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Abstract and stress behavior of such systems. In this paper we provide

an analysis of scalability and performance of such clusters

Given the availability of high-speed Ethernet and HW bas&¢nning database applications.
protocol offload, clustered systems using the commodity fabThe primary focus of our study is a cluster using TCP/IP
ric (e.g., TCP/IP over Ethernet) are expected to become mever Ethernet as the “unified” clustering fabric. In spite of
attractive for a range of e-business and data center applit@- existence of several specialized clustering fabrics such
tions. In this paper, we describe a comprehensive simulatignIBA, Myrinet, QSNet, etc, IP/Ethernet is expected to be-
tool to study the performance of clustered database systesme attractive at high end for a variety of reasons: (a) com-
using such a fabric. The simulation model currently supporisdity availability of Ethernet at 10 Gb/s or higher speeds,
both TCP and SCTP as the transport protocol and modelglanoptimized HW implementation of TCP/IP that can re-
Oracle 9i like clustered DBMS running a TPC-C like workduce communication latencies almost to the level of special-
load. The model can be used to study a wide variety of issigsd fabrics, (c) developments in storage over IP area which
regarding the performance of clustered DBMS systems iakes Ethernet a cost effective alternative to the much more
cluding the impact of enhancements to network layers (traegpensive Fiber channel based storage technologies, and (d)
port, IP, MAC), QoS mechanisms or latency improvementsarge entrenched base of IP/Ethernet infrastructure (including
switches, routers, etc.) which specialized technologies can-
not match. Furthermore, a single “unified pipe” coming into
1 Introduction a server is highly desirable for high density “blade” servers
where space and power are at a premfuRpwever, such an
In the e-business environment, mid-tier and backend apgl;la_proach requirgs that the unified fabr.i.c work aimost as well
cations have traditionally been implemented on SMPs (Sy%s_ isolated fabrics under stress cqndltlons. The tool devel-
) . ; . oped here allows the study of such issues and development of
metric multiprocessors) because of their easier programmind. QoS mechanisms for unified fabrics
model and efficient inter-process communication. However, Y '
SMP implementations have some serious drawbacks includ-
ing high cost and inability to grow the system gradually as
the need arises. In particular, the cost of a SMP system&- Clustered Database Architecture
creases very non-linearly with the number of ways (or proces-

sors). Furthermore, as the processor and interconnect spe&Qsiared DBMS implementations cover a wide range in
go up, the NUMAness becomes an increasingly difficult igsymg of coupling of various nodes. On one extreme, there
sue to deal with. Thus, if the application can be ported tqahe “shared nothing” approach, where each node has its
clustered system without _significant changes and yet achigye, independent memory and 10 subsystem. In this case, the
a good performance scaling, the “scale-out” model forms;a;,ase must necessarily be partitioned among nodes — ei-
compelling alternative. This is further aided by the emegya, satically or dynamically. A more coupled approach is
gence of high bandwidth, low-latency cluster interconnegareq 10" approach, where all nodes access a centralized
technologies such as Infiniband architecture (IB&j|[and 5 ,psystem which holds the database. The 10 subsystem
HW offloaded TCP/IP over Efchern(ft(]g,_ 7]. Onthe software in this case is invariably a Fiber-channel based SAN (system
side, there are already solutions available for running applj.g network). DCLUE supports both of these models. In
cations without a painstaking manual partitioning in order o, i jar, the basic model assumes a distributed iSCSI based
minimize inter-process communication (IPC). For example i, e available at each node. One attraction of such a “dis-
the database space, clustered systems such as Oracle 9}ige  storage” model is that it allows inexpensive 10 sys-

have claimed that a good concurrency control model coupigg, 5 each node which expands naturally with the cluster
with a distributed caching service can avoid the need for data-

bage part!tioningljj. However' there isn't much informatior? ~ LAvailability considerations will still dictate redundant standby or load-
available in the open literature on the performance, scalabiliyanced interfaces; however, that aspect doesn’t change the argument.
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size. A centralized SAN based storage model is also supt. A requests the bloc from nodeB. B looks up the
ported; however, the details of the SAN are currently not be- directory and returns positive or negative responsé.to

ing modeled. . .
2. In case of a negative responskpbtains blockX from

Database systems invariably use a significant portion of the e gisk (local or remote).
available memory to cache the data portions currently being
worked on. This is usually called thbuffer cacheln aclus- 3. In case of a positive responsd, waits to receive the
tered DBMS, each node provides its own buffer cache which block from some nod€' which is determined by3 as
makes a data coherence scheme essential. The are two majorthe data supplier.B sends a message €, andC re-
coherence schemes for strict data consistency, both supported sponds ta4 directly with the block. (The last one is IPC
by DCLUE: data message, all others are control messages).

1. Read/write locking (RWL): This is the traditional % 4 e"e”t“g‘”y i“k‘:org".SB of S?‘%C.ess.f“' rlet”e"a'hso dthat
scheme where reading requires a shared lock but writing B can update the directory indicatingalso as the data

requires an exclusive lock. That is, each node can read holder. (If A had to evict a blOCk from its buffer to ac-

its local copy so long as it is not write-locked, whereas commodate the new one, it inforngsof that t0o.)

acquiring a write lock requires that no copy has any lock L . :

onoilt. Wrgi;te lock also req?;iremvalidationo%ll existir?g Note that it is possible thal = B, or B = C7 in these

copies so that those copies will not be used following 1ff@S€es some operations become local and the corresponding

release of the write lock. It is clear that RWL can resuf€S5aging is not needed.

in significant overhead in terms of locking, invalidation The IPC data transfer is not limited to a single DB page

and the associated messaging. — the transfer size could range anywhere from 4KB to 64KB.

) ) . The optimal transfer size depends on a number of factors, and

2. Multi-version  concurrency control  (MCC): Thisy e 4o not attempt to adjust it for different runs of the model.

scheme Z] creates a newersionof the item on each |ngtead, we assume a basic IPC transfer size of 8 KB (same
update. MCC avoids any “read-locks” since a trangs gisk block size).

action can always find the appropriate version of the

data to read. Write/update accesses still require lockind?ther than the block transfer and directory manage-

however, there is no need for a traditional “invalidation™ent related IPC traffic, the scheme involves a number of

instead, the concurrency control needs to ensure tAEte" IPC messages for such things as write lock acquisi-
only the most recent version is written to. The prict(j(.on/release, transaction commits/aborts, notification of block
for MCC must be paid in terms of managing mummgaching/evictions to the directory node, checkpointing, direc-

versions, additional memory requirements, fatter |pery migration, etc. _These operations may result in a signifi-
data messages, and more disk 10 (due to less effici6fpt number of additional IPC messages between nodes.

memory use).

