed quickly.

To realize these functions. the following issues are considered:
(D Operation processing is executed by the same hardware for both fixed and
variable length fields.
@  Operation processing is exccuted quickly by wmultiple processors in
pipeline form.
@ Memories are used effectively in processing variable length records.
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From these principles. the RDBE adopts the following methods:
(1) Stream processing by multiple processors. the nucleus of which is a
pipeline two-way merge sorter

The sorting and relational algebra processing (RAP) modules are arranged In
series. In the interseetion. difference. and join operations. the comparison
to search for equivalent or non-equivalent key values Is execuled more
effectively by sorting key values beforehand. Pipeline processing in these
operations is realized by the sorting and RAP modules.
(2) Key lield extraction processing for the effective use of memories and the
prevention of delay in variable length record sorting

In pipeiine two-way merge sorting. memories are used to store data being
sorted. Different record lengths cause delays in pipeline processing. To
reduce the memories and the delays., only the key fields flow into the sorting
and RAP modules.
(3) Use of tags in processing

In the sorting and RAP modules. tags are attached to data. and processing is
executed using tags. One piece of information in tags indicates the end of key
fields. With this information, it is not necessary to consider whether the key

field length is [ixed or variable.

3. Overview of Relational Database Engine
3.1 Confliguration and Data Format

Fig. 3 shows the configuration of the RDBE and its data format. The RDBE
consists of a controller and four modules. The controller interprets a command
from the CPU and sets up other modules. The record buffer (RB) module stores
all target records. The [N module extracts key fields from target records. The
sorting module sorts key values. The RAP module performs KA operations.

Data [lows into the RDBE in two-byte units or three-byte units including one
byte for the tag, Data formats are as follovs.
@ The input and output data of the RDBE is the records. Fig. 2 shows the
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format of one of these. They are input and output in two-byte units. Input
records are sent to the RB and IN modules simultaneously. and output records
are read from the RB module,

@ Data flowing from the IN module to the RAP module consists of key fields
and record identifiers (RIDs). Key fields and RIDs flow one after the other.
Each RID corresponds to the record from which the preceding key Ffield is
extracted. A one-byte tag is added to each two bytes of key fields and RIDs.
These three bytes flow in parallel. Tags are used for flags and parities.
Flags indicate the end of key fields and the duplication of key values.

@ RIDs and their tags flow between the RAP and RB modules in three-byte

units. The content of tags is parities.

3.2 Controiler and Module Functions

The function of the controller and each module is as follows:
(1) Conttoller

The controller interprets a command from the CPU and sets up modules. In the
IN module. it determines whether key fields are of fixed or variable length.
their position and length if they are of fixed length. and the position of the
corresponding variable length field headers If of wvariable length. In the IN
module, it determines the key data type (character., integer. or floating
point). In the sorting module. it determines whether sorting is used in the
operation processing. and whether sorting is ascending or descending. In the
RAP medule, it determines the kind of RA.
{2} RB module

When target data is input. the RB module stores whole records in memory.
and determines the correspondence between the input serial number (used as the
RID) of each record and its address In memory. ¥hen result data is output. the
RB module reads the records from wmemory which correspond to RIDs sent from
the RAP module.
(3) IN module



The [N module extracts key fields from records. attaches RIDs. and sets Kkey
end flags. If the data type of the key is numerical (integer or [loating
point). it manipulates bits of key values to compare them as a character.

(4) Sorting module

The sorting module sorts character-type key wvalues in ascending or
descending order. If there are two or more of the same key values. It sets
duplication [lags on all the key vaiues other than the last one.

(5) RAP module

The RAP module executes duplication elimination. selection. Intersection.
difference. and equal join operations for character-type key values. Except
for selection., it requires that key values be sorted and it uses duplication

flags. As a result. it outputs on'y RIDs.

3.3 Processing Method for Sorting and Relational Algebra Operations

Sorting and RA operations are executed with'the sorting and RAP modules as
follows:
(1) Sorting

The sorting module sorts target key values. The RAP module only extracts
RIDs from sorted data.
(2) Duplication elimination

The sorting module sorts target Kkey values. The RAP moduie removes
redundancies from duplicated data by selecting data on which duplication flags
are not set.
{3) Selection

First, a conditional Kkey value flows through the sorting wmodule. and is
stored in memory of the RAP module. Next. target key values flow through the
sorting module, but are not sorted. The RAP module compares them in input
order with the conditional key value. and extracts target RIDs whose key
values satisfy the condition.

