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Abstract

It was not too long ago that designers were looking to
dedicated hardware to solve the “1/O problem”. However,
despite the claimed improvements of such back-end proces-
sors, with few exceptions, they never reached commercial
viability. With today’s exponential growth in data, thereis
growing concern that we are once again reaching a“ memory
wall” and there is talk of intelligent processing by 1/O.
While the basic 1/O performance characteristics are gov-
erned by physics, we can adjust how we view, store, and
process data so as to be more in consonance with the I/0O
devices themselves. Key factors are data granularity and
achieving synchronous operation. This paper examinesthe
performance issues of non-numeric applications that are
primarily 1/0 bound. By using a two dimensional data
model, logical topology of datais physically preserved on
disk. Thisenablesthedisk to operatemoreinasynchronous
fashion with granular data access. Using severa
benchmarks, we contrast the performance of the 2D model
with a lineal model and find that improvements are on the
order of 10-100X and roughly in proportion to the granular-
ity of thedata. By using intelligent controllers, each
controlling aset of spindles, ahigh degreeof parallelism can
be achieved without the overhead usually associated with
parallel architectures.

1.0 Introduction

Today, applicationsare being developed with littleregard to
the needs and capabilities of 1/O. For cases where the same
data is frequently accessed , the use of a cache mitigates
relatively poor 1/O performance. For the other cases, we
have an “1/0 problem” and look for creative ways to solve
that problem. Indeed, the root cause of poor performanceis
not due to 1/O per se, but rather due to a virtual disregard
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of 1/0O by the applications. By adjusting how we view,
store, and process data so as to be more in consonance with
1/0 devices, significant performance gainscan be achieved.

In this paper we propose a new two-dimensional (2D)
mapping schemethat preservesthelogical topology of data.
We introduce a figure-of-merit metric that facilitates
comparing thel/O performance between the old way (lineal
map) and that of the 2D case. Using a combination of
analytical models and measurements on a actual hardware
prototype, we show that the relative improvement is on the
order of 10-100X and reasonably predicted by this new
metric. While we focus primarily on non-numeric applica
tions that are 1/0O constrained, many of the principles
discussed here can be applied to more general applications.

The approach we take is to first look at a single disk
and examine specifically the characteristics that effect
performance. We introduce two metrics: access efficiency,
g, and the utility of the data, y. The product of these two
termsform afigure of merit (FOM), aconvenient metric for
measuring the “goodness’ of 1/O for the specific class of
systems under study.

In an attempt to improve the FOM, we introduce a2D
mapping methodol ogy that preservesthelogical topology of
data as it is mapped to disk. We examine several bench-
marksand contrast the lineal mapping with the proposed 2D
approach. We show that as an overall metric, the FOM isa
reasonable predictor of performance.

Finally, the consequence of such adesign reduces the
traditional 1/O bottleneck and offloadsthe host system. For
maximum gain, we seethe /O subsystem asacomputational
partner. Subject to the even distribution of data, we assert
that 1/0O performance will scale linearly with spindles and
such architectures will become good candidates for our
future high-performance systems.

2.01/0 Coherence

It isawell known fact that maximum power is transferred
when the load is matched to the source. We assert that the
same phenomenon applies to architecture, namely that
application (requestor) should be matched to the 1/0O
(provider). It isthis coherence, then, that holds the key to
achieving high 1/O performance.

2.1 Historical Perspective



Early computer systems typically use channel controllersto
match the performance of higher speed processors with
lower speed 1/0 such as punched cards, tapes, etc. Con-
sider, for example, thelBM 3741 System, akey-to-diskette
system driven by a modest (measured by todays standards)
microprocessor [IBM73].

In atypical application, fixed length records are read
in logical order and processed as shown in Figure 1. Note
that the processing time exceeds the disk burst rate by a
factor of 3. In the non-interlaced instance (case @), by the
time the system wants to read the second record, it has
passed the head. Thus, we incur a latency delay of a
complete revolution, 167ms.

In the second instance, the disk was reformatted so
asto interleave the logical records. In thiscase, thelogical
order of records (logical burst rate) exactly matched the
processor’ s capability to consume the data, eliminating the
effect of latency. 1nour example (and for a 26 sector disk)
we realized nearly an order of magnitude gain by interleav-
ing.

Note that this gain is predicated on the ability to
anticipate the host’s requests, a good understanding of the
varioustimesinvolved, and a consistent or coherent pattern
of usage. Unfortunately, today’ s applicationsarecharacter-
ized by exactly the opposite: very powerful hosts, many
users, and often ad hoc operation. The operation is very
random and certainly not coherent.

|Rec1 | |Re<:2| |Re<:3 | |Re<:4| |RecS | |Ret:6| |Rec2 |

read rec 1

Process record 1 |

Case A non-interlaced records

|Rec1 | |Rec9| |Rec18| |Recz| |Rec10| |Rec19| |Rec3|

read rec 1 read rec 2 read rec 3

Process record 1 |

Process record 1 |

Case B interlaced records

Figure 1 Interlacing records to match processor require-
ments eliminated the negative effect of latency.

2.2 Random Access

Compared to tapes, random access disks were a great
improvement. As processors became more powerful,
however, the penalty associated with random access became
significant to the point that 1/0 now istraditionally viewed
as the bottleneck of contemporary systems.

