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Abstract

Buffer coherency control can be achieved through retaining a
lock (shared, exclusive, etc.) on each page in the buffer, even
after the requesting transaction has committed. Depending upon
the lock mode held for retention and the compatibility of lock
modes specified, different retention policies can be devised. In
addition to tracking the validity of the buffered data granules,
additional capabilities can be provided such as deferred writes
to support no-force policy on commit, (node) location identifica-
tion of valid granules to support remote memory accesses, and
shared/exclusive lock retention to reduce the number of global
lock requests for concurrency control. However, these can have
serious implications not only on the performance but also on the
recovery complexity. In this paper, five different integrated co-
herency policies are considered. We classify these policies into
three different categories according to their recovery requirements.
A performance study based on analytic models is provided to un-
derstand the trade-offs on both maximum throughputs and re-
sponse times of the policies with a similar level of recovery com-
plexity and the performance gain achievable through increasing
the level of recovery complexity.

1 Introduction

The coherency problem of software managed buffers is com-
mon to several multi-system environments where multiple
computing systems share a common set of data pages and
each system (also referred to as node) caches recently ac-
cessed data pages in its local buffer to reduce the number of
I/0 operations or remote data accesses. Examples are trans-
action processing environments where multiple nodes share
a common database [18, 10, 21, 15, 4, 12], client-server en-
vironments where client nodes may access the same set of
files stored in the server [9, 20, 3, 23] and the distributed
shared memory environments where physical pages corre-
sponding to a virtual page may be present at multiple com-
puting nodes [11, 14]. In this paper, we focus on the trans-
action processing application in a multi-system data sharing
environment.
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In [6] six different coherency policies are examined and
broadly classified into three categories: detection of invali-
dated pages, notification of invalidated pages and propaga-
tion of updated pages. Under these policies, at the trans-
action commit point the updates are propagated to the
disk (called the force scheme) and the locks are then re-
leased. Several policies considered in the simulation studies
in [20, 3, 23] for a high data contention client-server envi-
ronment deal with efficient resolution of conflict across the
active transactions in the system. Most of these policies
also fall under the category of the force scheme with no lock
retention. Alternatively, physicaland logicallocks can be ob-
tained to maintain coherency and concurrency, respectively
[13]. The two types of locks can be combined into a sin-
gle lock (referred to as LP lock in {13]) to reduce message
overhead under integrated concurrency and coherency con-
trol policies [2, 8, 15, 16, 13, 14]. Therefore, the coherency
is maintained by retaining a LP lock on each buffer page
in a node even after the transaction accessing the page is
committed so that updates to these pages in another node
are prohibited until these locks are revoked [16, 12, 9, 23].

Depending upon the lock mode held for retention and
the lock mode compatibility specified, different retention
schemes can be devised. In addition to tracking the validity
of the buffered pages, additional capabilities can be provided
such as deferred writes to support the no-force scheme at
commit [12], (node) location identification of valid granules
to support remote memory accesses, restriction on the num-
ber of replications across buffers, and shared/exclusive lock
retention to reduce the number of global lock requests for
concurrency control. In {15, 23], a shared lock retention ap-
proach (called read optimization scheme) is used to provide
coherency control under the force scheme. The approach
saves the global lock request message for a read access if
the lock is already retained in the executing node. Reten-
tion of exclusive lock (also known as sole interest) is also
proposed in [16]. Mohan and Narang, [12], have proposed
and detailed several buffer coherency policies based on exclu-
sive lock retention to support a no-force scheme at commit.
These policies differ at the timing when an updated page is
forced out to disk and the way remote memory transfer is
carried out. The ways by which the writes are deferred can
have serious implications to recovery complezity in terms of
processing overhead and recovery time. It is assumed that
each node maintains a separate log. Deferred writes within



a single node require going back further into the log of that
node to redo the missing updates during recovery. This is
referred to as medium recovery characteristic in contrast to
the simple recovery characteristic of the policies under the
Jorce scheme. Deferred writes across multiple nodes, i.e. let-
ting a page containing updates from multiple nodes before
writing back to disk, would require a log merge across nodes
before recovery can be started. This is referred to as complex
recovery characteristic.

