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Abstract

A range of database services are being offered on
clusters of workstations today to meet the demand-
ing needs of applications with voluminous datasets,
high computational and 1/0 requirements and a
large number of users. The underlying database en-
gine runs on cost-effective off-the-shelf hardware
and software components that may not really be
tailored/tuned for these applications. At the same
time, many of these databases have legacy codes
that may not be easy to modulate based on the
evolving capabilities and limitations of clusters. An
indepth understanding of the interaction between
these database engines and the underlying operat-
ing system (OS) can identify a set of characteris-
tics that would be extremely valuable for future re-
search on systems support for these environments.
To our knowledge, there is no prior work that has
embarked on such a characterization for a clustered
database server.

Using IBM DB2 Universal Database (UDB) Ex-
tended Enterprise Edition (EEE) V7.2 Trial version
and TPC-H liké decision support queries, this pa-
per studies numerous issues by evaluating perfor-
mance on an off-the-shelf Pentium/Linux cluster
connected by Myrinet. These include detailed per-
formance profiles of all kernel activities, as well as
gualitative and quantitative insights on the interac-
tion between the database engine and the operating
system.
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ponents make the price, upgradeability and accessibility of
clusters very attractive, facilitating their widespread deploy-
ment in several application domains. It is no longer just the
traditional scientific or engineering community (for compu-
tational physics, chemistry, computer-aided design, etc.) that
are using such systems. An increasing number of commer-
cial applications (web servers, database engines, search en-
gines, e-commerce, image servers, media bases, etc.) are
being hosted on clusters, that are usually back-ends for a
web-based interface. Vendors have come out with medium
to high end database engines that can exploit a cluster’s ca-
pabilities [4, 10, 5, 7, 8].

Most commodity off-the-shelf software (including the op-
erating system) are not specifically tuned for cluster environ-
ments, and it is not clear if gluing together individual operat-
ing systems, that do not know the presence of each other, is
the best approach to handle such loads [2]. Further, off-the-
shelf operating systems are meant to be for general purpose
usage, with most of them really tuned for desktop applica-
tions or uniprocessor/SMP class server applications. Their
suitability for cluster applications is not well understood.

At the same time, these applications are in turn not exten-
sively tuned for these operating systems. An important rea-
son is the fact that the database engines have legacy codes
that have evolved over several revisions/optimizations over
the years, and it is difficult to fundamentally change their
design overnightin light of these new systems (regardless of
how modular they may be), which are still evolving.

Our goal in this paper is not to develop application-
specific operating systems, nor is it to find out what
OS mechanisms/capabilities are needed for extensibil-
ity/customization as other researchers have done [10].
Rather, coming from the applications viewpoint, we would
like to make a list of recommendations based on the exe-
cution characteristics that can benefit future developments.
We have also taken the liberty of suggesting possible mech-
anisms and their implementation (specifically in Linux) for

Clusters of workstations built with commodity processing ontimizing the execution based on these gleaned character-

engines, networks and operating systems are becoming tk
platform of choice for numerous high performance comput-
ing environments. Commodity hardware and software com

formance Council and should be denoted as “TPC-H like” workload.

ics.
A detailed characterization of the execution of applica-
tions on a cluster from the OS perspective can contribute to

IThese results have not been audited by the Transaction Processing &€ knowledge-base of information that can be used for guid-