(4) Intersection and difference



The first target key values are sorted by the sorting module and stored in
memory of the RAP module. The second target key values are also sorted and
[tow into the RAP module. The RAP module compares the key values of the two
targets and extracts the second ‘target RIDs whose key wvalues are
(Intersection) or are not (difference) included in the set of first targzet key
values. Fig. 4(a) shows comparison processing. Pointers which point two key
values to be compared do not move back because two key value sequences 4re
sorted. Then. the sorting and RAP moduies execute intersection and difflerence
as pipeline processing.

(53) Equal join

The first target key values are sorted by the sorting module and stored in
mesory of the RAP module. The second target key values are also sorted and
flow into the RAP module. The RAP module coampares the key values of the two
targets and extracts pairs of the first and the second target RIDs whose key
values are equivalent. Fig. 4(b) shows comparison processing. Polnters which
point two key values to be compared move back only where both the first and
second target key values have same-value duplications because two key vaiue
sequences are sorted. Then. the sorting and RAP modules execute equal join as

pipeline processing.

4. Design and lmplementation
4.1 Record Buffer Module and IN Module

Memory for storing whole records s one megabyte. The RID length is two
bytes. In one operation. the maximum size of whole target records is one
megabyte and the maximum number of target records is 64 kilobytes. A table
controls the correspondence between RIDs and addresses in memory. In some
operations. typically selection. result record output starts before target

record input ends. thereby realizing concurrent record input and output.

4.2 Sorting Module



The pipeline two-way merge sorter consists of 12 sortlng cells. The smaximum
nueber of target records in sorting is 4098 (2 1) Fig. 5 shows the
configuration of a sorting cell. The memory management method is double memory
{Yang 88] for ease of implementation. Memory in the l2th sorting cell is 128
kilobytes (in practice. 192 kiiobytes Inciuding 64 kilobytes for the tags).
Essentially., in the double memory method. two items of data to be merged are
stored in district memory. However. In our implementation. they are stored in

two parts of one physical memory because of the hardware size restriction.

4.3 Relational Algebra Processing Module

Fig. 6 shows the configuration of the RAP module. There are two memories.
each of which is 123 kilobytes (in practice, 126 kilobytes). In intersection.
difference. and equal join. all first target key values are stored in one
memory. Comparison of the [irst and second target Key values begins as soon as
the second target key values flov into the RAP module. If the speed of second
target key values flowing into the RAP module is faster than the speed of the
values being cast off after comparison. second target key values are stored in
another memory. I another memory becomes full. the RAP module stops second
target Key values f[rom [lowing In until a vacancy occurs. The maximum size of
first target key values and RIDs is 128 Kkilobytes., but the size of second

target key values is not limited.

4.4 Clock Time of Data Flow

In the RDBE. data are transferred in two-byte units or three-byte units
including one byte for the tag (this two or three bytes is called one word).
The data path in each module is made up of registers and memories. The data
transfer speed depends on wmemory access time because data transfer between
registers and comparison of two items of data are [aster than memory access.
(1) RB module and IN module

Alternate input and output at word level Is used to realize record level
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concurrent input and output to memory in the KRB module. Memory write and read
are performed sequentially In clocks. Data input in the RB wmodule is
synchronized with data input to the I[N module. As described later. the sorting
module receives data at a speed of one word per three clocks. Data are input
into the KB and [N module at one word per three eclocks in key fields. and one
word per two clocks in parts other than key [lelds. Data is output from the RB
module at one word per two clocks or a little slower because read from memory
waits If requirements of both write and read occur in the same clock.
(2) Sorting module

To realize pipeline processing, each sorting cell must transfer data at the
same speed. Consider that each sorting cell receives and sends one word for a
certain time. and memory accesses occur three times in each sorting cell. Two
of them are read of both words to be compared. and one is write of a word from
the preceding cell. Data is translerred at one word per three clocks.
(3) RAP module

Essentially. it is possible to transfer data at one word per two clocks
because two memories are in physical districts. unlike the sorting module.
However. for ease of implementation, data is transferred at one word per

three clocks., synchronized with the sorting module.

5. Performance Evaluation
5.1 Basie Performance

The performance is evaluated when the lengths of records and keys are fixed.
First. the processing time of each operation is estimated by examining the
register transfer level. The processing time is from beginning input of data
to ending output. and does not include the time to interpret a command from
the CPU and to set up modules.