Because the magnetic disk isa physical medium, it is
governed by physical laws. The seek time is the time
required to position the head on a particular track. Some
timesthe sought-after record will have just passed the head.
Other times, it will just be coming up. On average, we will
wait a half revolution to read the desired record. In a disk
context, thistime is defined as latency.

The sum of seek time and latency define the random
access time. For contemporary disks this may be on the
order of 10 ms. Once the head is positioned before the
record, the data read time is accomplished at the burst rate

of the disk. The ratio of random accesstimeto read time is
large since we are dealing with mechanical time as opposed
to electronic time, perhaps 2 orders of magnitude.

2.3 Challenge

The challenge before usisto define an 1/0 architecture that
will exhibit the coherence of our simple example in an
environment that is basically chaotic. In the example, the
only random access was to position the head before the start
of the record string. Since we were dealing with a long
record string, the inefficient accessis effectively amortized
over thelarge data block. Finally, the processor was able to
keep up with the logical burst rate so that the next data
sought for processing was just coming underneath the head.

3.0 Systematic Applications & L ocality

Exploiting locality is akey factor in achieving high perfor-
mance /0. Recalling the key-to-diskette system studied
earlier, eachrecord predicably followed the previousrecord.
After the initial positioning of the disk to the start of the
record sequence, there were no more random accesses
since the next data was always underneath the head.

We will define a set of applications where some form
of locality of reference applies. This could be reading one
record after the next, processing an index, anticipatory
reads, etc. Wewill refer to such applications as systematic.
For systematic applications, there existsalogical neighbor-
hood where the next data sought is a member. Thus, the
logical neighborhood becomesthe predictor of the next data
we want.

3.1 Logical vsPhysical Neighborhood

Consider the example in Fig 2a. Here we have shown atwo
dimensional table where our point of reference is C3. Its
neighborsare shown shaded. Assuming weread fromtop to
bottom and left to right, the next data element we want
would be either D3, if we were moving from left to right, or
C4 if we were moving in the orthogonal direction. In other
words, the next data we want isin alogical neighborhood..
Given that we treat the disk as lineal storage (block 0
to block n-1) we have achoice asto how we map thislogical
data: row or column order. If we map it by row, we main-
tain our horizontal contiguity but loosein vertical direction
(case b). Alternatively, mapping by column gives us good
locality inthe vertical direction at the expense of horizontal
contiguity (case ¢). In either case, we have failed to retain
the neighbors of C3, thus the topology is not preserved .
The significance of preserving topology isthat, to the
extent that locality of reference applies, the next data the
system will want will be close by. However, it isaxiomatic
that to preserve the neighborhood when mapping from
logical to physical space, the physical space must be at |east
the same cardinality as the logical data space. Thus, for a
two dimensional table, we need atwo dimensional disk.



Al Bl Cl1 D1 E1
A2 B2 |C2 D2 E2

A3 B3 C3 D3 E3
A4 B4 |C4 D4 E4
A5 B5 C5 D5 E5

(a) Two dimensional table. The cellsadjacent to C3 (shown
shaded) belong in alogical neighborhood of C3

Al B1 C1 D1 E1 A2 B2 C2 D2 E2 A3 B3 C3 D3

(b) Row ordered mapping. Only the horizontally adjacent
cellsremain close to C3.

Al A2 A3 A4 A5 Bl B2 B3 B4 B5 C1 C2 C3 C5

(c) Column ordered mapping. Only the vertically adjacent
cellsremain closeto C3

Fig2 Givenatwo dimensiona table (a), the data can be
mapped to disk either by rows (b) or by columns (c). In
either case, logical topology is not preserved.

3.2 Disk asa Two Dimensional M edium

While disk is currently treated as a large lineal medium
(block O to block n-1), it isin fact three dimensional. It has
many concentric cylinders, each of which hasasmany tracks
asthere are data heads. Within each track there are sectors
(or blocks in SCSI terminology). Thus, any sector can be
physically identified by the triplet: cylinder-head-sector.
321 Cylinder map

While in the abstract, it makes no difference which two of
the three dimensionswe choose to act asthe basic 2D space,
there is moretemporal affinity between tracks on acylinder
and sectors within atrack than between adjacent cylinders.
Thus, we view the disk cylinder as the basic unit of 2D
space. Within that space, then, we have heads (tracks) in
one direction and sectors in the orthogonal direction.

In Figure 3, we have taken a single cylinder and
unwrapped it, laying it flat in the plane of the paper. As
indicated, this cylinder has m heads and n sectors (blocks)
per track. We also indicate a skew of 2 sectors.!

322 Navigation

Per the SCSI standard, each physical block is assigned a
logical block number (LBN). Startingwith LBN 0, thereare
nlogical blocksonthefirsttrack. Fromthelast block onthe
first track (LBN n-1), the first block we can read on the

! Skew is defined as the number of sectors that slip by before the
first sector on an adjacent track can be read.

adjacent track is the third physical sector. This block is
assigned LBN n. Note that as we move down from head to
head, thereisaskew of 2. Thisskew isinherentinthedrive
and is required to accommodate embedded servo informa-
tion. Each track will be skewed from the previous track by
alike amount.