The basic value proposition of distributed caching is that 1P C-C like Database Workload

retrieving data out of the remote buffer cache is significantly

cheaper than reading it from the disk (even in case of logGiven its popularity and availability of detailed
disks). Thus, the overhead and end-to-end latency of |ERaracterization  data, the  TPC-C  benchmark
vs. that of disk IO are crucial parameters for the perfoattp://www.tpc.org/tpcc/default.asp ) is
mance and scalability of cache fusion based clustered DBMSnatural choice for an OLTP database workload. TPC-C
It is well known that the traditional OS Kernel based TCP/IRiodels operations of a wholesale parts supplier operating
implementations are quite inefficieritd]. Nevertheless, the out of a nhumber of warehouses and their associated sales
corresponding IPC overheads and latencies are still considiistricts. Each warehouse supplies 10 sales districts, and
ably smaller than those for disk 10. Thus, one would expesfich district serves 3000 customers. The database manages
small clusters to perform well even with the traditional “SWOOK parts in terms of orders, prices, stock level, etc. The
TCP” solutions. With HW TCP implementations, good scalvorkload has 5 transactions, namely new-order (enter a new
ing should be possible even for rather large clusters. order which requests 10 parts on the average), payment, order

Oracle 9i style distributed caching uses a directory bas@tus. delivery (process a batch of ten orders for delivery),
scheme that proceeds as follows. Suppose that a Acgle and stock level (level of stock of the items ordered by last 20
periences a miss on DB blocK in its local buffer cache. orders). The nominal fractions of these transactions are 43%,

Node A then determines (via a local table lookup) that sord@%0: 5%, 5% and 4% respectivélyThe performance metric

node, sayB, holds the dir_eCtory information for this block.  2actyally, TPC-C allows new-orders to go up to 44% at the cost of deliv-
The sequence of actions is then as follows: ery, but this may have some undesirable consequences.
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reported by TPC-C is the number of “new-orders” processddtabase tables, table operations, buffering, IPC handling, ap-
per minuteand is expressed as tpm-C. plication processing, scheduling, thread switching, processor-

The benchmark involves 9 tablesarehouse, district, cus-Memory data transfers, etc., often in painstaking detail. As a

tomer, stock, item. new-order, order. order-line and historgﬁsu"’ it requi_res a rather fine-grain mod_el calibration. This
Of these, the first 5 tables are fixed, but others are variaffe2 Proplem in spite of a wealth of available measurement
New-order table grows & shrinks as new orders come in afigta on TPC'_C' TCP processing, '_SC,SI processing, etc. on
are retired. The last 4 tables keep a permanent record of trd}§-POsitive side howevethe model isn't dependent on high
actional operations and thus only grow. The benchmark!§¥€! results that would be easily invalidated by a change
designed such thahe database size increases linearly witlfl SyStem parameters For example, the hit ratio in the
the throughputIn particular, the number of configured ware2Uffer cache is not an input parameter; instead, it is a re-
houses is approximately tpm-C/12.5. Sizes of all tables, &t Of the actual buffer cache management done by the sim-
cept item, are multiples of warehouses. The item table std&tion. This allows us complete freedom in choosing the
constant at 100K rows. The largest tables are typically C&g_ched fractions of various tables and thelr_lndlces. Similarly,
tomer and stock and may require significant space for their fi¢ number of locks acquired per transaction, IPC messages
dices. Although the variable tables like order, order-line afi§nvreceived per transaction, log blocks written to the disk,

history are also quite large, access to them is quite localiz&{0cks read from the disk, data versions created per block,
context switches per transaction, etc. all fall out of the ac-

A notable characteristic of TPC-C transactions is that thgy,| functioning of the simulation rather than being artificially
all refer to a single warehouse. In fact, according to the SP@Fovided as some inconsistent set of values.
ification, a given “terminal” always generates transactions ) ) ) o
with the same warehouse-id. This, coupled with the fact thal SPite of the detail, DCLUE obviously could not mimic
most tables have #warehouses as a multiplier, makes TP@-tea! system at a fine grain level; the purpose of DCLUE
database trivially partitionable: assign equal blocks of wafs- to merely implement the_ most Important functlongl_lty
houses to each server and direct queries based on the wipg1 & performance perspective and thereby allow sensitivity
house. For this reason, TPC-C is usually considered an ingjydies. Some of the high-level functionality missing from
propriate workload for clustering studies. (TPC-C does madC-UE are failure recovery and checkpointing since these
date some remote operations however: in particular, 1% of ff§ Not essential for our purposes. Nevertheless, given the
new-orders are served out of a remote warehouse. Howe%?deI callbratl_on based on _act_ual measurement data, the re-
given the small percentage and the fact that “remote” hél.é]fs can provide valuable insights into the performance of

doesn't necessarily mean another node, unmodified TPC2ETP workloads on a cluster. The model also allows a num-

workload is not very interesting from clustering perspectiva)e! Of what if studies by changing a wide variety of para-

) meters which could be difficult to change in a measurement
We address TPC-C’s weakness by tweaking the worklogg,,

behavior according to our needs. In particular, we still parti-_ ' )
tion the database in blocks of warehouses, but do not nece§!9Ureél shows the DCLUE network model. The network is

sarily direct queries to the right sever. Instead, we introdugidanized as one or more “subclusters” which we call LATAs
the notion ofaffinity. An affinity of 1.0 corresponds to the(Porrowed from telecom). The subclusters are connected via

case where a query always goes to the server that hostsifhePUter-router” (or an “outer-switch” if we only want layer
referenced warehouse. An affinity of < 1 means that the 2 switching), at which the clients also home in. Each server

query goes to the right server with probabilityand to a ran- has internal disk subsystems for normal IO and logging, but
dom server with probabilityt — «. not all of them may be used. In the distributed storage con-

figuration, the disks are accessed remotely via iSCSI protocol
and via SCSI protocol locally. In the centralized (or SAN

. . based) storage configuration, the set of all IO subsystems
4 Cluster simulation Model forms a virtual SAN which is accessed via some SAN fabric.
The SAN fabric is implicitly assumed to have low latency and