ing future developments in systems software and applica-



tions for these environments. It would also be invaluable fo3] suggesting features to incorporate in Linux for database
fine tuning the execution for better performance and scalabilsupport.
ity, since each of these applications/environments has high Databases on clusters have drawn little attention from the
commercial impact. With this motivation, this paper em-systems angle (note that there is a large body of work on
barks on characterizing the complete execution of the IBMparallel databases which are not closely related to this work),
DB2 Universal Database (UDB) Extended Enterprise Edi-except for certain specific issues. It has been pointed out
tion Version 7.2 (which can be downloaded from [1] for 90 that one could harness the physical memory pool across the
day free trial)? on a Linux cluster from the OS perspec- cluster to create a larger buffer space for reducing 1/0 [10].
tive. A comprehensive study of several database workloads On the characterization front, there has been prior work
is overly ambitious and is on our future research agendgl4, 15] in I/O characterization for the TPC-C, TPC-D and
In this paper we focus specifically on TPC-H queries [9],some production workloads using simulation on traces ob-
a decision-support database workload. tained from a Windows NT SMP multiprocessor. There is
It is well understood that I/O is the biggest challengealso a recent study [16] examining the I/O characteristics of
faced by database engines on uniprocessors/SMPs and thameC-H on an Intel Xeon server. Message exchange charac-
is a large body of prior work proposing hardware and soft-terizations between processing nodes has not been investi-
ware enhancements to address this problem. It is not cleayated previously.
if 1/O becomes any less important when we move the engine This is the first study to look at the complete execution
to a cluster environment, since there is another factor to corpicture of a commercial database engine on a cluster envi-
sider, which is the network communication. System scalabilronment with TPC-H.
ity with cluster size is dependent on how parallel is the com-
utation division across the cluster nodes, how balanced ar. :
{Jhe I/O activities on different nodes, and how does the com;g Experimental Setup
munication traffic change with data set and cluster sizes. AliThe clustered version of DB2 that we use is based on a
this requires a careful profiling and analysis of the executioshared-nothing architecture, wherein each cluster node has
of the queries on the database engine. To our knowledgés own processor, memory and disk, and the nodes are con-
there has been no prior investigation of completely characnected by a communication medium that supports sockets.
terizing the execution of TPC-H on a clustered database en- Our experiments use an 8 dual node Linux/Pentium clus-
gine, and studying these characteristics for optimization afer, that has 256 MB RAM and 18 GB disk on each node.
the application-OS boundary. The nodes (both the server nodes and the client node) are
The next section reviews literature related to this work,connected by both switched Myrinet and Ethernet. We use
and Section 3 gives details on the experimental setup. Sec¢inux 2.4.8, which was the latest release at the time of con-
tion 4 gives the overall system execution profile. Based orjucting the experiments. This kernel has been instrumented
the system profile, the 1/0 and network characteristics anéh detail to glean different statistics, and also modified to
optimizations are discussed in sections 5 and 6. Finally, Segrovide insight on the database engine execution since we
tion 7 summarizes the results and contributions of this studyare treating it as a black box. We have also considered the
overheads of instrumentation by comparing the results with
2  Related Work those provided by the proc file system to ensure validity.
TPC-H [9] is a standard benchmark for decision-support
Operating systems support for databases has long been cagorkloads provided by Transaction Processing Performance
sidered an important issue for performance [18, 13, 11]. IrCouncil (TPC).It contains a sequence of 22 queries (Q1 to
fact, using the research prototype INGRES system, Stone22), which examine large volumes of data, execute queries
braker [18] argues that the buffer manager, file systemwith a high degree of complexity, and give answers to criti-
scheduling and ipc of Unix are not necessarily those that argal business questions. We downloaded the utility from TPC
suitable for a database engine. Several other studies over tBge, and generated the dataset of 30 GBytes and the queries.
years [20, 21] have addressed specific database engine ang fired the queries one after another to the database engine
OS interaction issues for buffer and virtual memory man-3, There are several measures that are used to determine their
agement, file system support, and network support. Mosperformance as specified in [9]. In this paper, our considera-
of these studies have been on systems where the databags is the response time for each query, i.e. the time interval
engine runs on a single node. While there has been somgetween submitting the query and getting back the results.
investigation [10] for cases when the database engine runs
on multiple nodes, these have been limited to specific issue . .
and did %ot examine the complete picture. There have bee% Operating System Profile
recommendations from developers in the database industiye first present a set of results that depict the overall system

behavior at a glance. The following results have been ob-

“Our goal in this paper is NOT to benchmark the database engine on ginaq hy hoth sampling the statistics exposed by the Linux
cluster, or commend/criticize its implementation. We understand that there .
are several issues in configuring and tuning the database engine for bood/OC file Sy_Stem S{tat N net/dev , process/stat ) as
ing performance, which we may have not attempted. In order to preventVell as by instrumenting the kernel. _|n fact, thes? two ap-
any misconceptions about its absolute performance, which may or may ng@@roaches complement each other, with each helping to vali-
match the numbers available from the Transaction Processing Performance
Council, we do not give absolute execution times or mention the clock speed 3In this paper, we only present the results of the first 20 queries Q1 to
of the processors used in this study. Q20.




date the results obtained from the other approach. The ker-
nel instrumentation was done by inserting code in the Linux
system call jump mechanism, as well as in the scheduler and

points where there is pre-emption (such as blocking) or re- e

sumption. For instance, in a read system call, there is time
spent executing the system call operations on the CPU fol-
lowing which the process is blocked. At this instant, time
accounting for this process has to be stopped and needs to be
resumed when the CPU schedules this again. The instrumen-
tation should again account for time just before the process
leaves the system call. A high resolution timer available on
the Pentium was used for measuring time, and we observed

that the overheads and intrusiveness of the instrumentation e

was negligible (overall results matched those in the proc file
system). The proc file system information is used to present
the percentage utilization of the system in different modes,
the rates/frequency of I/O, page fault and network activities.
The profile of different system calls is presented from the

kernel instrumentation. .

