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Figure 5. 10M-byte object creation time,

leaf block size is 1,4, 16, and 64 pages respectively; i.e., precisely
when there is exact match between append and leaf block size.

For appends larger than 256K bytes, larger blocks have better per-
formance.

Finally, in all mechanisms, the cost of creating an object
grows linearly with the object size. For instance, to obtain the
time required to build a 100M-byte objec~ just multiply the
numbers in Figure 5 by 10.

To summarize thii experimen~ the general trend in both
curves is the larger the append size the better the response time.

However, small differences in the append size, especially for

small appends, may result in very blg differences in the total
object creation time. In comparing Starburst/EOS and ESM, for

the same append size the fit algorithms perform the same as or

better than the best case of ESM.

4.3. sequential Soan

This section shows the time required to sequentially
retrieve the entire large object from the database. After the 10M-

byte object was built in the previous experiment, it was scanned
horn the beginning to the end in fixed-size chunks of bytes. The
n-byte scan was performed on the object created by n-byte

appends3. With a transfer rate of lK-byte/millisecond, the best
performance that can be achieved is approximately 10 seconds.

As shown in Figure 6, for scans shorter than the page size
all three techniques produce the same results; the page being
scanned is buffered and all its bytes are read. The differences

appear for scans larger than the page size. In ESM, the cost for
the l-page segments case is the worst and is independent of the
scan sizq all leaf pages of the object are read one by one. Larger
segments produce much better results and their performance reach
a plateau when the scan size exceeds the segment size. The per-

3. This is slightly impmtent in Starbun+t/EOS becauw. the growth ef the seg-

mems (and therefore. the resulting mum) depmds on the size ef the tirsl

a-d. Fer EW ~ IC$UMJ SWCmXe is indqend.%t of the append size.

o~z
Scansize (hiIObyies)

Figure 6. 10-Mbyte sequential scan time.

formsnce of Starburst/EOS follows the expected pattern, larger

scans produce better response time.

In comparing the three algorithms, the same conclusion can

be made as for object creation tirn~ i.e., for the same scan size
Starburst and EOS perform the same as or better than the best

case of ESM.

4.4. Random Reads and Updates

In this section we snalyze the effect of updating a 10M-

byte object on the storage utilization, and we measure the perfor-
mance of random reads and updates (inserts and deletes). We

assume a mix of 4(Mo reads, 30% inserts, and 30% deletes4. The
mean operation size is 100, 10K, and 100K bytes, where the

actual operation size was varied i50Y0 about the mean. The opera-

tions were randomly run with the above probability and uniformly
d~tributed over the entire byte range of the object. To ensure that

the object size remained stable, the size of a delete operation was

set to the size chosen for the immediate previous insert.

4.4.1. Storage Utilization

Storage utilization compares the object size with the actual

apace required to store the object including posgible index pages.
Since after each update Starburst completely reorganizes the
affected segments, only the last page of the large object may have

some free space. Therefore, we do not further discuss Starburst in
this section because it achieves, unconditionally, the best possible
storage utilization.

Figures 7 and 8 show how utilizatio~ which is initially

near 100’%o,in ESM and EOS, respectively, is affected as random
insertions and deletions break up the full leaf nodes. Each mark
in the graphs represents the utilization after the wrresponding

number of operations have been performed. We first discuss the

4. his is a smalt pe.memage fer reads. However, the ICSelts de net depmd

cm the mix rather co tie operation size A largex seamh pcm?QItage wiU sim-

ply mquim mom runs te stabtie the pcrfermamm curwo.
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ESM storage utilization. EOS storage utilization.

effect of the operation size on each algorithm and then we com-
pare the two algorithms.

Figure 7a, referring to small updates in ESM, shows that
utilization does not depend on the leaf block sizq it stabilizes at
pretty much the same level, at the low 80%. As lager updates are
performed on the object, Figure 7.b, the 1-page leaf case with

85% utilization starts distinguishing itself from the rest of the

casesthat are irt the range of 80%. For 100K-byte updates, Figure
7.c, there is a clear dwtinction. The larger the leaf, the worse the
utiliiatiom with substantial dtierence between the best and the
worst (from qproximately 9690 with 1-page leaves, down to on
the average 75% with 64-page leaves).