In this paper, we consider five different integrated con-
currency coherency policies under the three recovery char-
acteristics mentioned above, and develop analytical models
to study their relative performance. Two of the policies are
variants of the schemes considered in [12] with medium and
complex recovery characteristics, respectively. We propose
additional variations in policies based on single copy con-
straint, i.e. no page is allowed to be buffered by more than
one node. Without any loss of generality, we consider this
variation only for the policies with complex recovery charac-
teristic. For the policies with simple recovery characteristic,
besides the check-on-access policy [2, 8, 15] (detailed later)
which serves as our base policy, we also consider a shared
lock retention policy under the force scheme {15, 23]. All
policies except the basic check-on-access policy exploit direct
memory to memory transfer. Apart from the differences in
recovery complexity, there are obvious performance trade-
offs among these policies. While increasing the recovery
complexity, the deferred write or no-force scheme obviously
reduces the number of disk writes. But additional number
of messages are incurred to maintain coherency when a dirty
page, i.e. an updated page not yet written to disk, is needed
by another node. Details of these policies and their perfor-
mance trade-offs are discussed in Section 2.

The paper is organized as follows. Section 2 describes the
details of the the five buffer coherency policies that are con-
sidered in this paper. The analytical models to estimate the
local and remote buffer hit probabilities, the CPU overhead
due to various types of coherency messages and the overall
transaction response time are developed in Section 3. The
performance comparisons are presented in Section 4. A sum-
mary and concluding remarks appear in Section 5.

2 Buffer Coherency Policies

The multi-system data sharing environment considered here
consists of multiple loosely coupled nodes sharing a common
database at the disk level. We assume the presence of a fast
speed interconnect amongst the nodes, such that propaga-
tion delay (not the CPU overhead) in transferring a page be-
tween two nodes is negligible.! Standard two phase locking
is used for concurrency control where a Centralized Global
Lock Manager (GLM) is assumed to be available which can
be implemented either on control units [1] or through some
specialized processor [17]. The access conflict across trans-

1With a small modification, the model can also be used for
the environments where the network delay is not negligible, like
the Client-Server environment connected through the local area
network. The qualitative results will still be the same. However,
the response time gap between the SRS and DF policies (detailed
later) will be reduced.
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actions executing in different nodes is resolved by the GLM
while the access conflict across transactions executing in the
same node is resolved by the Local Lock Manager (LLM)
in each node. Each node maintains a local buffer under
the LRU buffer replacement scheme to cache a part of the
database. The LLM retains a LP lock associated with each
buffer page after the requesting transaction has committed
if there is no transaction waiting for this lock in another
node. A retained LP lock is released or downgraded, and
the associated buffer copy may be purged (depending on the
lock conflict) if a lock on the same page is subsequently re-
quested by another transaction executing in a different node.
The retained LP lock is also released if the buffer copy is
pushed out of the buffer. Note that the LP lock can be ei-
ther shared(S) or exclusive(X). A shared LP lock implies
that only the shared read requests can be granted to a local
transaction, and the page can be present in other buffer. On
the other hand, an exclusive LP lock ensures that no other
node has a copy of this page and update requests can be
granted locally. Additional lock mode may be required for
some of the policies, as described below.

At transaction commit time, write-ahead logs are forced
to the disk to guarantee that the updates can be perma-
nently reflected onto the database. However, the updated
pages need not be immediately propagated to the disk, if
exclusive LP locks on the updated pages are retained by
the LLM.? This is referred to as deferred write [19]. If the
updated pages are further updated by any subsequent trans-
actions in the same node, only the final versions need to be
propagated to the disk before releasing the exclusive locks.
This way many write I/Os can be saved, improving system
throughput and response time. However, the deferred write
scheme increases the recovery complexity, as the updates in
the write-ahead logs that have to be examined and applied
may go back for a long period of time in case of system
failure.

A retained X lock needs to be either downgraded to an §
lock or released, if a lock on the same page is requested by
a remote node either in § or X mode. To keep the recovery
scheme simpler in the medium recovery scheme, the updated
page needs to be propagated to the disk before the X lock is
downgraded or released. However, this results in additional
I/0 delay and larger transaction response time. A copy of
the updated page is transferred directly to the requesting
node, after the propagation to the disk is completed. This
type of schemes with medium recovery complexity is referred
to as the Medium scheme in [12] due to performance consid-
eration. (Note that in [12], the logical and physical locks are
to different entities (page and record) and hence are sepa-
rate. The focus is on data or physical lock retention. Here
logical and physical locks are combined and both physical
and logical lock retentions are considered [13].)

The write I/O can be further deferred (and perhaps saved)
at the expense of increasing recovery complexity by not
propagating the updated pages to the disk upon transfer.
Since the deferred write now involves updates by transac-
tions across multiple nodes, a more complex recovery scheme

2Note that locks can not be downgraded or released by the
node until the pages are propagated to the disk to guarantee that
other nodes see the most recent copy of these pages.



that uses merged logs of all nodes is required. This type
of schemes with complex recovery is referred to as the Fast
scheme in [12] for its ability to have faster page transfer
and the most reduction in write I/O. (Recovery issues cor-
responding to the fast and medium schemes are discussed in
detail in [12].)