The first set of results is shown in Table 1, which gives
system statistics for each query in terms of: the percentage
of time that the query spent executing on the CPUs in user
mode (relative to its overall execution time), the percentage
of time that the query spent executing on the CPUs in sys-
tem mode (relative to its overall execution time), the aver-

age number of page faults incurred in its execution per jiffy o

(10 milliseconds in Linux), average number of file blocks
read per jiffy, average number of file blocks written per jiffy,
average number of packets sent over the network per jiffy,
the average number of packets received from the network
per jiffy, and the percentage utilization of the CPU(s) by the
database engine during I/O operations (captures the overlap
of work with 1/0 operations). The file block size is 4096
bytes, and the Maximum Transfer Unit (MTU) for network
packets is 3752 bytes.

ing, buffer space management and other book-keeping
activities.

Though the numbers are not explicitly given here, we

would like to point out that the high read overheads are
not only because of the higher number of file system

read calls, but are also due to the higher cost per invo-
cation of this call. We noticed that a pread call can run

to nearly a millisecond in some queries. Of all the sys-

tem calls considered, we found the per pread invocation
taking the maximum amount of time.

When we examine the CPU utilization during 1/O (last
column of Table 1), we find that there is some overlap of
work with disk activity in many queries. However, there
is still much room for improvement - only 5 queries out
of 22 have more than 50% CPU utilization during I/O.

After the file system calls, we found socket calls (select,
socketcall) to be the next dominant system overhead.
Sockets are used to transmit queries and results between
the client machine and the server nodes. In addition,
sockets are also used to exchange information between
the server nodes during the processing of a query.

Despite the dominance of I/O in many queries, queries
like Q11 have a high CPU fraction (particularly in the
user mode). Even though there are 1/O operations in
these queries, their costs are overshadowed by useful
work (CPU utilization is around 66% even during pe-
riods of disk activity, and the bulk of it is in the user
mode).

In summary, from the OS designer’s viewpoint, file sys-
In addition to these, the table alstem I/O and message transfers using sockets are the two cru-

shows the top four system calls (in terms of time) exercisedial services for optimization for this database engine (with
by each query during its execution, and the percentage ahe former issue being much more critical).

system time that is spent in each of these calls. We have not
included system calls that take less than 1% of system tim
These statistics help us understand what components of t
OS are really being exercised, and the relative importance of
these components.

I/O Subsystem: Characterization and Pos-
sible Optimizations

We find that 1/O is still the dominant component in many
queries of TPC-H for clustered database servers. We now set
out to look at the 1/0 subsystem more closely, trying to char-
acterize its execution and look for possible optimizations.
In the interest of space we specifically present results and
e Asis to be expected with database applications, a largguggestions for the read component of I/0 (pread), which

portion of execution time is spent in 1/O. Disk opera- is usually much more dominant at least in decision support

tions are so dominating in some queries (Q1, Q8, Q12workloads, such as TPC-H.

Q17) that the CPU utilization does not cross 50% in

these queries. 1/O costs not only resultin poor CPU Uti-g {  characteristics

lization overall but also in significantly increasing the

system call overhead itself. In some cases (such as

4.1 Observations

From these results, we make the following observations:

Q12), the system CPU time (overheads) even exceeds [ Query|[ Q6 | Q14 [ Q19 [ Q12 | QI6 [ Q7 [ QI7 |
the amount of time spent executing the useful work in % 2°8°| 1918| 1619| 151 | 13;' = 1] 1‘1:'
the query at the user-level. The bulk of the execution I Qtl/oery H 1%5 I (1?03 I 1%0 I (130 I S.e I o1 I 3 I
time in the system mode is taken up by file system op-  Quey [ Q20 [ @z | @@ | Q [ Q6 | Qif | |
erations (pread/pwrite). Note that this systemcallover- [ % [ 79 [ 52 | 52 | 46 | 41 | 35 | |

head (system CPU time) does notinclude the disk laten-

cies. Rather, this high overhead is due to memory copy- Table 2: pread as a percentage of total execution time