Let eaech record consist of only a variable length key field. the length of
the key field be 14 bytes or more. and 2 a bytes. The length of each record
is 2a+ 8, including four bytes for a record header and four bytes for a
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key [ield header.
(L) Sorting
Let the number of target records be a pover of 2 and n. The processing
time of sorting consists of lInput time. delay time., and output time. Each
proéessing time is summarized as follous:
@ Ioput time
Input time is from beginning input of the first record to input of the last
key [lleld. The interval of inputting key [ields to the sorting module is
calculated as follows:
cach record has @ words [for a key and four words for a non-key. [t takes
three clocks per word for a key and two clocks per word for a non-key to
transfer them to the sorting module. The minimum muliiple of three from T a+ 8
up is 3 a+ 9. From beginning input of the first record to input of the first
key field. it takes eight clocks because there are four words for the record
header and key field headéer. Then. input time is
(3a+9) (n—1) +8 clocks.
@ Delay time
Delay time is from beginning input of the last key field to output of the
first record. It takes 91 clocks for data to flow through the engine without
any processing for operations. However. the RAP module only outputs the record
ID ignoring key (it takes 3 @ clocks). Then. delay time is
3 a+91 clocks.
& Output time
Output time is from beginning output of the first record to ending output of
the last record. The interval of the record ID being output from the RAP
module is 3 a + 3 clocks because there are a words per key and one word per
record ID. The output of one record finishes in 3 a+ 3 clocks because it
takes 2a + 8 clocks., less than 3 a~+ 3 clocks. assuming that a = 7 .Then.
putput time is
(3a+3) (n—-1) +2a+6 clocks.
12



From the above. the total time of sorting is as follows:
(Sa+12) n—a+93 (clocks)
The ocutline of other operations is as follows:
(2) Duplication elimination
Duplication elimination is the same as sorting.
(3) Selection
Let the record number of target data be n.
(3a+9) n+5a+ 178 (cloeks)
(4) Intersection and difference
Let the record number of first and second target data be m and n
respectively (where both are a power of 2 and 4096 or less).
Minimum:
(6a+12) m+ (Sa+12) n—4a+ 163 (clocks)
Maximum:
(Sa+15) m+ (6a+12) n—4a+ 163 (clocks)
(5) Equal join
Let the record number of first and second target data be m and n
respectively (where both are a power of 2 and 4098 or less). Let the record
number of result data be r (where r=n).
Minimum:
(6a+12) m+ (3a+9) n+ (da+20) r—23a+ 156 <{(clocks)
Maximum:
Where r= (gin [m, n] ) ¢, let r be a square number.
(ba+12) m+ (3a+%8) n+ (da+20) r
+(3a+3) (m+n—2+r1) —3a+ 156 (clocks)
Where r > (@in [m, n] ) S, let r be a multiple of min [m, n] .

(ba+12) m+ (3a+9) n+ (4a+20 r

+ (3a+3) (max [m, n] - — 3 a+158

min [m, n] (elocks)
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Let each record consist of more than one fieid. Assume the following:
) A key field is the last part of a record.
@ The length of a key is 2a bytes. and the length of a record is 2 8
bytes.
8—a is multiple of 3. and Jaes23-4.
@ The number of targel records is n and a pover of 2.

The processing time for sorting is as follovs:

(e+48+2) n+da—-25+99 (clocks)

The processing time has the foilowing characteristics:
@ It is linear to the number of target records.
@ It is linear to the key length and the record length. and depends more on
the record length.
@ In selection. the processing time does not depend on the selectivity.
@ In intersection and difference. the variatiom in processing time depends
on the number of the same key values in firsg and second target data. The
larger the number. the shorter the processing time, because the times of
comparison in the RAP module decrease.
® In join, the processing time is approximately linear to the number of
result records. The wvarlation depends on the concurrency between the
comparison In the RAP module and output of the result records. [[ there arc
the same key values in first and second target data in the later part of the
comparison. output of the result records continues aflter the end of the
comparison. making the processing time longer.

Next, the real processing time is compared with the computational time. The
time from beZinning input of records to ending output of records is measured
by a logle anaiyzer. The measured time is approximately equal to the
computational time. Fig. T7{(a) shows the time of sorting and selection. and

Fig. T(b) shows that of join. The difference is caused by firmware overhead in

the Input and output channels.
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3.2 Influence ol Variable Length Data

Processing time is measured for target records where record lengths. Key
lengths. or both are different. In sortingz. the time from begzinning input of
records to ending output of records Is measured by a logic analyzer.

Generally. sorting of various length records takes longer than fixed length
records. because the difference of processing time in each sorting cell causes
a delay in the data stream. Processing time is measured for the following
three cascs:

@ Case !. Records comsist of only variable length key [ields, and both key
and record lengths vary. The number and total size of records and key lields
are constant. The key and record lengths of target records become gradually
longer. are constant. or become gradually shorter.