The simulation model was developed using OPNE3gequate resources and is not explicitly modeled.
(www.opnet.com ). OPNET provides a fairly complete em- One of the objectives for the model is to study potential
ulation of the network infrastructure including TCP, IP, anifl effects of running IPC and storage traffic on the normal
Ethernet MAC layers, QoS support, commercial switches afthernet network that carries miscellaneous other types of
routers, etc. DCLUE was built on top of the OPNET providegaffic. For this, the model allows some extra clients and
TPAL (transport adaptation layer) which can support multipé&rvers to be added to the cluster (distinguished in the model
transports underneath. by a different address range). These clients/servers can run

The model implements distributed caching, multiversiciPMe additional applications and cause that traffic to interfere
concurrency control, row/page locking, logging, disk |O’}"th DBMS traffic on various links and routers. For exam-
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Fig 1: A sample DCLUE model w/ 2 latas & 4 nodes per lata

“business transaction” basis. A business transaction consists
of the sequence of TPC-C transactions starting with the new-
order in the proportions specified in secti@in

The base DCLUE model is built on top of OPNET sup-
plied TPAL (transport adaptation layer). FRyshows the
internals of the node model for regular servers. According
to OPNET GUI conventions, the modules with vertical bars
show those that implement queuing, whereas others only im-
plement the logic plus pure delays. The paths between mod-
ules are “streams” used to deliver data or control. Each mod-
ule is described further via a state machine (or a “process
model”), but these are not shown. The additions that we have
made are the appl, disk and logmgr modules; others are stan-
dard OPNET implementations. The node model is generic
and thus shows certain features that are not being used here
(e.g., USDP, RSVP, IP encapsulation, etc.). The node shows
only a single NIC and the corresponding transmit and receive
modules. Other nodes types (e.g., extra server, client and ex-
tra client) have similar node models except for the application
level details. For example, the client includes not only an ap-
hub re 000 hub t 00O plication processing module but also a traffic generation and
- - control module.

Fig 2: Node model of DCLUE servers As shown in EigZ, OPNET (':urrently supports only TCP
and UDP, of which only TCP is in use. Using UDP instead

ple, Figll shows the nodes marked “extcient” and “ex- is trivial from TPAL; however, the application currently has

tra_server” whose traffic interferes with regular DBMS traffi@C Provision to deal with lost packets. Itis possible to add
on inter-lata links. other reliable transports such as SCTP underneath TPAL and

be able to use them. Unfortunately, OPNET currently does
During initialization, each server establishes 2 TCP connggst supply standard SCTP modules. We do have a SCTP im-
tions to every other server: one for IPC messages (data & Cglimentation of the data transfer part, which means that it
trol) and the other for iISCSI related traffic (command, statygysmes that the connection parameters have been set up ap-
data, etc.). The reason for separate connection is to allow $9§priately on both ends of the intended connection. The im-
studies that treat IPC and storage separately. By default, T¢gEmentation is ad hoc and not designed to effortlessly slide
parameters are set appropriately for data center environmg{ier TPAL. Nevertheless, it s possible to study DCLUE per-

rather than the WAN and can be changed easily. The cliefrmance under SCTP. Some potential uses of this are to ex-
server TCP connections are established dynamically on a per
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amine the impact of features that TCP doesn't provide, e gfate of the subpage changes as a result of latching/locking,
multi-streaming, multi-homing and reliable datagram servioguery excution and buffer cache operations. The states are:

unlk_cleanin, unlk.dirty_in, latchcleanin, latchdirty_in,
lock cleanin, lockdirty_in, unlkstale, dkwunused,

5 Architecture of DCLUE latch stale, unlkout, latchout
Here the in/out distinction refers to whether the subpage
5.1 Database Representation (and, in fact, the entire page) is in buffer cache or not. The

clean/dirty setting is done during query execution depending
In order to allow for detailed table operations, DCLUE build@" the operation (read, update, insert, delete). The locking
the entire database in memory according to TPC-C ruléglated state is indicated by unlocked, latched or locked (see
However, it only maintains enough information about each @¢low for details). “dkwunused” means that a dirty page be-
ble row in order to corectly handle the essence of each quéig, Written out to disk (prior to eviction) and no transaction
Thus, there is no need to allocate space for every field. It tuft&$ attempted to use it (i.e., eviction can indeed happen when
out that beyond the basic information (e.g., warehouse id, df#e disk write completes). Any attempted usage will change
trict id, customer id, list of items ordered, item quantitie&e State appropriately but the disk write will still be allowed
etc.) just one or two parmeters are adequate to correctly dfeProceed and no eviction will happen. The “stale” state
cute each query. Thus the database takes much less space @@f$ to the situation where the subpage is still allocated in
the real one. Thactual row sizes are still used to computdhe buffer cache but contains invalid data. Maintaining states
such parameters as number of rows per page, rows per §@tectly in the face of transaction retries, aborts, timeouts,
page (for subpage level locking), etc. In spite of these saving8d orphaned IPC messages turned out to be the most chal-
storage requirements become excessive for large throughd@fging part in the simulator.
We use a consistent scaling mechanism to address this issue

(discussed later). 5.2 Locking Mechanisms

In addition to the tables themselves, DCLUE also maintains
a BT tree based index for each table. Although indices arte basic locking mechanism in DCLUE is fairly simple.
normally fully cached, they are treated just like tables amirst, every transaction type acquires locks in a consistent
may be only partially cached. The order table also neesisier so as to avoid deadlocks. That is, more aggressive
an auxiliary index for the “max-select” operation (i.e., selesthemes that allow deadlocks to occur and then break them
most recent order of a given customer), but such an indexaie not used in DCLUE. For TPC-C, the first locks are always
not implemented currently. on warehouse and/or district table. If locking is not possi-

Since the entire database is sitting in the memory, buffde; the transaction is put on a wait list, to be woken up later
cache operations merely relate to status changes and listtp@ transaction that releases the contended lock. Note that
erations — the simulator does not need to perform any 4 partially acquired locks are not released before going into
tual disk 10. The buffer cache is maintained separately f§@it: For other tables, the inability to lock results in the re-
each table (typical in TPC-C implementations) as govern@@se of all locks and a rollback of the transaction to the point
by the specified “caching fraction”. The same applies to igf first lock attempt. In this case, the transaction waits for a
dices, which are normally fully cached. The caching poli ponentially distributed amount of time and then tries again.
is simple LRU except that a tail search is required for ea transaction retries a few times and if it doesn't succeed, it

replacement to ensure that pinned pages are not replaced@Ports. (The client may still decide to retry it after getting

the unsuccessful response.) In order to avoid holding locks

To allow for fine-grain locking, a page (or disk block) is diynnecessarily, the locking in DCLUE is actually a 2-phase