user | system page blocks blocks packets packets CPU utilization
query CPU CPU system CPU breakup (%) faults per | read per | written per | sentper | received per during 10
(%) (%) jiffy jiffy jiffy jiffy jiffy (%)
Q1 || 27.58 | 21.44 Z’g%d pﬁ‘{‘g.i;e ngg“ izp_; 150 5101 | 231151 | 00012 | 0.0015 26.87
Q2 || s6.22| 1567 Sog'ée_fa” ps’ze%d Sze(;?ft p‘;vfge 0.39 21.97 17718 | 1.9077 | 1.9248 53.73
Q3 || 4076 | 17.76 ’gﬁd Soi'é‘fica” Sf;elc‘ P‘lNzr_ige 0.99 55.47 49591 | 0.9778 0.9938 55.40
Q4 || 51.48| 15.19 ’gg%d 5197'?60‘ Soi‘fgca" P‘g’fge 0.00 22.97 1.0478 | 0.3517 | 0.3652 68.41
Q5 || 58.96 | 15.68 Soi‘éfgca” p;gzd 5291'97“ P‘g’_”;e 0.05 16.73 11369 | 2.0779 | 2.0849 42.81
Q6 || 40.65 | 22.20 ’ggid ‘f_g Socl'f_%tca” 1.73 90.72 0.0020 | 00012 | 0.0012 33.49
Q7 || 52.44 | 16.82 ’;’Zeid p\1/v4r‘it8e g’_i 52'_%“ 0.00 16.89 1.9467 | 2.3880 | 2.3521 31.04
08 || 2065 | 17.71 psrggd p;"’;“;e ngj“ g’_g 0.01 27.63 48078 | 00261 | 0.0228 12.91
Q9 || 51.41| 1352 pé‘{g_‘ge %’g@d Sf;?gt gj‘é 0.00 6.69 1.9276 | 0.0133 | 0.0136 23.21
010 || 4179 | 17.87 PS’;E;“ Soi';%ca” Sles'f’:t p%te 0.17 41.99 1.8880 | 0.8774 | 0.8859 18.71
o11 || 8100 | 13.28 Soz'éeféca” '32’76_":‘)“ Szefgt isp_g 0.49 18.87 00020 | 23794 | 2.4011 66.46
012 || 1491 | 1973 '37’862;‘ if‘,l_ezt ?; 0.25 40.79 00197 | 00102 | 0.0101 4.8
013 || 53.23 | 2186 'Z’E%d 303'8?;‘35‘” Sle;’gt if_‘é 1.62 45.86 00034 | 2.0966 | 2.0935 32.71
Q14 || 3357 | 22.19 %’g%d Sg'g“ gj‘i 1.01 84.78 00025 | 0.1156 | 0.1175 29.75
Q15 || 55.37 | 18.69 ’37’19%" Sffgt lig_cg ”a”fg'eep 0.60 7526 | 0.0033 | 0.6260 | 0.7703 51.68
Q16 || 51.84 | 15.30 Soi‘éféca” ’32’7'9%" Szez'ez?t g’g 2.32 15.36 0.8454 | 2.4836 |  2.4993 46.24
Q17 || 2371 | 18.26 ’ggid p;"g_‘tle ng?‘d if_g 0.00 32.76 52532 | 0.0036 | 0.0037 13.94
Q18 || 52.64 | 1477 ’gleid Soi';‘féca” Sf;egc‘ P‘g’_”zte 0.04 17.16 06261 | 0.3890 | 0.3803 35.11
Q19 || 3548 | 21.16 ’ggid Sg'gd g’_g Socs‘gtca” 0.29 7876 | 00032 | 03343 | 0.3329 23.38
Q20 || 56.98 | 14.72 ’ggid 5295'?5‘ Soi‘;'féca" isp.z 0.00 15.74 0.1601 | 0.3456 | 0.2973 47.36

Table 1: System Profile (statistics are collected from node 1)

Table 2 sorts the queries in decreasing order based on thgtes). Figures 1 (a), (b) pictorially show these observations
fraction of total query execution time spent in the pread sysfor the two queries when one looks at the Cumulative Den-
tem call obtained from earlier profile results. We can see thasity Function (CDF) of read request sizes that are issued by
pread is a significant portion of the execution time in manythe prefetcher and the agents individually. The other graphs
queries. It takes over 10% of the execution time in 11 of(c), (d) in the same figure show the CDF of the temporal
the queries. It should be noted that this is the time spent iseparation of the pread requests. We observe that the agent
the system call (i.e. in buffer management, book-keepingreads are more bursty, coming in closer proximity, than the
copying across protections domains, etc.), and does not imeads issued by the prefetcher.
clude the disk costs itself. This implies that itnst only
important to lower or hide disk access costs, but to optimize We found that the preads issued by the agent are usually
the pread system call itselfn the interest of space, we fo- for a block that has been recently read by the prefetcher just
cus on queries Q6 and Q14 which incur the maximum preatbefore that invocation. It may come as a surprise as to why
overhead in the rest of this section (the trends/arguments athis block could not have been serviced by the prefetcher di-
similar for the others). rectly (if it was only recently read), instead of going to the