For EOS, the trends are clear regardless of the size of the

tqxlates. The larger the segment size threshold, the better the utili-

zation is. This is due to the fact that only the last page in a seg-
ment may have unused space. Thus larger segments achieve a

better utilization on a per segment basis and thus, for the entire

object. We can also obsetve that a segment size threshold of 16
pages achieves a utilization higher than 98~o; with the 64-page

case this number becomes almost 100%.

Comparing ESM and EOS, we can see that their perfor-

mance is approximately the same for the case of 1-page leavea
and 1-page segment size threshol~ respectively. For larger leaf
size settings, the utilization in each algorithm goes the oppxite

dwection. In general, it definitely improves in EOS, while it

becomes worse (or in the best case, it remains within the same
range) in ESM.

4.4.2. Read Cost

We first present, in Table 2, the average In cost results for

reads in Stwbttrst. As we have explained before, the Starburst

structure is reorganized after evexy update; therefore, the read cost
does not depend on the updates performed before tids read.

Figures 9 and 10 show the I/O cost for reads in ESM and
EOS, respectively, as random insertions and deletions degrade the
large object structure. Each mark in the graph represents the aver-

age cost of the read operations performed since the previous mark.

For example, the mark at the 10,000 operations indicates the aver-
age cost of the reads performed within the last 2,000 operations.

First, a general comment regarding the results for EOS in

Figure 10. When the first updates are applied to the object, the I/O
cost for reads is independent of the segment size threshold. Thii

is because when the object is initially created, the count tree is just

a one-level directory and the leaf segments are large at this point.
However, as more and more updates are performed these seg-

ments gradually degrade to about N -page leaves, where N is the

segment size threshold.

In Figures 9.a and 10.a, l-page leaves have a tiny disa-
dvantage over the other cases whose cost is practically the same.
Although 100-byte reads can almost always be satisfied by access-
ing a single page, the difference is due to the fact that larger
leaves reduce the number of pairs that need to be kept in in&x
pages which in turn minimizes the number of index pages. As we

have mentioned in section 4.2, the ESM tree with l-page leaves

has 9 internal nodes, while with 4-page leaves it has 2 nodes.

Thus in the latter case, the likehood of an index page missing in
the buffer pool is reduced.

Turning to Figure 9.b which shows the cost of 10K-byte
reads in ESM, the cost difference between 1-page and 4-page
leaves becomes substantial (approximately, it doubles). This is
because roughly 3 pages need to be accessed to read 10K bytes,
and the cost of thk multi-page read is higher in the first case.

Comparing Figures 9.b and 10.b and for l-page leaves, the
performance of EOS is better than the one of ESM (about 15%).
This can be explained by the fact that EOS’S leaf nodes are
variable-length. The new bytes are inserted into a 3-page (12K)

leaf segmen~ whereas ESM would insert them into 3 separate leaf
pages. For larger leaves, the two algorithms have practically the
same performance.

In Figures 9.c and 10.c which show the cost of 100K-byte
reads, the differences between the two algorithms for the same
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Figure 9. Figure 10.
ESM read I/O cost. EOS read I/O cost.

Mean Operation size (bytes) II 100 10K 100K

Read I/O Cost (milliseconds) II 37 54 201

Table 2 Starburst read I/O cost.

leaf size setting becomes large. Again, the reason is that EOS
inserts the new 100K-byte data into a 2S-page leaf even when the

segment size threshold is set to artythhg less than 25 pages.

To summarize the results of this experitnen~ the general

trend is that in both algorithms and for all operation sizes larger
segments offer better read performance. Comparing ESM and

EOS, for the same read size EOS performs better or the same as
ESM. Comparing EOS and Starburs~ we can see from the graphs
of Figure 10 that a segment threshold size of 16 is adequate for

EOS to reach the performance of Starburst.

4.4.3. Update Coet

Table 3 shows the I@ cost results for inserts and deletes in
Stsrburst, The cost turns out to be the same in both types of
updates and it does not depend on the operation size. The dom-

inant factor here is the cost of copying the object segments horn
one place in d~k to snother. With 1K-byte/millisecond transfer
rate, the miniium cost to copy a 10M-byte object is approxi-

mately 20 seconds. However, for all practical purposes, the large
object can not be copied in two steps. Thus, the higher valuea
shown in Table 3 are due to the cost of copying the object in
smaller chunks (as we mentioned in section 3.3, we used 512K-
byte buffers).

Turning our attention to the other two techniques, Figures

11 and 12 present the insert I/O cost results in ESM and EOS,
respectively.