Within each level of recovery complexity, there are ad-
ditional dimensions that result in many different coherency
control policies. For example, in {6] six different coherency
policies are evaluated which are all with Simple recovery
characteristic and no logical lock retention. The policies
trade off response time and throughput in different ways.
The Check-on-Access policy was found to provide shorter
response time as well as higher throughput for a wide range
of system and workload parameters, Here, our focus is on
data and lock retention. Apart from the recovery aspect, a
new dimension considered here is to restrict the number of
in-buffer replications to fully exploit the advantage of remote
memory accesses. This can improve the buffering efficiency,
and hence, reduce the number of disk reads, but increase
the local buffer misses, and hence, increase the number of
messages, and memory-to-memory transfers. Even without
resorting to deferred writes to keep recovery simple, S lock
retention on a previously accessed page can be used to save
the number of lock requests if subsequent accesses to that
page are from the same node. Otherwise, additional mes-
sages will incur. Thus the number of messages needed to
resolve the coherency and serialization requirements and the
number of I/Os are quite different for these schemes. There-
fore, in addition to the check-on-access policy, we select four
alternative policies (choice of them should be clear, as the re-
sults are presented) and evaluate their relative performance
through analytical models.

2.1 Schemes with Simple Recovery

As mentioned earlier, under this recovery scheme writes are
forced at the transaction commit time. However, the propa-
gation delay of write I/Os is not included in the transaction
response time. We choose two different policies under this
recovery scheme: one retains no LP lock while the other
retains only the shared LP lock.

Check-on-Access(CA) Policy: Under this policy, the
obsolete pages are detected at the page access time by a
transaction. At the transaction commit time, all LP locks
are downgraded to weak locks so that the GLM can track
the nodes buffering each page using a valid bit per node and
mark their copies invalid upon subsequent updates by an-
other node [8]. Before accessing any page, the processing
node of the transaction makes a global lock request to the
GLM. In response, the integrated GLM returns not only the
requested lock, but also the result of the associated buffer
validity check based on the valid bit. Note that the page is
valid at the lock downgrade time at the executing node. At
the lock downgrade time, if the page has been updated, the
valid bits corresponding to all other weak lock holders except
the updating node (which is the only node with an up-to-
date version of that page) will be turned off. The policy
certainly saves the overhead of sending immediate notifica-
tion of page invalidations to other nodes, but it also reduces
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the buffer hit probability as the obsolete pages continue to
reside in the local buffer.

Short term Retention of Shared Lock (SRS) Pol-
icy: Here, the § locks are retained by the node even after
the transaction has completed, but until the associated data
page is flushed out of buffer. The X locks are downgraded
to S locks, so that an 5 lock request by a remote node can
be granted by the GLM immediately. Retention of S locks
has two advantages. First, all § lock requests by subsequent
local transactions can be granted without the overhead of
GLM lock requests, if they have been retained. Otherwise,
lock requests are made to the GLM. Secondly, through the
retained S locks, the GLM can identify the nodes with a
valid buffer copy, and notify it to forward a copy to the
requesting node. However, if an X lock is requested by a re-
mote node GLM has to revoke all the § locks (also the pages
are purged from buffers) before the X lock is granted. This
incurs a large message overhead, negating the advantage of
retention.

2.2 Schemes with Medium Recovery

Deferred until Transfer or Flushing (DTF) Policy:
Here, the writes (or dirty pages) are deferred as long as the
X locks are retained. The writes are forced to the disk before
a node to node page transfer occurs due to a lock request by a
remote node either in an S or X mode. If the remote request
is for an S lock then the local X lock is downgraded to S
mode. Otherwise, if the remote request is for an X lock, the
local X lock is released and the local buffer copy is purged.
The writes are also propagated to the disk if an updated
page is pushed out of buffer, referred to as buffer flushing.
When a page is pushed out of the buffer, its associated lock
(S or X ) is also released. In actual implementation, the
write propagation can be initiated once the updated page is
close to the bottom of the LRU stack, so that no synchronous
I/0 delay is incurred due to buffer flushing.

2.3 Schemes with Complex Recovery

Deferred until Flushing (DF) Policy: This is similar
to DTF policy as far as propagation of updated pages to
the disk at the buffer flushing goes. However, on a lock
request by a remote node, updates are not propagated to
the disk. If the remote request is for an X lock, like the
DTF policy both the updated page as well as the X lock is
transferred to the requesting node. On the other hand, if the
remote request is for an S lock, the local node downgrades
its X lock to the shared mode, and a copy of the page is
also sent to the requesting node. Note, that updated page
still needs to be propagated to the disk by one of the nodes
eventually. Therefore, a new form of shared lock called U
lock is introduced [12]. The local shared lock is in U mode
implying a pending update. Therefore, at the buffer flushing
time, not only the pages associated with X locks but also
the ones with U locks are propagated to the disk.