kernel. One possible explanation is that the agent is doing a

Before presenting the characterization results for thesarite on this block, and it may not want to write into a page
gueries, we would like to briefly explain how we believe the that is residing in the prefetcher. Instead of making ipc calls
reads are invoked in the query execution. The database ete remove the page from the prefetcher, it would be better to
gine has several agent processes that actually perform tloeeate a copy within the agent by using a pread call directly.
work in the queries, and prefetcher processes that makieor further credibility on this hypothesis, before returning
pread calls to bring in data from disk ahead of when thefrom pread calls, we modified the kernel to set the corre-
agent may need it. In addition to the prefetcher reads thagponding data pages to be read-only mode, and we found the
are usually invoked 32 blocks (i.e. 32 * 4K = 128K bytes) atagent to incur (write) segmentation faults (indicated as copy-
a time, the agent also occasionally invokes pread calls, anan-write in Table 4) on nearly all those pages (compare the
we find these requests are usually for individual blocks (409&opy-to-user and copy-on-write columns for the agent in Ta-
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5.2 Recommendations and Possible Optimizations

09 09|

o1 o1 A significant portion of pread cost is expended in copying
. ; . ; data (that is in a block in the file cache, either already or
; i brought in upon disk 1/O completion), from the kernel file
" i ;’j § cache to a user page, which needs to cross a protection-
o1 o domain boundary (using trepy-to-user(nechanism). In
R N T PO TS the current 2.4.8 Linux implementation, a copy is actually
(@) CDF of read request(b) CDF of read request Made atthis time (a patch addressing this is available [6]).
size (Q6) size (Q14) This problem of reducing copying overheads for I/O has

: e : been looked at by several previous studies [19, 12, 17].
There are different techniques one could use, and a common
one (which is used by Linux itself in several other situations
to reduce copying) is to simply set the user page table pointer
to the buffer in the file cache. This could affect the semantics
of the pread operation in some cases, particularly when more
: than one user process reads the same block. In the normal se-
o T mantic, once the copy is done, a process can make updates to

10°
inter-arival time (second)  readinter-armval I time (second)

(©) CD,:m:)f' inter-read time (d) CDF :)f inter-read time it without another seeing it, while the updates would be visi-
(Q6) (Q14) ble without copies. This is usually addressed (as is by Linux

in several other situations) by tkkepy-on-writemechanism,
Figure 1: 10 characterization results in terms of read requedte. map the frame into user space, but make it read-only.
size and time between successive reads. If the user process does write into it, a segmentation fault is

incurred and at this time we actually copy the data from the

file cache buffer into another frame and update the process

. . age table accordingly. Some studies [12, 19, 17] suggest
ble 4). Finally, it should be noted that the agent pread callg ot even this may not be very efficient since updating virtual
are much lower (both in terms of the number of calls and

: address mappings can become as expensive as copying. In-
in terms of the number of blocks read) than those for theieaq, sharing of buffers between user and kernel domains is
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prefetcher. advocated. However, this may require extensions to the ker-
nel interface, and application exploitation of this extension,
Drefetcher | agent Drefetcher | agent which as we pointed out early on can become cumbersome
Query hit hit Query hit hit for legacy applications.
o L o et To examine the potential benefits of such an implemen-
Q2 05321 | 1.0000 || Q1z | 0.4735 | 10000 tation, we track the total number of copy-to-user() calls that
Q3 0.5164 | 1.0000 || QI3 | 05261 | 1.0000 are made (actually one for each page) and the number of
8‘5‘ 0487 | 10000 81‘5‘ 0000 these calls that cannot be avoided (you cannot avoid it when
06 04729 | L.0000 || Q16 04409 1 10000 there is a write segment violation and we need to do a copy-
Q7 05182 | 1.0000 || Q17 | 0.7365 | 1.0000 to-user at that time), during the execution of these queries
gg 8'2222 i-gggg gig 8-‘5‘232 i-gggg after setting these pages to read-only mode. These numbers
010 | 0.5082 | 1.0000 | Q20 | 0.5453 | 1.0000 are shown in Table 4. As we can observe, the number of

copy-on-writes that are actually needed is much lower than
Table 3: Fraction of block requests that hit in Linux file the number of copy-to-user invocations, as was suspected
cache for prefetcher and agent requests initially. In general, we get no less than 65% savings in the