Starting from LBN 0O, we can moveinahorizontal direction
by ssimply reading along thetrack (LBN O, LBN 1, ..., LBN
n-1). This is a track read. To move in the orthogonal
direction, we would read diagonally acrossthe heads (LBN
0,LBN n+1, LBN 2n+2, ..., LBN (m-1)(n+1) ). Werefer to
such aread as a sector block read.

skew = S

hdn|LBNO ||LBN| ||LBN2 ||LBN3 ||LBN4 |

LBN n+1 LBN n+2 LBN n+3

LBN 2n

hd 1 | LBN 2n-2

| LBN 2n-1

|LBNn

hd 2 | LBN 3n-4

| LBN 3n-3

| LBN 3n-2

| LBN 3n-1

| LBN 2n+1

LBN mn
-2m+3

LBN mn

hdm-|| LBN mn
-2m+4

-2m+2

Fig3  Physical block layout for acylinder having m heads
and n sectors per track for atotal of mn blocks. For illustra-
tive purposes, a skew of two isshown. We assume also that
the starting block number of the cylinder isLBN 0.

To summarize, we have two modes of navigation in our 2D
space. Track reads and sector block reads. There are as
many sector blocks in a cylinder as there are sectorsin a
track.  Since we are reading a block from each track, we
refer to thediagonal set asasector block. In our examplethe
cylinder consists of n sector blocks. The first three sectors
that comprise Sector Block O are shown shaded.

4.0 Figureof Merit (FOM)

We define the FOM as the product of two terms. The first
term deals with how we amortize the inefficient random
access by reading large blocks. The second measures how
much of the data we read is pertinent to the computation.

4.1 Access Efficiency

We define the efficiency of the data access, £, astheratio of
time we reading data over the sum of data and access time.

£ = datatime/ (data time +rand access time) (0]

Since random accessis unavoidable, thebest wecandoisto
amortize that fixed time over alarge dataread. Reading an
entire cylinder of data would preempt the I/O for perhaps
100-200 mswhich isn't permissiblefor amulti-user system.
On the other hand, choosing to read a single block takes
much less time but is very inefficient. The throughput vs
block size relationship is shown in Fig 4.
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that the "half power point" occurs at a block size
that corresponds to a track.

As indicated in the figure, a reasonable compromise is
realized between the two extremes at the intersection of the
two slopes as shown in the figure. This“half power” point
roughly coincides with atrack’ sworth of data, aconclusion
that escaped neither disk manufacturers who offer
anticipatory track reads [ Seag95] nor researcherswho align
data along track boundaries [Schi02].

4.2 Read Utility

While large data reads make the access efficiency ook
good, there is merit to such aread only if thereis utility to
the data. For example, if from the track read we only
wanted asingle record, then the utility of the read would be
low. To measure the quality of the read, we define the
metric, data utility, ¥, to be

¥ = min data needed / amount of data read. ()]

As an illustrative example, consider an SQL query of the
form

SELECT name, address, salary FROM employee
WHERE salary > $20K

operating on the small database described in Figure 5. In
this case, only three fields are requested (as opposed to the
entire employee record). In SQL terms, this operation is
referred to as a projection [Date82] and is an important
notion that we will return to later.

In a conventional system where records are mapped
onerecord after the next in a head-to-tail fashion, wewould
have to read al of the datain order to complete the query.
Y et, only the shaded portion was needed. The percentage
that the shaded fields represent compared to the whole,
then, constitutes the data utility, ¥.

name addr city state  zip emp sal doh

gorby 106 wild St Paul MN 55115 636 1961
chas 1218 first Hudson  WI 54016 123 1980
timbo 434 Polar Plymoth MN 55123 987 1982
maria 208 Mull  Pleasant CA 93010 997 1960
susan 280 Mead Reno NV 89509 654 1965

94012 2341 1975

Figs  Anexampledatabasefor an SQL query. Data space
consists of rows and columns. The shaded area represents
the minimum amount of data required to satisfy the query.

Finaly, we define the overall “goodness’ of the I/O
subsystem as the product of the two. We refer to thisterm
asthe Figure of Merit (FOM).

FOM = £* ¥ ©)

Intheearlier key-to-disk example, the FOM could be simply
calculated and found to be close to unity, a near perfect
value. Inconventional systems, thisvalue could be less by
perhaps several orders of magnitude. Aswewill show later,
the FOM is areasonable predictor of 1/0 performance and
that improvements in the FOM in an I/O constrained
application are nearly directly proportional to the
performance gain.

5.0 M apping of Records

In Fig 6, we show a" straightened out" version of the shaded
diagonal earlier shown in Fig 2. Since we are mapping a
two dimensional space (rowsand columns) to asector block,

we have a choice of whether to map rows across the heads,
leaving fields to be mapped along the tracks, or vice-versa.

physical sector (51
<_,Y> logical sector size (LSS)

Fig6 A sector block consists of num_hds sectors, one
from each track and taken in adiagonal pattern. A
record spaceisdefined by theareaL SSx num_hds

and is shown shaded in gray.



5.1 Logical Sector Size (LSS)

Given that database tables are much longer than they are
wide, we choose to map the records across the heads, a
fixed portion under each. Accordingly, we subdivide the
physical sector into a set of smaller logical sectors. This
defines arecord space that is Issx num_hdsin area where
the logical sector size, Iss, isdefined as

LSS=[rec_len/num_hds =4, 8,...4n. 4

andrec_len representsthe length of therecord. TheLSSis
an important construct, and is a key value when mapping
from lineal to two dimensional space. All cylinders
associated with a particular table must have the same LSS
value. Itwill be shown later that if the tables span spindles,
then all spindles so spanned must be of comparable
geometry i.e., the same number of headsinorder for the LSS
to be constant.