For ESM and for 100K-byte inserts, Figure 1l.c. the 16-
page leaf has a definhe advantage over 4-page leaves which in

turn perform better than the 64-leaves. The 1-page leaves per-
forms porly compared to the other ca.w. The reason for the 16-
page leaf beiig the best is that its size is the closest to the insert
size; we get maximum sequential I/O for the inserted bytes with

fewer bytes being reshutlle among neighboring leaves. The rea-
son for the bad performance of 1-page leaves is that the new 25
pages are written to disk in a random way. Simiiarly, for 10K

inserts (2.5 pages), Figure 11 .b, the best results are shown with
leaves whose size are closer to the insert si=, i.e., 4-page leaves.
For 100-byte inserts, Figure 11.% the performance of the 4-page

and 1-page cases converge, with the 16-page case being slightly
more costly. The 64-page case in both Figure 11 .a and Figure

1l.b is the most expensive choice as in order to insert 1 to 3 pages

worth of datq large portions of the segment must be written to

disk. Thus, the decrease in the amount of random IK) can not
offset the increase in sequential writing.

Turning our attention to the graphs of Figure 12, the results
show that with a value of segment size threshold of 1 to 4, the
insert cost remains the same. Again, thk is because EOS inserts
the new bytes in as many pages as necessary, if the number of

these pages is greater than the segment size threshold. As this
vahre increases above 4, the insert cost increases too because of

increased page reshuffling.

Comparing the corresponding graphs of Figures 11 and 12
and for leaf size (segment size threshold, respectively) less than

16, the performance of EOS is better than the corresponding per-
formance of ESM, for the reason explained in the previous para-
graph. However, for values greater or equal than 16, the com-

parison yields to mixed results, with ESM beiig better for small
inserts, and EOS being better for larger ones. We have also

examined the 1/0 cost for deletes, Because of space constraints we
do not present graphs but we briefly mention that the trends men-
tioned for inserts are also valid for the delete operations (readers

interested in the graphs may refer to the technical report).

To summarize these results, Starburst performs badly when

it comes to inserts and deletes. The update c;sts in both ESM and
EOS are well below the corresponding costs in Starburst. Notice
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Figure 11. Figure 12.
ESM insert I/O COSt. EOS insert I/O cost.

Mean Operation size (bytes) 100 10K lOOK

Insert, Delete I/O Cost (seconds) 22.3 22.3 22.3

Table 3: Starburst insert and delete 1/0 cost.

also that the update cost in Mb ESM and EOS is independent of
the object size, while in Stmburst this cost depends dwectly on the
object size. For 100M-byte object the difference between

ESIWEOS and Starburst becomes dramati~ the cost remains at
the same levels in both ESM and EOS, and it rises to approxi-

mately 2.5 minutes in Starburst.

4.5. Comparison with Results in [Care66]

The only previous work similar to ours is the study of
[Care86] where they present some experimental evidence of the

sort of perfortmmx that can be expected using the ESM large

object manager. They report results on storage utilization, and the

I/O costs of reads, inserts, and deletes using 100-byte and 10K-
byte operation sizes, and leaf sizes of 1 and 4 pagea. Thus, the
comparison can be made only for the above cases.

Regarding the storage utilization, our results for the 100

and 10K-byte operations match the ones in [Care86]. Their con-
clusion, however, that increasing the operation size further will

dtinish the difference in utilization between the case of l-page

leaves and larger leaves, conflicts with our conclusions as is evi-
dent from the graphs of Figure 7.

We attempt to explain this point by comparing the l-page

leaf case with any other case of P-page leaves, where P >1.
When a P-page leaf is split because of an N -byte insertion, the

result is two or more new P-page leaves. The total number of
unused bytes in these leaves is less than the number of bytes that
can fit in P pages. When a l-page leaf is split because of the
same size insertion, the result is two or more 1-page leaves, and
the total free space of these leaves can not be more than a page.

So, in general, the new leaves will be better off with respect to
utilization with l-page leaves than with P-page leaves. Now, the
effect of the utilization of this particular region of the object on

the total storage utilization depends on the size of thk region com-

pared to the object siz~ i.e., it depends on the insert size. Thus,
for the same object size, the difference on total object utilization

between the l-page and P-page leaves will increase as the insert

size increases.

Regarding the read I/O cost for multi-page leaves, the per-

formance of ESM in our experiments is better than the ones
reported in [Ctue86]. Thii is because our unit of I/O is a d~k

page, regardless of the leaf block size. Thus, we were able to see
in the graphs of Figure 9 the clear advantage of using larger
leaves. In their simulation entire leaf blocks are read even when

only few pages withii the leaf need to be read which increased the

I/O costof reads for multi-block leaves.