number of copies, with actual savings greater than 80% for

most queries (see the last column of this table). Most of these

We also include in Table 3 the fraction of pread block re-savings are due to the prefetcher reads. Our measurements

guests that hit in the Linux file cache for the prefetcher andf copy-to-user routine for a single block using the high res-
the agents. As was pointed out, the agent requests come verjution timer takes around 30 microseconds for one page.
soon after the prefetcher request for the same block, and thir 32 block reads that the prefetcher issues, avoiding this
nearly always hit in the Linux file cache. With the prefetchercost can be a significant savings. By avoiding these copies,
requests on the other hand, we find the file cache hits rangege can use file system to achieve the performance of using
between 40-60%. We mentioned earlier that the prefetchelaw device, without all the disadvantages of using raw de-
requests are usually for 32 blocks at a time. The Linux filevice. This is particularly true when the blocks hit in the file
cache manager itself does some read ahead optimizatiosache (and there is no disk I/O) since this cost is a significant
based on application behavior and brings in 64 blocks (twiceortion of the overall time required to return back to the ap-
this size). With a lot of regularity (sequentiality) in 1/O re- plication. Table 3 shows that this happens nearly 50% of the
guest behavior for this workload, this read ahead tends to cuime. Even with disk activity, Table 1 shows CPU utilization
down the number of disk accesses by around 50%, whichigher than 50% in most queries, suggesting that removing
actually indicates that Linux file caching is quite useful in this burden of copying by the CPU would help query execu-
supporting the database application. tion.



Query prefetcher agent total
copy-on-write | copy-to-user| 9% Reduction of copies|| copy-on-write | copy-to-user| % Reduction of copies|| % Reduction of copies|
Q1 0 1040228 100 11551 11565 1.2 98.9
Q2 0 383334 100 63145 63145 0 85.7
Q3 0 1253107 100 52155 52157 0.003 96.0
Q4 0 997507 100 235758 235759 0.0004 80.9
Q5 0 1007919 100 307689 307689 0 100.0
Q6 0 914482 100 47 47 0 100.0
Q7 0 1084454 100 276790 276791 0.0003 79.7
Q8 0 978134 100 255057 255060 0.001 79.3
Q9 0 2478154 100 316500 316502 0.0006 88.7
Q10 0 974062 100 278213 278215 0.0007 77.8
Q11 0 170643 100 6833 6834 0.01 96.1
Q12 0 911544 100 134933 134933 0 87.1
Q13 0 184491 100 42 43 2.3 100.0
Q14 0 945619 100 38429 38430 0.003 96.1
Q15 0 1175166 100 38394 38395 0.003 96.8
Q16 0 36137 100 15001 15003 0.01 70.7
Q17 0 1968122 100 113962 113963 0.0008 94.5
Q18 0 1945777 100 502 503 0.19 100.0
Q19 0 865529 100 38429 38429 0 95.7
Q20 0 847755 100 50442 50444 0.003 94.4

Table 4: % of copy-to-user calls that can be avoided. Of the given copy-to-user calls, only the number shown under the
copy-on-write are actually needed. The statistics are given for the prefetcher and agents separately, as well as the overall
savings.

6 Network Subsystem: Characterization and sages are within 1 millisecond. We found similar ob-
Possible Optimizations servations for most of the other queries as well. Com-
munication usually occurs after processing some data

6.1 Characteristics from disk, which takes some time during which there

We next move on to the other exercised system service, are periods of network inactivity.

namely TCP socket communication. As in the earlier sec- ¢ The destination PDF graph is considerably influenced
tion, we first attempt to characterize this service based on by the nature of database operations. In DB2, joins
certain metrics that we feel are important for optimization. usually involve all-to-all communication of their cor-
We examine the message exchanges based on the following  responding portions of the table, and thus queries that
characteristics: the message sizes, the inter-injection time ,  are join intensive (such as Q11 that is shown here) have
and the destination for a message. We present these charac- the PDF evenly distributed across the nodes. There are

teristics using density functions. ~ afew queries, such as Q7, that are not really join in-
In the interest of space, we show these characteristics pic-  tensive, but perform more specific operations that are
torially in Figure 2 for two queries (Q7 and Q11), which based on values of certain primary keys. With such exe-

have the highest message injection rates shown in Table 1.  cutions, there is a slight bias in communication towards
These results have been obtained by instrumenting the ker-  nodes that have those values.