Finaly, we round the LSS value up to be some
multipleof 4 to accommodate the data path width associated
with disks and their controllers .2

5.2 Mapping Recordsto Sector Blocks
Consider a 64 byte record type defined as indicated in
Tablel. Assuming 10 heads, the LSS can be determined
to be

Iss=[ rec_len/num_hds|=64/10 1=[6.4]=>8. (5)
Thus, the record space is defined as...

rec_space = Issx num_hds = 80 bytes. (6)

and isdepicted in Figure 7

t ypedef struct _record

char enpl oyee_no [ 8] /Il field A
char nanme [12]; /Il field B
char address [24]; /Il field C
char zip [5]; /1 field D
char salary [6]; /Il field E
char doh [6]; / field F
char dept [3]; /Il field G
} Record;

Table1l Definition of Record Structure

2 Contemporary disks and their controllers have a minimum data
path width of 4 bytes. Given that we are paying for 4 bytes
whether we need it or not, we round the LSS value up to the
next higher multiple of 4.

Fig7

Fields are assigned to record space using the
modified best fit algorithm . Note that variables may be
assigned to fragmented space aslong as a LSS boundary is
not crossed unnecessarily.

5.3 Moadified Best Fit (M BF) Algorithm

In Fig 7, we depict the two dimensional space that is to
contain the 64 byte record. Because the LSS algorithm
rounds up, we are assured that there is sufficient space:
Iss x num_hds or 80 bytes. We refer to the placement
algorithm as “modified” because we attempt to avoid
crossing unnecessarily an LSS boundary. Where possible,
then, fieldswill be placed at the start of anew space or will
be wholly contained within a space. As will become
apparent, for every instance where thisis not the case, an
extra spin penalty will be incurred.

For the example depicted in Fig 7, Fied A
(employee no) is 8 bytes and exactly fits in the space
defined by head 0. Field B (hame) is 12 bytes and will
cross the boundary; the first part will be under head 1, the
balance under head 2. Because the field is 12 bytes, it is
impossible to avoid crossing a boundary asis the case with
Field C. Fields D and G are able to share the same space.
In this fashion, the fields are placed in the sector block.

As is evident from Fig 7, the LSS agorithm yields
ample space to map a record and typically without
unnecessarily crossing an LSS boundary. While a more
aggressive algorithm may achieve higher density, it will
likely require moretime (spins) for processing.

5.4 Variable Length Records

So far, all the record fields have been a fixed length. In
general, variable records (records having variable length
fields) tend to detract from the orderly and predictable
mapping of records. To preserve the regularity and
coherence of our data, variable fields are divided into two
parts. afixed length part that shares the same record space
along with the other fields, and a variable part.

A user would specify the fixed part to be as large as



desired. Thisfield would include a 2 byte pointer to a heap
at the end of the cylinder which would contain the variable
part. Thevariable part could be arbitrarily long.

It should be noted that only the fixed portion of the
field will be scanned. Thus, variable fieldsinvolved in the
selection criterion will identify candidate records for
selection. Those candidates then will be qualified by
examining the heap as part of a post-processing operation
in the host system.

6.0 Anatomy of an SQL Query
6.1 Problem Decomposition

To quantify the advantage of the proposed 2D mapping,
consider two simple queries operating on acylinder’ sworth
of records as defined in Table 1. To make the analysis
simple, we assume no involvement of indexes and
operationsarerestricted to asingletable. Admittedly, thisis
a simple example by SQL standards but will serve to
illustratethe difference between the conventional lineal map
and the proposed 2D map.

Q1 Select employee no and zip_code from Table
where zip_code= ZIP

Q2 Select name, address, and salary from Table
where salary > $50K

In the lineal case, al the records are examined (an
exhaustive read). We will assume alarge track read (or that
the disk drive has an anticipatory track read). Thoserecords
that satisfy the predicate are retained.

Inthe 2D case, we divide the operation into two steps:
aselect followed by an extract. The select will identify the
records of interest by scanning the fields involved in the
expression. For Q1, this would be the track corresponding
tohd6inFig 7. For Q2, it would bethetrack corresponding
to hd7. Once the ordinal position of the records are
identified, we extract only those sector blocks.

The number of spins required to extract the selected
sector blocks is based on many factors- the number and
relative position of the records, the state of the track cache
in the 1/O processor (IOP), and the exact fields to be
extracted. However, in al cases, the total number of spins
is bounded by the sum of the tracks involved in either
operation. Since this constitutes the worst case, we will
assume those times.

6.2 Results

Given the data map defined in Fig 7, we can analytically
determinetheruntimes. In additionto computing thetimes,
we calculate the efficiency, data utility, and the FOM of all
the cases. Of particular interest is the relative analysis
between times and the FOM. Theratio of time (lineal/2D) is
seen to be 5.8 asistheratio of FOMs (2D/lineal).

7.0 Model Validation

The underlying assumption with the 2D mapping is that

Test Runs Q1 Q2
Lineal Statistics
efficiency .36 .36
data utility .20 .66
fig of merit (FOM) .07 .24
per cyl time (ms) 230.40 230.40
2D Statistics
per cyl time (ms) 31.71 66.37
packing factor 0.80 0.80
adjusted time 39.63 82.96
wgt avg FOM 43 .66
Ratio Analysis
FOM (2Dl/lineal) 5.81 2.78

Fig8  Performancecomparison: Lineal vs2D for Q1 and

Q2 query examples.

once on the cylinder, we are able to reliably determine
where the head is relative to the cylinder. By making
operations atomic to the cylinder, we insure only one
random access for the set of records contained therein.
Within the cylinder, operationstypically start and end at the
same point, thereby maintaining a large degree of
synchronism. Indeed, the only random operation associated
with the cylinder istheinitial random access.

