


g

085

0.80

0.75

090

[17:1]

0.80

0751

i =1
® 1-block segments @ Segment Size Threshold
A 4block segments A Segment Size Threshold = 4
¢ 16-block segments @ Segment Size Threshold = 16
= 64-block segments m  Segment Size Threshold = 64
00 1.00 —
g’
8
5; 085 0.95
g
&

! } 1070 L L 1 ] I L 1
0'700 2 4 [} 8 10 12 14 7 [} 2 4 6 8 0 12 14
Number of Operations (x 1000} Number of Operations (x 1000}
(a) 100-byte mean operation size (a) 100-byte mean operation size.
1.00 1.00
:
,5; 0.95 0.85
g
»
080 080 -
0.85 1+ 085 I
0801 0.80
0751 0.75
I ! | | I L I | L | | I
070 2 4 6 8 10 12 14 o.70 2 4 6 8 10. 12 14
Number of Operations (x 1000) Number of Operations (x 1000)
{b) 10K-byte mean operaton size. (b) 10K-byte mean operation size
5 1.00 1.00  a e |
§ 095 095
3
g
&

o
o
o

085

0.80

075

080

085

080

0.75

. } | ! ! I e

1 i\ ! ] | | 1

0.70
0

0.70
2 4 6 8 10 12 14

Number of Operations (x 1000)
(¢) 100K-byte mean operation size

Figure 7.

ESM storage utilization.

2 4 6 8 10 12 14
Number of Operations (x 1000)

(c) 100K-byte mean operation size

Figure 8.
EOS storage utilization.

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

Figure 7.a, referring to small updates in ESM, shows that
utilization does not depend on the leaf block size; it stabilizes at
pretty much the same level, at the low 80%. As larger 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
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cases that are in the range of 80%. For 100K-byte updates, Figure
7.c, there is a clear distinction. The larger the leaf, the worse the
utilization, with substantial difference between the best and the
worst (from approximately 96% 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
updates. 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 observe that a segment size threshold of 16
pages achieves a utilization higher than 98%; 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 leaves
and 1-page segment size threshold, respectively. For larger leaf
size settings, the utilization in each algorithm goes the opposite
direction. 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 I/O cost results for
reads in Starburst. As we have explained before, the Starburst
structure is reorganized after every update; therefore, the read cost
does not depend on the updates performed before this 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 /O
cost for reads is independent of the segment size threshold. This
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 G.a and 10.a, 1-page leaves have a tiny disad-
vantage 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 index
pages which in turn minimizes the number of index pages. As we
have mentioned in section 4.2, the ESM tree with 1-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.

Tuming 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 this multi-page read is higher in the first case.

Comparing Figures 9.b and 10.b and for 1-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 segment, 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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leaf size setting becomes large. Again, the reason is that EOS
inserts the new 100K-byte data into a 25-page leaf even when the
segment size threshold is set to anything less than 25 pages.

To summarize the results of this experiment, 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 Starburst, we can see from the graphs
of Figure 10 that a segment threshold size of 16 is adequate for
EOS 1o reach the performance of Starburst.

4.4.3. Update Cost

Table 3 shows the I/O cost results for inserts and deletes in
Starburst. 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 from
one place in disk to another. With 1K-byte/millisecond transfer
rate, the minimum 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 values
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 11.c, the 16-
page leaf has a definite advantage over 4-page leaves which in
turn perform better than the 64-leaves. The 1-page leaves per-
forms poorly compared to the other cases. The reason for the 16-
page leaf being 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 reshuffle 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. Similarly, for 10K
inserts (2.5 pages), Figure 11.b, the best results are shown with
leaves whose size are closer to the insert size; i.e., 4-page leaves.
For 100-byte inserts, Figure 11.a, 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
11.b is the most expensive choice as in order to insert 1 to 3 pages
worth of data, large portions of the segment must be written to
disk. Thus, the decrease in the amount of random I/O can not
offset the increase in sequential writing.

Tumning 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, this 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
value 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 being better for small
inserts, and EOS being better for larger ones. We have also
examined the 1/O 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 costs in both ESM and
EOS are well below the corresponding costs in Starburst. Notice
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Table 3: Starburst insert and delete I/O cost.

also that the update cost in both ESM and EOS is independent of
the object size, while in Starburst this cost depends directly on the
object size. For 100M-byte object the difference between
ESM/EOS and Starburst becomes dramatic; 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 {Care86]

The only previous work similar to ours is the study of
[Care86] where they present some experimental cvidence of the
sort of performance 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 pages. 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
diminish the difference in utilization between the case of 1-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 1-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 1-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 1-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 this region com-
pared to the object size; i.e., it depends on the insert size. Thus,
for the same object size, the difference on total object utilization
between the 1-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 [Care86]. This is because our unit of I/O is a disk
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 within the leaf need to be read which increased the
I/O cost of reads for multi-block leaves.

Regarding the ESM 1/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 this section, we summarize the results of our experi-
ments for each of the three techniques we have examined and we
compare their relative performance.

First, we discuss Starburst because the evaluation of its
performance is relatively easy. The Starburst 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). Again, 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 leaves but offer good search time, and small leaves
offer good storage utilization but require doing many 1/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 7. The tradeoffs that need to be examined in order to
set this value are the following. Larger segments lead to better
storage utilization, 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 value of the seg-
ment size threshold in EOS is also 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 larger 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 updates 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, Starburst 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 Starburst. For the quite large range of
operation sizes we have examined in our study (100 bytes to 100K
bytes), it is easy to select a segment size threshold that will justify
the above statement; 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 [Lehm89], and EOS [Bili92]. 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.

Qur main conclusions are the following. We found that
Starburst provides excellent performance, in many cases the best
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 kind 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 large fixed-size segments provide poor storage utilization.
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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