vided up into a number GfubpagesA subpage contains Or]eprocessiatching(or intention locking) followed byocking
or morecompleterows, and the subpage size can be chosen

independently for each table. This was essential since certain |, phase 1, the transaction goes through the query plan

tablt_ss (e.g., district & new-order) _have a much higher CoN- 45 determine what subpages it needs to operate on and
tention than others and thgs benefit from small suppage Sizes. \\hich one of those need to be locked. Since some of the
A smal! subpage results in more overhead both in t_erms of pages may not be resident in the buffer cache, it posts
simulation (more memory space and slower processing) and o ests for them to the directory node (which follows
the s'lmulated system (need to acquire more locks for queries the normal RAC procedure described in sec@rThe
working on a sequence of rows). Given subpage level ock- 5\ requests are also transmitted to the directory node,
ing, it is most convenient to implement version control and i, acquires “latches” on the requested subpages. The

logging also at the subpage level. difference between a latch and a lock is that latches are
DCLUE recognizes 11 different states for a subpage. The compatible with one another, i.e., multiple transactions
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can hold a latch on the same subpage. However, laiGhhe new version will not be visible to other transactions un-
is not compatible with a lock, and any attempt to latchtd the transaction commits successfully and releases the lock.
locked subpage fails immediately. If the transaction rolls back, the privately created new version
. will be simply discarded. DCLUE separately maintains the
2. The transaction enters phase_zlwhen all the reques@gbm time-stamp” for each subpage, which is the highest
data has already been place in its buffer cache andgllestamp across all nodes. An update must always use this
latches have been acquired. (The requested pages,gf€jon. A minimum time-stamp is also maintained at each

pinned in the buffer cache so that they don't get rgsqe 5o that unneeded versions can be discarded.

placed.) The transaction then makes a single request to o o )
the directory node to convert all its latches into locks,Each transaction itself carries time-stamp, determined from

If the conversion is not possible, the transaction mé@e time the transaction successfully converts all its latches

wait or release locks/latches and do a delayed retry'ﬁgo locks. Basically, the idea is that to maintain serializabil-
explained above. ity, the transaction must use subpage versions that are current

as of this time. For a read-only transaction, the transaction

Given the vast literature on database locking (and on cdi?e-Stamp is the time when it starts execution, and it should
currency control mechanisms in generdl)7]] the above read versions current as of this time. Finally, when a transac-
scheme is likely to be rudimentary compared with the ont@" With the smallest timestamp is retired, any subpage ver-
used in commercial DBMS, but it appears to work fairly'©nS with a lower or equal timestamp can be discarded.

well even at low affinity values. Sophisticated schemes
(e.g., multi-level locking) may yield better performance un-
der heavy contention, but should not change many of the sen-
sitivity results.

5.4 Disk 10 and Logging

5.3 Multiversion Concurrency Control

) ) . . . DCLUE emulates disk IO in significant detail in order to cap-
MCC |mplementat|9n requires mechanlsms to store m_U't'Rl?re some essential characteristics of disk 10 behavior. In par-
time-stamped versions of each lockable item, which in oftjar, for each table, disk reads and writes are queued sepa-
case is a subpage. The metadata about the subpage my f#1y according to the page number and an elevator schedul-
ther |nd|§:ate WhaF portions of the subpage actuglly dn‘ferfromg algorithm is used for both, with switches between read
the previous version. We assume 40 bytes for time-stamp g write cycles. Since the queues may contain duplicate re-
other metadata per subpage. The memory required for Cregfasts from different nodes, all duplicate 10 requests are re-
ing new versions is allocated in DCLUE from a special vefireq immediately after the 10 finishes. The latency and path-
sion memory pool. The pool size is specified independengiy,qih consequences of disk 10 are accounted for, and so are
for each table to ensure that high use but small tables sugh, situations as references to a dirty block while it is being
as district can have many versions without their pool spaggiten to disk. In this case, the disk write is still allowed to

being eaten up by monster tables like customer or stock.c¥mplete, but the block is not evicted from the buffer cache
the version memory pool for any table is exhausted, pages &f&jisk write completion.

stolen from the corresponding buffer caénEor large tables

like customer and stock, this will always happen since we sep CLUE implements the normal lazy disk write model
the pool size to 0 for them. where the modified pages are written back to disk only when

. _they are evicted (and have the highest version number). Thus,
As more and more versions are created for subpages withigisk write might happen long after the transaction is com-
a block, the effective size of the block (original page plygtted. In order to ensure database consistency in case of a

space from the overflow area) grows. If another node requesifyre, all data modified by a transaction is written teemp-

a block, all its versions are transferred, and the requestor Bage |og disk. A transanction must wait for log data to be
the job of figuring out which version it really needs. Sucifely flushed to the disk before committing. Logging does
a scheme makes all versions available at the requesting §8€ g0 through the normal file-caching path of the OS and
in one shot, but may be wasteful of memory. Alternatively, s is much less processor intensive. Log writes are also

shipping only the needed version is more efficient memonyy,ch faster at the disk because of sequential writes.

wise but may require repeated version transfers. o )
DCLUE allows for distributed logging where each node

Although a new version of a subpage may be created @ its own private logging. This avoids a centralized bot-
soon as a transaction (that holds lock on it) attempts to modif¥neck but can make recovery much more expensive. More

3if all pages in the buffer-cache are pinned and thus no stealing is po§§Ntralized logging (i.e., per subnet or per cluster) is also sup-
ble, the transaction aborts. ported.
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5.5 Application Processing ging, locking/latching, and unlocking. The TPC-C system
is dominated by application threads, however. The simula-
The clients implement a number of “client threads”, each tn attempts to implement a network 10 scheme similar to
which generates business transactions at a specified ratgea systems. In particular, a receive operation interrupts ap-
business transaction, in turn, consists of a sequence ofglheation processing to schedule TCP/IP processing (if done
dividual sub-transactions (or simply transactions), eachinfSW) and for placing data in the user buffer. The typical
which involves a request-response interaction with the sengiuation of application processing culminating in a send is
The server is chosen according to affinity and other load digxndled by ensuring the following:
tribution characteristics and remains the same for all sub-
transactions. The clients also perform a number of other funga) The application execution path-length is fully simulated
tions, but those are not relevant to current discussion. Atrans- pefore the send becomes “eligible”. Note that the CPU
action packet has 38 fields including 9 list fields to keep track overhead of application processing must be simulated
of such things as items ordered, order-ids, item prices, etc.  explicitly (it doesn't just happen automatically as a re-