nel and logging all the socket events, their timestamps and

arguments at the system call interface. As will be pointeds 2 Recommendations and Possible Optimizations

out later on, for some characteristics we also needed to Io_c|1 o
messages themselves or at least their checksums. he above message characteristics say that messages are

From the density function graphs, we observe the follow-Clustered together, often comingin closg temporal proximity.
ing: Further, .database operations such as joins use all-pp-all com-
munication of messages which have a high probability of be-
¢ The message length CDF graph shows that just a handng the same size. These observations suggest an hypothesis
ful of message sizes are used by DB2. In fact, we obthat many of these messages may actually be point-to-point
served messages were usually either 56 bytes or 40000plementations of a multicast/broadcast that the database
bytes. We hypothesize that the shorter size (56 bytesgngine would like to perform. It should be noted that a mul-
is used for control messages, and the larger size (400tcast can send the same information to several nodes at a
bytes) is used for actual data packets. much lower cost than sending individual point-to-point mes-
sages. This saves several overheads at a node (copies, packe-
e There are many messages that are sent out in clogeation, protocol header compositions, buffer management,
proximity (temporally). In fact, Figures 2 (c),(d) show etc.) and can also reduce network traffic/congestion if the
that nearly 60% of the messages are separated by lessrdware supported it. Possible implementations of multi-
than 1 millisecond from each other temporally. In fact, cast are discussed later in this discussion.
the temporal separations are much lower for queries Q2, To find out how many of the message exchanges can be
Q7, Q10, Q13, Q14, Q15, Q16, Q18 and Q19. In Q7,modeled as multicasts, we investigated several approaches.
which is shown in Figure 2(c), while there are a few During the execution, in addition to the above events, we
messages that are farther apart, nearly 90% of the mesdso logged the messages themselves. These logs were then



1 1,

o »s We find that there is a substantial multicast potential in
03 0s these queries. There is a reduction in the total number of
N o messages ranging from 8% to as high as 76%. This poten-
Bos Bos tial can be realized only if the underlying network supports

5] 3]

! o multicasts (incidentally, we found a large number of these

02 02 multicasts are in fact broadcasts, which Ethernet can sup-
o1 o port). Even assuming that the underlying infrastructure (ei-

[
6 7 0 1 2

v szetren © ° g ther at the network interface level, or in the physical network
(a)CDF of message size(b) CDF of message size implementation) supports multicast, the message exchanges
(Q7) (Q11) should be injected into this infrastructure as multicast mes-

: : sages. This can be done at two levels. First, the application
o o (i.e. the database engine) can itself inject multicast messages
07 o7 into the system. The other approach, which we investigate,

06| 06

. . is to automatically detect multicast messages within the op-

gos gos

o4 erating system (or middleware before going to sockets) and
- " perform the optimizations accordingly. We next describe an
o1 o1 online mechanism for such automatic detection.

FECTRSC T S The online algorithm in the OS or middleware can make
(C)CDF of inter-arrival (d) CDF of inter-arrival  the system wait for a certain time window while collecting
time (Q7) time (Q11) messages detected as myltlcasts, without actue}lly sending

o o these out. At the end of this window, we send a single mul-
“ ticast message for all the corresponding destinations of the
saved messages. The advantage with this approach is that

‘ we do not send a message to a destination that the application

0 1 2 3 4
Message Size (bytes)

09| 09

10"

does not send to. The drawback is that the time between suc-
cessive messages and time window may be too long a wait
that it may be better off just sending them as point-to-point
messages. Further, if the window is not long enough, we
may not detect some multicasts, and end up sending point-
to-point messages.

(e)PDF of message desti-(f) PDF of message desti-
nation (Q7) nation (Q11)

Figure 2: Characterizing Message Sends
subsequently processed to compare whether successive me:,, E
sages were identical and addressed to different destinations: |
Another approach that we tried (which is actually a possible ;
one to use within the OS during the course of execution itself *" :
to detect multicasts) is to compare checksums of successive & &= w8 @ @ Tw W
messages. We found that both the approaches - actually (a) Q7 (b) Q11

comparing the messages or comparing the checksums - gave

us similar results, and Table 5 gives the percentage of rerjgyre 3: The impact of wait time on multicast message de-
duction in the number of messages that would be sent if th?ection

underlying infrastructure supported multicasts. This infor-
mation is given for both the short and long messages to ver-

ify if multicasts are beneficial to any one class of messages Consequently, [t Is Important to und.ersta_nd the Im-
pact of window size on multicast potential with this on-