@ Case 2. Key lengths are constant. and record lengths vary. The number and
total size of records and key [ields are constant. The record lengths of
target records bécome gradually longer. are constant. or become gradually
shorter.

@ Case 3. Record lengths are constant. and key lengths vary. The number and
total size of records and key fields are constant. The key lengths of target
records become gradually longer. are constant. or become gradually shorter.

Fig 8 shows the resuit of measurement in case 1. The processing time where
lengths become longer is the same as where they are constant. However. the
processing time where lengths become shorter 1s longer than the other cases.
In cases 2 and 3. the processing time is equal.

Fig. 9 shows the outline of data flow in serting. To make discussions
simple. delay time is omitted. and the key and record lengths of the first
half and the second are constant. The figures on the left show distribution of
key and record length in target data. The figures on the middle shov data flow
in the implemented RDBE. in which key extraction is adopted. The figures on
the right show data flow where key extraction was not adopted. Fig. 9(a) shows
a case wvhere key and record lengths are constant. With key extractlon. the
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second to last sorting cell starts outputting the sorted first hall kevs vhen
inputting first hall records to the RDBE is [inished. and the sorted second
half Keys when [nputting all records to the RDBE Is finished. Output of Kkeys
takes less time than input of records because the output consists of only
keys. When the second to last sorting cell starts output of the sorted second
half keys. the last sorting cell starts output of the sorted whole keys. and
the RDBE starts outputting the sorted records. Without key extraction. the
second to last sorting cell starts outputting the sorted [lirst half records
when inputting first hall records Lo the RDBE 1is finished., and starts
outputting the sorted second haif records when inputiing aill records to the
RDBE is [linished. Outputting records takes the same time as inputting records
because both input and output consist of vhole records. When the second to
last sorting cell starts output of the sorted second half records. the last
sorting cell and the RDBE start output of the sorted whole records. In this
case. the processing time with and without key extraction is the same.

Fig. 9(b) shows the data flow in case 1. ¥hen key and record lengths become
shorter. output of the sorted second hall keys in the previous cell of the
last one oust wait until the end of output of the sorted first half keys or
records. causing longer processing time than when they are constant or becoame
longer. However, the wait is shorter with key extraction than without it.

Fig. 8(c) shows the data flow in case 2. When record lengths become shorter.
output of the sorted second half records in the second to last sorting cell
must walt unti! the end of output of the sorted first halfl records without key
extraction. However. with key extraction. output does not wait because output
of the sorted first half keys ends before output of the sorted second half
keys beglins.

Fig. 8(d) shows the data flow in case 3. I[n this case. the processing time
with and without key extraction is the same.

Hey extraction is effective in sorting the variable length records when
record lengths in the first half are rather long.
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5.3 Elfect of On-the-lly Processing

Processing time with and without on-the-fiy processing is compared. and the
elffect of on-the-fly processing is evaluated. With on-the-lly processing. data
In a disk is direetly input to the RDBE. Without it. data in a disk Is Input
to the RDBE after it Is loaded to MM. Fig. 10 shows the processing time of
sorting and selection with and without on-the-fly processing. On-the-fly
processing reduces the processing time by about 30% in sorting and by about
40% in selection. The processing time is regarded as the time when the data is
being transferred. and is measured by a logic analvzer.

The effect of on-the-fly processing is evaluated. To make the discussion
simple. it is assumed that the speed of reading data from disks (disk — MM
and disk — RDBE) and that of transferring data betveen the MM and the RDBE
(MM — RDBE and RDBE — MM) are the sane.

The processing in the RDBE is concurrent with inputting and outputting data
to it. so the entire processing ;ine is roughly estimated by the data transfer
time.

In sorting, the result data is output from the RDBE approximately
immediately after the target data is input to it. With on-the-fly processing,
there are two data transfers {(disk — RDBE and RDBE — MM). Without on-the-
Ily processing. there are three transfers (disk — MM, MM — RDBE. and RDBE —
MM). Since the time of these data transfers is approximately the same. the
processing time of sorting with on-the-fly processing is about two-thirds of
that without on-the-fly processing.

in selection. input of target data to the RDBE and output of result data
from it are approximately concurrent. §ith on-the=fiy processing. there is one
data transfer (disk — RDBE — MM). Without on-the-fly processing. there are
two transfers (disk — MM and MM — RDBE — MM). Since the time of these data
transfers Is approximately the same. the processing time of selection with on-

the-fly processing is about half of that without on-the-fiy processing.