A transaction packet arriving at a server is entered in a Sult of executing the application logic!).
data structure where it stays until finished (retired, aborte
timed-out, or rejected outright due to lack of resources). Th
inter-process communication is accomplished via packets of
a different type callednessagesA message is smaller (only

20 fields) and shares some crucial fields (e.qg., tidhsvith Thread management and scheduling incurs some cost,

the transaction packets. Messages are created and destro e«i1 L )
. . : ch is included as an input parameter. The number of
as needed. Messages involve their own processing (TC : . .
. oo R cantext switches per transaction falls out of the scheduling

processing plus some application IPC layer processing) in ad- )
dition to trigering application processing Scheme described above. However, we also need to accu-

o _ C rately model the cost of context switches. There are three

Application processing proceeds according to the quejysts associated with a context switch:

plan for each transaction type. The total overhead of com-
pleting a transaction is the accumulation of the overheads of. Basic cost: CPU cycles needed to save the state of the
individual steps such as disk 10, buffer cache management, running thread and restoring that of the new thread. This

locking/unlocking, versioning, logging, TCP/IP processing, part is typically quite small and is denoted $si...
context switching, table operations, data sorting (required for

stock-level transaction), transaction commit, etc. This re2. Working set accumulation stalls: CPU stalls (in cycles)
quires a very detailed parameterization, and the data for this While the lost portion of the working set is rebuilt (via
was pulled from many sources (too numerous to describe memory-cache transfers of required cache-lines).
them here). In particular, a lot of TPC-C processing data i
taken and scaled from the NASA repat8] and current TPC-

C measurements. The data related to cache, bus and memory
channel performance is taken from recent measurements and
well-reviewed TPC-C projections within Intel. The data con-
cerning network stack processing overheads is taken from au-
thor's work and other ongoing work in Intel on acceleration of

TPC, iSCSI and other protocol&d, 7,21, [20]. Admittedly, Inlo_rdzr;o ”?Iof'je' these with so;ne d;egrelz?e 8:1 reall_l?sm, \;VZ
there are still “guestimates” of several parametes; howe ploited detailed measurement data for Redhat Linux 7.

those should be adequate for the purposes of understan8§%~1gl' The measu_rements ."St the context switch cyc!es
as a function of working set size and number of competing

the general nature of clustered DBMS performance. .
g P threads. Based on these measurements, we find that the fol-
lowing equation matches the measurements quite remarkably.

) The TCP/IP processing related to an “eligible” send
takes precedence over application processing for any
transaction, but still has lower priority than receides.

53. Additional bus/memory traffic: The rebuilding of the
working set increases load on processor bus and memory
channels which results in additional memory access la-
tencies and hence CPU stalls for other memory accesses
as well.

5.6 Thread Mangement Let  denote the fraction of processor cache occupied from
average working set size considerations. That is,
Each accepted transaction is assignedpplication thread 7 = [NappSapp + NsysSsys|/cache_size (1)

which stays with it until done. This thread is responsible i
for all application processing and may experience many cdf€reN. andss; denote the number of active threads of type

text switches. In particular, the thread blocks voluntarily fdr @nd their working set sizes. Then, assuming a fairly ho-
each receive and disk read. The thread may also be switcHiggenous system, the fraction of working set lost between
out inVOI_untar”y to schedulsystem thread_ﬁ)r such tasks 8S  4This could cause receive livelock situation as in real systems, but we
messaging related TCP/IP processing, disk 10 handling, legve not addressed this issue further.
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two successive schedulings of the same thread, deddtgd tinue to use overall CPI for converting instructions to CPU
can be approximated by the following equation: cycles; however, this approach is merely an approximation.

The overheads associated with task switching, locking and

Linin + (1 — Liin) (1 — 27270 if p > 0.5 chipset communication are expressed as “equivalent” path-
L(n) = { 4 Lyinn? if n<0.5 lengths as well, even though these are perhaps closer to be-

) ) ) (2) ing pure CPU cycles. Since much of the model calibration
where Ly, is the fraction of working set lost when= 0.5. s hased on the data obtained from unclustered TPC-C mea-
Luin was consistently found to be around 0.1. Now, the CRddrements, the correspondibaseline CPIs the relevant one
stall (in CPU cycles) caused by the swithing in of thread tygs; converting these to CPU cycles. We allow a slight modi-
x is given by: Sy = Smin + BoL(n) (3) fication of this when considering clustered systems based on
he increased working set resulting from affinity less than 1.

where B, is the total cost of building the entire working sg asically, the idea is that as the affinity decreases the amount

for thread typer (expressed in CPU cycles). It can be estl- S .
. . ; of data to be maintained expands proportionately. Based on
mated from the working set size, average burst size and mem:- : ;
oo ) ) unclustered TPC-C measurements that quantify the impact of
ory pipeline delay (including post-L2, address bus, data hus . . .
InCreased working set on MPI, we modify the MPI according
and memory channel delays). . ) . )
- to a power law. This power law is of the following form: a
From other TPC-C specific data, we know that the averaggubling of working set increases MPI by X%, where X is
TPC-C working set size is around 32KB. We did not have rg-parameter. The modified MPI value, say MPI", is not the
liable information about system threads and assumed a wajlerall MP! that the simulation will provide. Instead, it is an
ing set size of 4KB. intermediate quantity that is used to estimate how the increase
in computational path-length increases the traffic on the bus.
. The simulation accumulates statistics on overall path-length
5.7 Bus and Memory Modeling PL,,:, transaction throughput,,; and CPU utilizatior(/;;.

) ) o Let F' denote the processor frequency. Then,
All processing overheads in DCLUE are specified in terms
)\tot = (F X Utot/CPItOt)/PLtot (5)

of path-length (i.e., average number of instructions required

to accomplish a task). In order to convert these to CPU timAusC P1,,, can be estimated. Since memory access latency

(or cycles) we also need estimatescytles per instruction js also available from the simulation, ed) could then be
(CPI). The overall CPI depends not only on the basic proceg@ed to estimate overall MPI, if required.

architecture but also on CPU stalls caused by the memory . . . o
stimating memory access latency itself can be quite in-

subsystem. In fact, the overall CPI can be expressed asvt (\a/ed To beain with let us consider the latency of actu-
base CPI (i.e., CPI under infinite L2 cache) plus a componeﬁ - 10 beg y .
lly retrieving data from memory upon a cache miss. This

contributed by CPU stalls due latencies in data retrieval iteiny ) .

. Includes 4 key components: (a) latency of actually putting
the memory. In particular .