7.1 Introduction

To verify our model, we implemented a prototype model.
Wewrote acylinder’ sworth of dataon adedicated raw disk
and then proceeded to scan the cylinder for records using a
selection.. We compared observed time to predicted time.
Several read and select operations were performed. Times
were wall clock measured at the application program
interface (API). For operations taking more than 60 ms, a
context switch occurred with 10 ms of overhead. The high
level block diagram of the prototype is shown in Fig 9.

7.2 Prototype Hardware

The model was implemented in C using Solaris 2.5. Two
4GB Segate Barracuda [ Sega95] drives are dedicated to the
data under study. A third disk isused as a general purpose
systemdisk. These particular diskshave29 zones. ThelOP
was emulated in software and was connected to a dedicated
Adaptec SCSI controller.

73 LBNMap

To facilitate mapping, the disk was reformatted so that each
track had 2 spare sectors. Using SCSI commands, the
starting LBN in each zone was noted. With this and the
number of sectors in each zone, we are able to obtain a
complete logical to physical map directly. Excluding the
reformatting time, the entire mapping process was
accomplished in thetime required to execute several SCSI
commands.
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Block diagram of the prototype

Fig9
7.4 Record Particulars

A record space of 168 bytes was defined based on an LSS
value of 8 bytes and 21 heads. Because 512 is evenly
divisible by 8, we preempted the last record spot (for
potentially storing transaction IDs) to net 63 records per
sector block. Thefirst 123 sector blocks contained records
for a total of 7,749 records per cylinder. The last (124")
sector block was defined as the heap storage.

7.5 1OP Optimizer

Given a bit vector, which is the result of some scan
operation, the optimizer determines the number of spins
required to extract the data as  sector blocks. This will
depend on distribution of records, the skew, and the
particularsof aproject. Alternatively, thefieldsinvolvedin
the extraction that are not yet in cache may beread astracks
(one spin/track).  The lessor of the two dictates the
outcome, with ties favoring tracks. Thus, taking al the
factors into account — the vector, disk skew, the fields of
interest (project), columns in cache, and available space —
the optimizer will choose the minimum time option.

7.5Test Runs
The following 4 operations were performed:

(@ write a cylinder’s worth of datawith Optimizer
disabled. (124 sector blocks; 2604 1/0 ops)

(b)  writethe sameamount with the Optimizer enabled.

(124 sector blocks; 21 1/0 ops)

(c) scan the cylinder involving 3 columns; extract 2
sector blocks

(d)  repeat operation (c).

7.6 Discussion of Results

In the first case, we disabled the optimizer. We wrote 124
sector blocks, each comprised of 21 sectors. For atotal of
2604 1/0O ops. For the second case, we repeated the
operation but enabled the optimizer. Enabled, the optimizer
choose to write the cylinder as tracks: hence 21 1/0
operations. For case (c), we selected two entire records
fromdigjoint sector blocks. The selectiontook two spinsand
4 more for extraction. Finally, we repeated the case, but
since the track data was in cache, only the extraction
incurred I/O time: 4 spins. This data is summarized in the
table and reflects an adjustment due to context switch time;
latency of +4ms applies to all the times. Overal, there is
reasonable agreement between observed and predicted
times. Thus the model appears valid.

Observed Calculated
case (a) 2.5 sec 2.427 sec
case (b) 196 ms 216 +4 ms
case (c) 51 ms 54.5 +4ms
case (d) 42 ms 37.6 +4ms

8.0 Benchmark Runs

Typically, benchmarks have a personality that could favor
one system over another.  For our tests, we choose three
benchmarks, each perhaps with its unique bias. However,
taken together the set should offer a balanced picture of a
“typical” set of 1/0O operations.

Also, we avoided using casesthat involved tablejoins.
We argue that such cases are more dependent on host based
optimizersand processing power, not 1/0. In Section 10 we
will address the use of indexes and briefly touch onjoins..

8.1 Procedure

Following the pattern established earlier, we proceed as

follows:

- for agiven record length, define LSS

- compute the number of records per cylinder, and thus the
total number of cylinders required

- map the record fields in the order they are given in the
benchmark

- determine time to process all cylinders

Since the reported results lack the detail necessary to

determinethe FOM, we worked backwards so asto come up

with a best guess estimate. While somewhat error prone, it

gave us a metric other than time to judge the results.

8.2 Assumptions

Sincethe |OP outcome of the optimizer isnot deterministic,
we assumed that it would chooseto read the records by track
(as opposed to by sector blocks). We assumed that the
reported times were largely dictated by 1/O with minimal
system overhead. Thiswasin keeping with the assumption
that we are dealing with /O limited applications. The



narrative accompanying the benchmark results seemed to
reflect thisaswell. Runswere single user.

Timeswere based on the Seagate Barracuda disk used
in the prototype. [Segad5]. For the 2D case, indexes were
used when specified and required to enforce unique fields.
For al other cases, exhaustive reads were used.