& . Conelusion

The design., loplementation. and performance evaluation of the ROBE for
variable length records vere described. To process variable leagth records.
the key fields are extracted from records. and tags are added to them. This
realizes the same algorithm for both the fixed and variable length data. and
reduces the delay caused by different record lengths. To execute sorting and
RA operations quickly. pipeline processing by multiple processors. the nuc!eus
of which is a two-way merge sorter. is adopted. This realizes streas
processing. the conecurrent execution of an operation and transfer of data. To
process data on disks effectively. on-the-fly processing is used so that the
RUBE inputs data directly from a disk. This reduces the total processing time
by about 30% in sorting and by about 40% in selection in comparison with the

case where data are loaded to MM before inputing them to the RDBE.
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5.6
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Fig. 1 Configuration of the Database Machine
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RL

RH | BF, || PR P[P | VP, [-|VR
RL |DF FL {FP | |FL_[FP_
PECE 2 12 12 12 i Unit:Byte

RH : Record Header

KL : Record Length

DF : Deleting Flag

FF : Fixed Length Field

FH : Variable Length Field Header
FL : Variable Length Field Length
FP : Variable Length Field Position
VF : Variable Length Field Body

Fig. 2 Format of a Variable Length Record
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(a) Intersection and Difference
Pointer | ...
First Target |2|3|5|7

Sccond Target |1(2(21314(616171819

Pointer |
(b) Equal Join

Pointer | -
First Target |2|2|3|6

Second Target |1]2(2(3/4|6!/6|718|9

Poi ntEEI‘ T it

Comparison — Matched
---- Unmatched

Fig. 4 Stream Processing of RA Operations

23



From IN Module or Previous Cell
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To Next Cell or RAP Module

Fig. 5 Configuration of a Sorting Cell
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From Sorting Module
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Fig. 6 Configuration of the RAP Module
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Processing Time (ms)

Key Length 16 Bytes (Constant)

T0L  Record Length 24 Bytes (Constant)
O
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— Computed
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40~ © Selection
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20
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0 [ I | |
0 1024 2048 3072 4096
Target Record Count

Fig. 7(a) Target Record Count Characteristic
in Sorting and Selection
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Processing Time (s)
1.2~ Key Length 16 Bytes (Constant)
Record Length 24 Bytes (Constant)

1.0 First Target Record Count 512
Second Target Record Count 512 :?

B

0.8 ----- Measured
— Computed
0.6 O Maximum

Minimum

0.4

0.2

0 16384 32768 49152 659536
Result Record Count

Fig. T(b) Result record count Characteristic
in Equal Join
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Processing Time (ms)
Average Key Length 64 Bytes
70~ Average Record Length 72 Bytes

Record Count 1024
60 |-

o = '} =
50-_r — — — =

40

30+

20

101

0 | | r |
—124 —64 0 64 124 (Bytes)
Subtraction of Last Key Length from First

Fig. 8 Target Record Length Distribution
Characteristic in Sorting
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@ Input to RDBE

@ Output from Second to Last Sorting Cell
@ Output from Last Sorting Cell

@ Output from RDBE
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= Only Keys

a Middle of Target Data

E=3 Record Headers

(—J Key Field Headers

L Key Fields

C—J Other
(a) Case of Constant Key and Record Lengths

Time Time
= =

: D=1 R S
- @ = SRR S
E @ — bermmeneans :
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Fig. 9 Outline of Data Flow in Sorting
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(b) Case 1

LT

RRIRZaEE 4 DERREEY)

S

MEESISHRLaEH

'ETJ_%—E Tlir
Ot-f----1
@ H
€) —
@ besommes ]
— 2T, —
DOt~
@ HH
@ —
@ bomeees ]
— 2T
@Dt----1-1
@
® —
@ pooeeee

<T,>T,>
beopeeed
b b
poseenes .
esnanes .
«— 2T
be-sgeo
e
psennes :
peenenes :
«— 2T s
S
beme -
|. .......

+>2T1—} -a:—:f‘-‘QTl-ﬁ

Fig. 9

30

(Continued)



(c) Case 2
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(d) Case 3
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Processing Time (ms)
Key Length 16 Bytes (Constant)
700}~ Record Length 64 Bytes (Constant)

600 ~---- Without On-the-fly Processing
— ¥ith On-the-fly Processing
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Fig. 10 With and Without On-the~fly Processing
in Sorting and Selection
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