' out request on the bus, which we call post-12 latency, (b) ad-

CPliot = CPlygse + BF x MPI x mem,access,laten(cy) dress bus latency, (c) memory channel latency, and (d) data

4 .

where BF' (blocking factor) is the fraction of memory ac-bus .Iatency. While gddress ar_1d. dgta bugses_ can be modeled

%smple gueues with deterministic service times, the mem-

cess latency that is visible to the CPU and MPI is avera?r channel itself involves several stages. Following the nor
misses per instruction The BF value depends on the plat: y . ges. gt
| practice, we model memory channel as a queuing sta-

form, and the established TPC-C BF value for the modelg]c‘ial th b ¢ lock st h I th b
platform (0.78) was used. The MPI depends on the cache §| g (with number of non-lock step channels as the number

and detailed caching behavior of various components of &eservers) in series with some pure delay. Although the 3

workload. The memory access latency obviously depends.aouneumg stations involved here could have been simulated, we

the queuing delays in the address & data busses and in'ﬂ%ead used S|mple_analyt|c mode_lmg_of thégde Thus, the
o #gy parameter required for modeling is the memory access

Erﬁg@c and corresponding traffic on address, data and memory

bus and memory are misses out of the cache which means o
busses. The memory reference traffic includes:

MPI and memory access latency are not independent.

Although the above equation is reasonable on an overall ba- pemory references as a result of computational path-
sis, individual processing components could use very differ- |ength. These are estimated using a simple multiplier
ent types of instructions or have very different caching behav- o the current estimate of the path-length. This multi-
ior. In general, it is not possible to estimate context specific plier is estimated from available measurements and can

CPI except in some very specific circumstances. For example, pe adjusted as better measurements become available.
CRC-32 calculation (used for iSCSI or RDMA) has a very

low CPI which may be known. In all other cases, we con-2. Memory references involved in activities such as task
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switching or lock spinning (accumulated separately froto the desired value, the throughput might vary significantly
regular path-length since these mostly affect CPI).  over successive periods and thus throw the iterative process
~off track. In particular, it was invariably found that during the
3. Memory references due to memory-to-memory cOpig&mup period, there is generally more stress on resources
associated with 10. as each node attempts to accumulate the right kind of data in
4. Memory references due to 10 data transfer (disk, isc§ﬁ buffer cache. The behavior becomes more balanced as the
teady state approaches. Unfortunately, there are a number of

IPC, and client-server traffic) but excluding 10 relateath for instabilit during the steady stat
memory to memory copies. other reasons for instabilities even during the steady state.

Note that all IO data transfer involves access to memor)l' TPC-C transactions vary substantially in their resource

channel and address bus (for snooping): however, only a por- "€auirements. For example, the stdekel transaction
tion of this may be actually brought into the cache and used. WOrks on up to 200 orders and delivery modifies infor-
This fraction is another parameter and it determines the data Mation about 20 orders. At the same time, the fraction
bus use. The are other differences between ABUS, DBUS of these transactions is small. Thus, the behavior could
and memory usage as well. In particular, memory references depend significantly on how many of these transactions
must be reduced by the HITM fraction, for which we as- N&PPen to be running.

sume a constant value. Also, ABUS gets additional traffic
due to invalidations required for exclusive access to shared’
data. This is yet another parameter that is assumed to be a
constant. Finally, both DBUS and DDR memory channels in-
volve “bubbles” which depend on the details of the access pat-
tern. For simplicity, these too are are assumed to be constant
fractions. The bus/memory modeling can be enhanced if nec-

essary, however, we find that in most instances, bus/memoré/_ There is a wide variation in the CPU usage by various ac-

were not the bottleneck and hence a simple model is perhaps . .. " . . .
. tivities involved in transaction processing. For example,
adequate. In particular, busses are generally not a bottleneck S . )
. : . both transaction initiation and transaction commit path-
for standard unclustered TPC-C setups. This remains so in .
: . : lengths are large, and so is the path-length of max-select
cluster setup as well since the increase in memory references - . LT . )
operation. This variation is directly reflected in the sim-

is matched by path-length increase as well. Furthermore, as . . } )
T !~ ulation since the scheduling of processing happens at a
the affinity increases, the throughput decreases rather rapidly; ;
rather coarse grain.

therefore, the significant increase in IPC traffic does not result
in busses being a bottleneck. 4

Since IPC data messages are about 35x larger than con-
trol messages, the current mix of data requests vs oth-
ers (e.g., lock acquisitions & releases) can affect per-
formance significantly. Similarly, disk 10 being much
slower than IPC, the current mix of IPC vs. storage traf-
fic can affect things significantly.

. The lock acquisition failure reinforces instability. For
The inclusion of bus/memory model introduces a circular- example, if the transactions at a certain node are cur-
ity in the model. In particular, the estimation of MPI' quan-  rently experiencing a lot of lock failures, these transac-
tity is obviously dependent on the current throughput, and the tions will go into the wait list or go away for a timed
current throughput and the current estimate of MPI" affects retry. This almost guarantees a low contention period
bus/memory traffic and hence the achieved throughput. As followed by another high contention period.
expected, this is handled via an iterative estimation proce-
dure. This can cause stability problems in simulations. TQn order to dampen the impact of these factorS, we found it
see thiS, note that the purpose of the simulation is to find ﬁh‘@cessary to use exponentia| smoothing in a few p|aces_ In
offered load that satisfies all of the following requirements:particular, we found that instead of computing MPI’ based
on offered or carried loads, it was better to compute it based
1. The bottleneck resource (e.g., CPU) is utilized as mugh an “effective load” which takes both offered and carried
as possible. loads into account. Basically, the idea of this estimation is to
increase effective load when we seem to be making progress
(i.e., able to carry more load) and backoff when not. Although
ad hoc, the scheme does appear to work satisfactorily.

3. The carried load is maximized. This typically means thatlt is perhaps clear from this discussion that obtaining the
no resource should be overcommitted. “optimal offered load” for a given configuration could be a
very time-consuming trial and error process, especially in sit-
Since we do not know a priori what offered load to use, mulations where the performance is not being limited by CPU
tiple simulation runs are required based on “guessed” valsasuration. This results in some variability and inconsistency
of offered load. It is found that when the offered load is close the results as some of the cases in this paper show.

2. Nearly all of the offered load translates into tterried
load.
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6 Cluster Performance Modeling configuration is a 3.2GHz P4 DP system with 1 MB second
Studies level cache, 133 M!—|z bus and 16GB of DDR-266 memory.
One such node delivers about 50K (unclustered) tpm-C per-

formance, which amounts to about 4K warehouse database.