or for both. : . : o
line algorithm. If we use such an algorithm within the
Yosave | Y% save | % save %save | %save | %save] OS/middleware, then the percentage reduction in the num-
query totfI of | Iof query totfI of ] Iof ber of messages that need to be sent out with this approach
otal smal arge otal smal arge H H H H H H H H
msg | msg | msg msg | msg | msg | ISgivenin Figure 3 as a function of the time window that it
Q1 447 71.4 38.7 Q11 9.6 28.6 0.1 waits for Q7, Q11, and Q16. As is to be expected, expand-
Q2 204 | 587 0.2 Q12 | 83 7.8 2.9 ing the window captures a large fraction of multicasts until
Q3 | 482 | 643 | 380 | QI3 | 245 | 752 | 01 | the penefits taper off. However, one cannot keep expanding a
Q4 22.6 58.6 0.1 Q14 27.9 80.4 0.7 . . p L . ! p p . g
5 8.0 71 84 Q15 | 466 565 0.7 window arbitrarily since this can slow down the application’s

Q6 764 | 786 | 455 || Q16 | 591 | 630 | 569 | forward progress incase this message is needed immediately
8; LN £ -2 81; ns 2L 28 | at the destination. We noticed that the TCP socket imple-
Q9 56.8 785 611 Q10 | 267 794 0.2 mentation on the underlying platform had one-way end-to-
Q10 | 250 [ 736 0.1 Q20 | 211 | 628 0.1 end latencies of around 100 microseconds. So it is not un-
reasonable to wait for comparable time windows since the

Table 5: The potential impact of multicast on queries  message would anyway take a large fraction of that time to




leave that node. If we consider, window wait times of say [2] GLUnix: A Global Layer Unix for a Network of Work-

500 microseconds, then we can see reduction of around 40%
of the messages for Q7. On the other hand, Q11 does not
benefit much from such an online algorithm (nor from the [3]
offline algorithm). We found that queries Q6, Q7, Q9, Q15,
Q16, Q17 (the graphs are not explicitly given here) had at
least 15% message reduction with a wait time of 500 mi-

croseconds.

7 Summary of Results and Concluding Re-
marks

Clustered database services that are being offered to host _
applications are becoming increasingly popular in medium [8] Oracle 9 Real
and large scale enterprises, to meet the needs of demanding

stations. http://now.cs.berkeley.edu/Glunix/
glunix.html

High-Performance Database
http://lwn.net/2001/features/KernelSummit/

IBM DB2. http://www.ibm.com/db2

IBM Informix Extended Parallel Server (XPS)http://
www-4.ibm.com/software/data/informix/xps/

Requirements.

Kernel Patch kiobuf. http://www-124.ibm.com/
pipermail/evms/2001-January/000039.html

Microsoft SQL server 2000.

http://www.microsoft.com/sql/default.asp .
Application Clusters.

http://www.oracle.com/ip/index.html

queries, voluminous datasets and the large number of conf9] TPC-H Benchmarkhttp://www.tpc.org/tpch

current users.  The understanding of the interactions by
tween these applications and the underlying OS is critica

to provide better system and architectural support for such
system software. This is the first study to embark on such
characterization and to present a range of performance stati 1]
tics for the execution of TPC-H queries, an important deci-
sion support workload for enterprises, on a medium sized
Linux cluster of SMP nodes (a popular configuration in to-
day’s commercial market) connected by Myrinet and Ether{12]

net.

Moving from a uniprocessor/SMP to a cluster does not
make I/O any less important for a database engine. We find
that disk activity can push CPU utilization as low as 30%]13]
in some queries. The overhead of I/O is not just because of
the disk latencies, and a significant portion is in the pread
system call itself (copying costs mainly). We find that it [14]
is extremely important to optimize the pread system call it-
self, by reducing the amount of copying. There are several
known techniques for reducing copying costs , and in this
study we examined the virtual address remapping sche
to show how many copies can actually be avoided. By em
ploying such a scheme, we can utilize the benefits given by
file system (such as ease to manage, structured dataset, etc),

while avoiding the disadvantages of it (file caching).

The other system service that is also exercised is th&l6]
socket communication to exchange control and data mes-
sages amongst the nodes. We find messages are often
bunched together, and there are two main message sizes (56
or 4000 bytes). Further, many of these messages are idefi7]
tical, suggesting potential for multicasts/broadcasts, which
the database engine implements as point-to-point messages.
We find that a significant number of messages (particularI){lg]

the shorter ones) can be reduced by multicasts.

It should be noted that our goal in this paper is not to rec-
ommend specific implementations or designs for improvin
performance. Rather, we are trying to identify characteris*
tics of application-OS interactions and to suggest issues that

can help improve performance for this workload.
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