Regarding the ESM I/O cost for inserts and deletes, our

results differ slightly with the ones reported in [Care86] in a non
significant way. It seems that the cost of shadowing somehow

offsets the benefits of partial reads and writes.

4.6. Summary of Results

In thk section, we summarize the results of our experi-

ments for each of the three tectilques we have examined and we

compare their relative performance.

Fnst, we discuss Starburst because the evahtation of its

performance is relatively easy. The Starbttrst mechanism achieves

excellent performance in all aspects we have examined in this

study except for the operations that insert (delete) bytes at (from)

arbitrary positions within the object. For these operations, Star-
burst performs poorly (the larger the object the worse the perfor-

mance). Agai~ the applications this long field manager was
intended for were large mostly read-only objects where such

length-changing updates are applied infrequently.
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ESM introduced a very flexible data structure that can
gracefully handle all the desired operations on large objects

including any kind of updates, and it can do this independently of

the object size. The exact performance of ESM will depend on the
leaf block size which is given by the applications as a hint so cer-

tain operations are optimized. Our study, however, suggests that

it is hard to choose a right value for the leaf block size for the fol-
lowing reasons. The leaf size has diametrically different effects
on storage utilization and on the performance of sequential and

random reads. Large leaves waste too much space at the end of
partially full leavea but offer good search time, and small leaves
offer good storage utilization but require doing many I/O’s for

reads. Thus, in general, storage utilization and read time can not

be optimized at the same time. We have also seen a case where a

single operation can not be optimized without knowing the opera-
tion size (object creation, Figure 5).

The performance of EOS depends on the segment size
threshold T. The tradeoffs that need to be examined in order to
set this value are the following. Larger segments lead to better
storage utilizatio~ lower (sequential and random) read costs and
higher update cost. Thus, in contrast to ESM, the tradeoff is sim-
ple: the only aspect of the performance that might be affected
negatively by larger segments is the costs of inserts and deletes.

The selection process for the optimum vahte of the seg-

ment size threshold in EOS is rdso simple and specific. First, seg-
ments less than 4 blocks must be avoided. This is because for

smaller segments and regardless of the operation size, (a) storage

utilization drops substantially, Figure 8, (b) the cost of reads
increases, Figure 10, and (c) the cost of maintaining 4-block seg-
ments is approximately the same with the cost of maintaining

smaller segments, Figure 12. In other words, with 4-block seg-
ments, better storage utilization and read performance comes for
free. Second, for often-updated objects, the T value should be

somewhat Isrger than the size of the search operations expected to
be applied on the object so that the amount of I/O performed by
both updates and reads is minimized. Again, for more static

objects where the cost of uplates is of little or no concern, the
larger the segment size threshold the better the overall perfor-

mance.

When no length-changing updates are applied on the large

object, Stsrburst and EOS perform exactly the same. If such

updates are applied, EOS can achieve the same performance as
Starburst with a cost for updates that is well below the

corresponding cost in Stsrburst. For the quite large range of

operation sizes we have examined in our study (100 bytes to lOOK
bytes), it is easy to select a segment size threshold that will justify

the above statemen~ e.g., with a threshold value of 64 blocks,
EOS provides the same read and utilization performance as Star-
burst except that the update cost in EOS is approximately 30 times
lower.

5. CONCLUSIONS

In this paper we have examined and analyzed the perfor-

mance of the three large object management techniques proposed

in EXODUS [Care86], Starburst [Lehrn89], and EOS lllili92]. To

analyze the algorithms we measured object creation time, sequen-

tial scan time, storage utilization in the presence of updates, and
the I/O cost of random reads, inserts, and deletes.

Our main conclusions are the following. We found that
Starburst provides excellent performance, in many cases the kest
possible, on all aspects we have examined except for length-
changing updates where it performs badly (the larger the object
the worse the performance). EXODUS can gracefully handle all

operations on large objects including any kmd of updates, and it
can do so independently of the object size. However, in order for

EXODUS to perform well on reads. the segment size must be

increased. Our study suggest that this can not be done for free in
that huge fixed-size segments provide poor storage utilintion.

Finally, our results suggest that the algorithms of EOS can per-

form exactly the same as in Starburst except for length-changing

updates where the update costs in EOS are well below the
corresponding cost in Starburst.
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