8.3 Benchmark Description
Three benchmarks were selected:

- The Wisconsin [Bitt83]
- The Set Query [Oneil91]
- TPC D/H [Raah94]

8.3.1 Wisconsin

We chosethe 5 queriesfor which resultswere reported (and
that were not joins) as reasonable representatives of an 1/0
limited case. Selectionsof 1% and 10% were defined. Also,
the benchmark called for the entire record to be extracted. .
The cited results were based on a 1-disk version of the
Gammamachine[DeWi90]. Thetimeswerereducedto 58%
of the reported values to compensate for the slower disk
technology. Becausethe 8K block represented almost atrack
read, we did not run the full track case.

8.3.2 Set Query

In contrast to the Wisconsin Benchmark, this one
emphasized counts of record instances with very little or no
field/record extraction. As a result, many of the queries
were satisfied with pre-built indexes, allowed by the
benchmark and obviating the need for |/O operations. The
same query would be run against different population
densities® (ranging from most selective to least selective).
As more records were selected, the advantage of the index-
based optimizer strategy would be expected to wane. Two
databases (DB2 and M204) are compared to the 2D case.
833 TPC D/H

Of all the benchmarks, this one is probably the most
representative of contemporary relational database
applications. We choose Q6 ( theonly non-join application
defined). Because the reported results are normalized to
performance per dollar cost (over a5 year period including
maintenance), wedid not have atimeto compareto. I nstead,
we modeled the query for the lineal case assuming first 8K
blocks, then full track reads.

9.0 Experimental Results*

3 For example, afield that had one hundred unique items would
belabeled “K100". A field representing gender would be
designated as “K2".

“4In all cases we assume a disk with 21 heads (over which we
mapped the record )

For each benchmark, we discussthe particular strategy used,
we summarize the 2D times, we compare the 2D times to
the reported data, and finally discuss the results.

9.1 Wisconsin Benchmark

Map Detail

To hold a 208 byte record, we require an LSS = 12 bytes.
This defines a 252 byte record space with a packing
overhead of 21%. We get 42 records per Sector Block and
5,376 recordsper cylinder. To storetherequired 1M records
werequire 186 cylinders. Because the benchmark assumes
asingle user, the optimum cylinder-to-cylinder accesstime
can be assumed when we do not incur an intervening index
operation.

Strateqy

The queries call for asimple select and then extracting the
entirerecord. The order of the operationswas as defined by
the query statement. On the first two index operations, we
used an index (even though not doing so would have
improved resultsslightly). Onthelast query, we proceeded
without using theindex and produced aslight improvement.

For each query, we broke down the times spent on selection
aswell asextraction. Ineach category, we further indicated
the 1/0 efficiency as well as the utility of the data access.
Finally, we noted the number of 1/0 disturbances associated
with each operation. An /O disturbanceisany discontinuity
such asarandom access (page fault) or alatency delay (hit).
Seek timewhen moving to an adjacent cylinder isa planned
synchronous operation and not viewed as a discontinuity.

WISCONSIN BENCHMARK
1000 T T

—+— WIS
-o- 2D

100.0 g

Time ( seconds)
S
o
o
!

1.000| i

0.100 L L L
Q1 Q2 Q3 Q4 Q5

Benchmarks

Wisconsin Benchmark times for both the 2D case
and thereported system case. Notethat on average,
the 2D runs are about 15 timeslower which reflect
the improved granularity of record access (5% vs
100%). See Section 10.1.

Fig 10



Discussion

Central to our research isthat we are attempting to define a
coherent sequence of 1/O operations since randomness (i.e.,
the lack of coherence) isthe root cause of inefficiency.
We argued that if the FOM was high, the 1/0O was being
effectively used and the resulting time should be low.
Initially, we thought that a time*FOM product might be a
useful metric. In certain cases this gave us miseading
results. * A more predicable approach is to a relative
analysis.

If indeed the figure of merit is a predictor of
performance, then we would expect that the relative times
should result in the same ratio i.e, if we are twice as
efficient, we should be twice as fast. This information is
shown in the Table 2 below where we compare the ratio of
lineal time/ 2D time and compare it to the FOM ratio. .

Benchmark 1 2 3 4 5
Ratio Times 110.8 25.4 21.1 32.9 6.2
Ratio FOM 46.0 21.9 3.2 3.5 2.2
Delta ratio 416 .860 151 .105 .351

Table2 The ratio of relative times and FOMs for the 2D
and base cases.

9.2 Set Query Benchmark

Map Detail

To hold a 200 byte record, we again require an LSS = 12
bytes. This defines a 252 byte record space with a packing
overhead of 26%. We get 42 records per Sector Block and
5,376 recordsper cylinder. To storetherequired 1M records
werequire 186 cylinders. Again, the single user assumption
insuresthat we can achieve an optimum cylinder-to-cylinder
accesstime.

Strategy

Because the column valuesin the SEQ field are unique, we
built an index to enforce the uniqueness. For the remaining
fields, no index was assumed.® Except for operations
involving the SEQ field, we used exhaustive reads of tracks.
Asidefromtheindex-related scans, thetimeswere generally

® A high FOM case may have long time associated with it due
not to the nature of the operation (and not inefficiency) and
could be cast in apoorer light compared to aless efficient
operation that took a shorter time.

SThisis stark contrast to the reference databases which built an

index on all the fields aswell stored statistics to guide the host-
based optimizer. Optimizer overhead ranged from 33% to 56%
(DB2)

constant and corresponded to 1-4 spins of thedisk. All runs
assumed the 12 byte L SS. Thiswas a bit coarse astypically
only one of the three fields under any head was needed. In
this case, we are operating at a data utility of around ¢ =
33%.