DCL.U.E tal_<es a_large number O.f mpgt parameters which ar%Jnfortunately, even a small cluster of such nodes will re-
specified via 3 different mechanisms: (a) input file, (b) hea lire very long simulation time and huge amounts of mem-

file, and (c) direct parameter setting via GUI. The paramet%)§/ The need for> 4GB memory which would require

that dmaX deglred tq be chatr;]geq m??_tl oft%r: are "St‘;‘?' ml € complexity of reworking the simulation to use PSE/AWE
pendix 7 and are given via the Input flie. The appendix alyy, 35 it machines. To avoid this problem, we consistently
briefly discusses the nature of other parameters but does&%iied all relevant parameters by a factor of 100x. This

actually list them. means, for example, (1) Ethernet network model is 10baseT

One aspect of DCLUE not discussed so far is in the areaimdtead of 1000baseAE, (2) disk parameters (seek, rotation,
traffic generation and control. The basic business transactidaga transfer) are slowed down by a factor of 100, (3) CPU,
are generated according to the specified distributions. Thg and memory channel frequencies are cut down to 32MHz,
generation supports a 2-phase semi-Markov arrival proces83MHz, and 1.33MHz respectively, and (4) Various other
The residence time in each phase, arrival rate in each phdslays such as chipset, IP packet forwarding, context switch,
and phase time distribution can be specified. In addition, ititfgerrupt handling, etc. are also increased by a factor of 100x.
possible to generate scenarios where the load with cycle ovarorder to allow for a convenient scaling of all process-
load. One of the parameters given in the input file is “proceag overheads, all input parameters are expressed as “path-
sor congestion threshold”, which is used to limit congestionighgths” (i.e., number of instructions required to accomplish
the server. DCLUE defines 3 processing priority levels, nutine operation) or as or path-length equivalents. This ensures
bered 0..2. Priority O (lowest) is for transactions, priority 2 fahat a speed cut of CPU by 100x automatically scales every-
important messages (generally those that release resoun¢ésy by 100x. Finally, as for the database itself, a slow-
and priority 1 for rest of the messages. The congestion thregbwn in all platform and OS parameters will automatically
old specifies abatement, onset and discard threshold for eatluce the throughput (and hence the number of warehouses)
of the 3 priority levels. For convenience, all thresholds abg 100x — the only scaling required is for the item table, which
specified in units of seconds, but then converted into the nugwes not depend on number of warehouses. This is done by
ber of transactions/messages by using the specified arrigalucing the number of items from 100K to 1000.

rates. For example, the discard threshold for transactlonsﬁf/ith the above scaling, it is possible to simulate reasonable

currently set to 24 seconds; therefore, if the system has ed clusters. The results must be scaled back to correspond
ready accumulated 24 seconds worth of unprocessed OrdE(?{he original system

tially processed transactions, any new arrivals are simply dis- ) )
carded and a “transaction reject” response is sent to the clierfeetailed results from DCLUE are discussed3fdnd will
The client can, if it so desires, retry the transaction with sorfigt be discussed in full detail here. Instead, we only include

delay. The objective is to provide feeback rate control at t@me sample scalability results in order to provide some idea
client, but this is currently not implemented. of the nature of results that DCLUE can provide. In particu-

. . . lar, Fig'3 shows cluster throughput vs. cluster size and affin-
In this section we use the DCLUE model to obtain a UM as a parameter. The affinity 1.0 case is shown just as a

ber of interesting results on scalability, latency sensitivity anlkorence and corresponds to the case of perfect scaling. As

_cr%rg%stlon (??ndtlltlon's. ASI s.ttat(;a(:] earllller., a;lr:hqugr: stan?g ected, the scaling gets progressively poorer as the affinity
P~ Spectiication IS exploited heavlly In the iImplementgg e o However, the interesting part is an almost linear scaling
tion and model calibration, we are interested in scenarios

. ) ; f%m 2 or 3 nodes to 10 nodes. For larger clusters, locking re-
yond basic TPC-C particularty in terms of the role of IPC 'hted issues start to come into effect. ,%dso, topological isgues
clustered databases. also come into play. For very small (i.e., 2 or 3 node clus-
Running DCLUE produces detailed statistics for each clietts), the behavior can also be different, and becomes more
and server node. The server statistics are also aggregatedmaounced with lower affinity.
per-lata basis. This feature is useful if the traffic distributionA
across lata’s or nodes within a lata is made uneven in orgae
to study impact of focussed load imbalances. Both client af)
server statistics are also averaged globally.

t high affinities, the reason for continued scaling is the
k of any shared bottlenecks in the system. In fact, most
ources increase linearly with the cluster size. For exam-
ple, each new node adds not just CPUs, but also many oth-
The base model calibration was done for Intel Pentium Bfs. These are: memory, memory channels, processor bus,
class dual-processor (DP) servers for which unclustered TRGrmal and logging disks, and router links. If the network
C measurements and validated platform performance mgebws by adding more subnets, the stress on each inner-router
els were readily available. In particular, the baseline server
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also remains unchanged. Even the lock contention per pagkie of DCLUE in studying clustered DBMS performance
stays the same since TPC-C mandates that the databaseusider a variety of scenarios relating to available resources,
increase linearly with the throughput. At low affinity valtraffic distributions, implementation alternatives (e.g., HW
ues, although the MPI grows significantly, the low realizeags. SW TCP), QoS configurations, communication latencies,
throughput in this case prevents bus from becoming a bot#éing parameters, etc. Because of very detailed model cal-
neck for moderate cluster sizes. The remaining figures shibwation, it is also possible to move significantly away from
cases where shared bottlenecks are introduced artificiallysendard TPC-C characteristics. For example, fractions of
sulting in poorer scalability. Fid shows a case where the forvarious query types can be changed, and so can various path
warding rate of the routers is reduced from the normal 100@dgths, switching overheads, etc. In particular, it is possible
packets/sec to 4000 packets/sec. This causes the througtmsitudy how the latency sensitivity of the workload varies as
to saturate beyond 8 connected servers.3%gows another computation to communication ratio is varied, or the fraction
scenario, one where a single node is responsible for all l@gdight-weight vs. heavy weight queries is varied. It should,
ging operations instead of each node performing its own Idgwever, be kept in mind that as the charcteristics move sig-
ging. Centralized logging makes recovery easier but at thicantly away from standard TPC-C the fidelity of the model
cost of potential bottleneck during normal operation. It uld deteriorate in terms of issues like computation of MPI
seen that the performance in this case is consistently loveard bus/memory traffic.