For each class, there are a number of runs. In the 2D
case, there was no discernable difference between “A” and
“B” versions, thus only “A” was reported. Finally, Q6 was
not run. This was a join operation where the issue was the
host-based CPU power, not 1/O. For thisreason, an* apples-
to-apples’ comparison could not be practically made.

Test Results

The comparativetimesare shown inthefiguresbelow. Note
that because the times vary significantly within the class,
they are shown plotted on a logarithmic scale. The
exhaustive case is constant for all runs and is based on full
track reads; the time is 71.4 seconds and is shown as the
doted line in the plots.

Q1 MEASUREMENTS
10001
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[ pB2
[ M204
N 2D

100.01

10.001 m

1.000 7 M

time (seconds)

0.100|

0.010p|

seq 100k 10k 1k 100 25 10 5 4 2
KN cases

0.001

Fig 11-Q1 Count the record instances that satisfy simple
query. Note that the 2D times are flat as is the exhaustive
case. The DB2 timesincrease as the selectivity is reduced

Analysis

On the surface, the benchmark data would suggests that
index based-schemes are superior to conventional schemes.
Certainly in this particular benchmark, the index-based
schemes seem to offer a distinct advantage over the
exhaustive case. Even for the 2D map, the index-based
approach offers an advantage. To understand why, we
should better understand indexes, thisparticular benchmark,
aswell asthe data we observed.

The purpose of an index is to circumvent inefficient
1/O operations. Indeed, in the narrative associated with the
benchmark, the optimizers of the commercial databases
structured strategies that allowed solving the problems by
accessing pre-stored information such as metadata and
indexes.
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criterion. Note that the DB2 seriously degrades with the  Fig11-6.Q4 Q4A. Hereweareextracting two fields based
loss of selectivity. Note the 2 orders of magnitude delta  on acompound expression involving three conditions. The
between DB2 and M 204 (misguided optimizer) 2D caseisabout 10X better..
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Fig 11-Q3A.  For this run, we are extracting one field.
Thus, the index approaches are beginning to falter starting 9.3 TPC D/H Q6
at a selectivity of 1%. The 2D approach is constant.

Map Detail
Inaproperly designed index, all but the leaf will bein

memory. Thus, for each data element we encounter, we  The | INEITEM table is defined to hold 600K records.
would expect to fault on the leaf and again at the record Each record is 144 bytes. With aLSS = 8 bytes, we define
pointed to by theleaf. If we had 20 siblingsthat sharedthe 3 record space that is 168 bytes long. Thus, we have 64
same physical block, then on average we would have 1.05  records per sector block or a total of 8,192 records per

faults per data instance. cylinder. To store the table, we require 74 cylinders.
In those cases where the query requested a count (as

opposed to afield value), we eliminated the record fault.  girateqy
The net was .05 faults per datainstance. Asthe selectivity

of the query decreased (referring to the plots, moving from  Based on the record map, heads 2 and 4 provide the
left to right), we had more data items to contend withand  jnformation for discrimination. In this case, unless the bit
therefore more random accesses and poorer performance.  vector isnull, the optimizer will chosethe exhaistive option

Finally, displaying datain logarithmic fashion can be (since the DISCOUNT field was already in cache) and
deceptive. Variations on the |eft side tend to be clustered direct the system to read the data beneath head three for the
around 1 sec. On the right, we are dealing with tensand  remaining output field ( EXTENDEDPRICE ) Thus, 3

hundreds of seconds. Yet, they look about the same. This  revolutions are sufficient to process al the data on any
point isillustrated in Fig 12 where we took the average of particular cylinder.

all the runs within each query group and plotted them on a

linear plot. In this case, the 2D case is shown to be  Test Description and Results

significantly better than the index-based schemes by 1-2

orders of magnitude Four runs were made. In the lineal case, we assumed an 8K
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block as well as the more advantageous track read (64K).
The 2D runshad LSS values of 8 and 4. In Table 3 we show
thetimes, FOMs, and thevarious ratios. Notethelineal case
was significantly favored by the larger block size The 2D
performance gain was roughly 10-100X.

LINEAL
block size 8,192 65,536
time (sec) 155 19.38 8.00 ratio
FOM 0.009 0.05 5.47 ratio
2D
Iss (bytes) 8 4
time (sec) 1.95 1.59 1.23 ratio
FOM 0.454 0.639 141 ratio
FOM ratio 49.38 12.71
time ratio 79.52 12.22

Table3 TPC Q6 Summary: linea vs 2D

Ratio Analysis

Since we derived both the lineal and 2D times analytically,
we have a reasonably accurate idea of the FOM in both
cases. Comparisons were made horizontally (within lineal
or 2D) or vertically (lineal vs 2D). The ratios are shown
shaded in the table and correlate reasonably well to each
other, ranging from + 2%. to +23%

_Related Work

While we earlier cited the IBM 3740 system, there have
been many variations on the basic theme.

Slotnick [Slot70] is credited with the first proposal of
a processor-per- track (PPT) scheme, however there were
many others that followed. More practica were the
processor-per-head (PPH) schemes [DeWit82] that used
“intelligent filters” between the disk and the host.
Unfortunately, these schemesinvolved custom hardwarethat
rendered them expensive which restricted their use to the
government and research labs.

Starting around the late 70's, there was a flurry of
activity on stand-alone systems dedicated to processing
"non-numeric" data. These camein different forms, but all
attempted to off-load the host machine [ Cham80] [Lowe79]
[Bray79] [Lang 76] [Dewitt82] [Boral82] [Mall80].

Database machines like Teradata's DBC/1012 (up to
1024 386 processors), Britton-Lee DBM 500, and ICL's
CAFS in time deferred to more cost-effective solutions
using software running on fast generic platforms’ [Haw87].

About the same time Intel offered a chip set to
accomplish the samething. One of the problems with these
machines was the lack of a standard upstream interface

10.0

"Teradata continues to offer fast (and expensive) solutions.
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(though Teradata eventually supplied a SQL interface).
Probably moreimportant, database software running on the
latest (generic) platform would cost less and typically
deliver comparable (or better) performance than dedicated
custom hardware that was built using earlier technology.

In the last few years, we have seen a renewed interest
in the use of back-end intelligence to improve the 1/0O
performance of today's systems.  Proponents of such
systems 20 years ago saw the same thing that current
researchers see, namely, that it is often more efficient to
bring the processing to the data than the data to the
processing [Keet97] [Acha98] [Ried97] [Ried0l]. The
emphasishere, however, appearsisto bethe exploitation of
disk intelligence rather than placing it in the 1/0 controller
asis suggested in this paper

Schindler et al [Schi02] cited improvements in disk
efficiency of up to 50% by aligning data to the physical
track boundaries due to reduced latency and track-to-track
crossings. Clearly, if onewantsto extract performance from
1/0 understanding the physical makeup is the first step.

11.0 Discussion and Concluding Remarks

We have examined several benchmarks. On average
superior resultswere obtained with the 2D approach. These
gains were in part due to improved granularity and in part
due synchronous operation. Specific cases where the
2Dapproach failed to improve results were index based.

11.1 Granularity

Given that we are mapping the record across the heads, we
are able to access a particular portion that happens to fall
under a particular head. With 21 heads, our granularity is
one part in twenty one or roughly 5%. If the query only
involved several fields, we would read only those tracks as
opposed to reading all 21 for an exhaustive read, an order of
magnitude gain. If on the other hand, the query involved
many fields, the advantage of granular access would wane.

11.2 Synchronous Access

By defining operations to be atomic to the cylinder, we are
able to amortize the random access to (at least) a track’s
worth of data. Inthe 2D case, we required only one random
access. Once at the cylinder, operations were synchronous.
The lineal case had 21 random accesses. Using the
prototype numbers, this amounts to around 300-400 ms of
needless overhead for each cylinder.

11.3 Index Operations

Note that in the Q1 set of the Set Query benchmark, the
M 204 resultswere consistently better than either the 2D case
or DB2. Asthe query was defined, the answer could

be obtained without accessing therecord data-only theindex
(which was conveniently pre-built).

While clearly being ableto accomplish an operationin
logarithmic time will always be superior to accomplishing
the same operation in linear time, there are certain
inefficiencies that will detract from the coherence we are
attempting to foster.

In Figure 13, we contrast an exhaustive read to an



index based read. The index cases have times that are
proportional to the extraction rate and are thus shown as
diagonals. The 2D cases (for various skew conditions) are
shown as horizontal . For extractions less than the crossover
point, use an index. Otherwise, use the exhaustive scan. If
weare not sure, opt for the exhaustive scan since the penalty
for awrong guess is less ( the area of larger wedge is 7
orders of magnitude more than the small: 7 hours vs 3
seconds).

In summary, we can conclude with the following:
unless afield is known to be unique, assume the exhaustive
option, even if anindex is provided.?

COMPARISON: INDEX vs EXHAUSTIVE SCAN
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Fig13 Comparison between an exhaustive read and an
index based read for three classes of indexs.

11.4 Summary and Future Work

W e have examined /O constrained applications with the
idea of improving performance. Conventionally, operating
systems tend to obscure the physical attributes of the disk
and all but guarantee randomness... the primary cause of
poor 1/O performance.

By treating the disk as atwo dimensional medium, we
areableto preservethelogical topology when mapping data
todisk. For systematic processing, the next data sought will
be close at hand, thus, eliminating random access. By
mapping records across headswithin acylinder, we achieve
a high degree of granularity. The combined effect is an
overal efficiency that approaches the ideal with
improvements on the order of 10-100X.

Byproducts of thisimproved efficiency is the need to
processthe datain the controller. The need for the IOPto be
computational partner isparticularly important if wewishto
scale performance with additional spindles. Because of the
granularity, the dependence on indexes is reduced. Unless
the particular field is known to be unique, its use may be
counter productive.

For the proposed mapping to be effective, we have to
change a few paradigms. In the context of 2D mapping,
then, topics for future work include:

8 The exception to thisrule isthe SQL join.
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Expand the application areas to include scientific and
spatial databases.

Methods for operating systems to reveal rather than
obscure disk detail.

Application techniques for passing computational
choresto the 1/0 subsystem for processing.
Techniques by disk OEMsto enhance or facilitate the
computational role of disk systems.

Expansive system measurements that include more
detail relative to 1/0 operations.

Methods of balancing loads across spindles so asto
achieving high degrees of paralelism as a viable
aternative to classical MPP designs.

In short, the disk is not the problem; it is how we use it.
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