Finally, Figl6 shows the impact of slower growth of DB size

as a function of throughput. For this we assumed that for

up to 90K tpm-C, the database sizing is ac;cordmg to TPC-/: Conclusions

rules (No of warehouses calculated assuming 12.5 tpm-C per

warehouse). However, beyond this, the growth rate of ware-

houses goes a square root of the additional throughput, ratReihis paper, we have described a comprehensive model of
than linearly. With this, the contention for the data increaseistered database systems. The model allows a wide vari-

as the cluster size increases. Consequently, the throughp@cof studies with clustered DBMS systems and thus pro-
longer goes up linearly with the cluster size. vides a valuable vehicle for understanding their performance.

The model is particularly valuable in examining the impact

These cases plus a number of others report¢d shpw the of fabric characteristics on the application latency. In par-
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simulation reset time 100.0  #secs

debug level "555-06"

debug start time "12000 -1”

debug end time "1000 -1”

whouse-server affinity 1.0  # Prob of going to right server
measurement interval 10.0  #block size in secs

max active threads 512

multiversion conc control TRUE  # false =¢normal conc cntrl

max trans retries at server 3 # This CANNOT exceed 9

max trans retries at client 0  #Independent of server retries
distributed storage TRUE  #false =¢, SAN storage

frac of page locked "0.50.050.10.10.20.20.20.20.10.2-1"
trans timeout period 100.0, 60.0, 60.0, 300.0, 300.0 -1”

min think time/thread 0.0  # Min delay after trans finishes
client threads 1000  # Use 100x of new order trans rate
relative arr rate in state 1 1.0  #Ratio of arrival rate in state 1 vs O
arr state O duration 5000.0

arr state 1 duration 5000.0

phase duration dist "exponential”

phase duration parm2 0.0  #0.0 ok for exponential/constant
overload start time 10000.0

overload magnitude 5.0

overload duration 40.0  # Should be less than cycle time
overload cycle time 90.0  #This is a repeating cycle

avg lock retry time 3.0  #use x/2 + unif(0,xf2) for nth retry
avg trans retry time 10.0  #where x is the avg time given
numbe of disks 2 # Number of regular disks

number of log disks 2 # Number of log disks

max disk xfr rate (MB/sec) 1.5  # scaled down by factor of 100

min disk xfr rate (MB/sec) 0.3  # scaled down by factor of 100

min disk pure delay 2.0e-1  #in secs/block, 100x scaling
max disk pure delay 16.0e-1  #in secs/block, 100x scaling
avg disk cache span 16  # Must be an even number

disk read/write elevator cycles1  # Read cycles per write cycle

table storage fractions "1.01.00.050.151.00.10.050.0250.051.01.00.50.51.0-1"
table storage frac for versions "0.1 20.00.00.00.00.1 0.1 0.1 0.1 0.00.00.00.00.0 2.0 -1"
client server delay 0.3  # Addl delay between client & server
trans type fractions "0.430.430.050.050.04 -1

traffic dist between LATAs "-1"  #just -1 means uniform distribution
traffic dist between servers | ”-1"  #just -1 means uniform distribution
global cong control timer 2.0 #insecs

cong ignore period 500.0  # Tignore timer (Huge for now)
traffic throttle period 2.0  #Tthrottle timer

proc cong thresholds "12.0 15.0 24.0 54.0 60.0 75.0 86.091.099.0-1 1.0"
proc cong throttling frac "0.400.701.0-1"

Table 1:Runtime DCLUE parameters
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client CPU speed (MHz)

32  #3.2GHz UP, scaled down by 100

client CPU CPI

8.0 # Overall CPI

server CPU speed (MHz)

32 # 3.2GHz ST, converted to HT!

server CPU CPI

5.4 # Core CPlw/ HT on

conn setup PL frac

0.75  # setup vs. teardown breakup

client trans prep PL frac

0.50  #trans prep vs. resp proc breakup

chipset pure delay (PL equiv)

5000 #delays incl MCH, IOH, PCI, etc.

chipset stall time (PL equiv)

333  # DMA setup, IO bus xfr, MCH

lock stall time (PL equiv)

2000 # Excludes thread switch

thread switch time (PL equiv)

2000  # Thread switching time

TCP stall time (PL equiv)

2000 #* 200 # Kernel locks & context switc

Interrupt service time (PL equiv

4000  #*400

conn setup/teardown PL

138800  #* 13880

disk 10 initiation PL

2500 # Per disk block

disk IO completion PL

3000  # Excl. buf-cache & file system oprns

iISCSI 10 init PL

1000  #* 500 Same on both src & target sides

iISCSI IO completion PL

1200  #* 500 Same on both src & target sides

CRC per KB PL

2333 #*0

client trans prep/resp PL

250000

base msg send PL

1600 #*400 # TCP & RDMA for 64B msg

base msg recv PL

2000 #*500 # TCP & RDMA for 64B msg

msg send PL/KB

3000 #*200 # Msg send/recv PL per KB

msg recv PL/KB

3000  #*300 # Msg send/recv PL per KB

thread mgmnt PL

1500  # Thrd mgmnt (excl switching)

base appl msg PL

500  # Appl level msg prepartion

trans initiation PL

35000

directory lookup PL

3500  # Excludes locking

directory update PL

2000 # Evict & data notifications

buf cache ins/del PL

2500  # Forinsert/delete separately

lock management PL

2500  # Lock acquire/release PL

lock wait mgmnt PL

1000 # Lock wait/release PL

commit processing PL

26500  # Commit proc (excl lock rel, logging)

resp preparation PL

5000  # Trans resp formatting PL

table operation PL

10000 # Random select & updates

sequential select PL

1000  # Sequential select after first one

index operation PL

2500  # Direct select using an index

non-unique select PL

25000  # PL for non-unique selects

invalidation PL

2000 # Invalidation PL

list sort PL

200  # For sort only after table join

misc appl code PL

"4700 800 1300 26100 300 -1"  #per trans

file system oprn PL

2000  # FS oprns (excl buf-cache)

version management PL

2500  # Version management

trans retry mgmnt PL

2000  #trans retry mgmnt PL

client.1.new order trans rate

12.5  # Per sec (not per min)

client.2.new order trans rate

12.5  # Per sec (not per min)

client.3.new order trans rate

12.5  # Per sec (not per min)

Table 2:Runtime DCLUE parameters: continued
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