One copy along with Deferred until Flushing
(ODF) Policy: Both DTF and DF policies can have a vari-
ant, in which only one node at a time is allowed to retain
an LP lock. This can improve the buffer efficiency by disal-
lowing replications in multiple buffers. However, the policy



can be inefficient if there is enough buffer available in the
system, and replication of hot data can reduce substantially
node to node page transfer. Since, this is a separate dimen-
sion, we consider this policy only for the case with complex
recovery, without loss of generality.

3 Performance Model

The transaction response time can be broken down into three
parts: 1) synchronous I/O delay (due to read or write of data
pages and log write), 2) CPU queueing delay and service
time for application processing and for synchronous protocol
overhead due to concurrency and coherency, and 3) waiting
time due to lock contention. The synchronous I/O delay de-
pends on the the private and remote buffer hit probabilities
that determine the number of synchronous read and write
I/O operations to be performed by a transaction. (Note
that under the DTF policy write propagation due to read or
write on a remote dirty page is also synchronous.) The CPU
queueing delay and service time depends not only on the
total number of CPU instructions executed synchronously,
I,yn, as a part of transaction response time but also on the
CPU utilization level which in turn depends on both I,y.
and Io.yn. Here, Iosyn is the number of CPU instructions
executed asynchronously per transaction due to write propa-
gation. We will use a hierarchical modeling approach where
the buffer hit probabilities, concurrency control and system
resource access times are modeled separately and the inter-
actions amongst the submodels are captured via a higher
level model [4, 5, 6]. Due to space limitation, we will omit
the details of concurrency control model that can be found
in [22]. However, we will provide the details of the buffer
model and the estimation of concurrency coherency message
overhead that is used to determine Iy, and lo.yn. Further
details on the analysis can be found in [7].

We first develop the buffer model under the LRU replace-
ment policy that provides the estimation of various types of
LP locks (S, X, U locks) retained in a particular buffer. We
will then present the estimation of local and remote buffer
hit probabilities and the estimation of I,y and Iasyn. The
data sharing system considered here consists of N loosely
coupled nodes. Each node maintains a local buffer of size
B. Transactions arrive at each node according to a Poisson
process with rate A and each transaction accesses L pages
from the shared database. The access pattern over the en-
tire database is not the same for all transactions. First, we
assume the related transactions (i.e., transactions that refer-
ence the same set of relations) can be grouped logically into
affinity clusters (AC) [22] and the transactions associated
with an affinity cluster are routed to the same node by the
front end router. This reduces the inter-system interference
and improve the local buffer hit probability. The relations
associated with each AC is referred to as a DB cluster. Let
7 be the fraction of pages accessed by a transaction from
its associated DB cluster. We will assume each transaction
accesses the remaining fraction, (1 — %), of its data from the
non-associated DB clusters uniformly. Let each DB cluster
consists of D pages. Second, we assume the database ac-
cesses within each DB cluster is skewed. We model skewed
access pattern by assuming P logical partitions within each
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cluster such that the probability of accessing any page within
a partition is uniform. Let 8, denote the fraction of the DB
cluster pages in partition p, i.e., the size of partition p is
BpD. Let ap be the probability of accessing a page of the
2" partition of this cluster, given that a page is accessed
from this DB cluster. The probability that an accessed page
is also updated is denoted as 7.

3.1 Buffer Model

We now focus our attention to the buffer at the m*® node.
The parameter m is fixed for the following set of equa-
tions, and the analysis can be repeated for all other nodes.
For the purpose of analysis, the entire database can be di-
vided into NP partitions, i.e., N DB clusters and P par-
titions within each cluster (based on the hotness of the
data). Each partition is identified by the subscript pair
(n,p),n € {1..N},p € {1...P}. Define D,,, to be the size
of partition (n,p). Then, D, , is given by DB,. Note that
transactions at node m have higher affinity to the partitions
(m,p), p = 1...P. We will develop the model for the DF
policy (which is the most complicated case). The analysis
can be easily adapted for the other cases. To estimate the
steady state probability of buffer hit, we first derive the av-
erage number of pages of each partition in the local buffer
holding S, X or U locks. Our analysis extends the method-
ology used in [5, 6] for estimating the buffer hit probability
under the broadcast invalidation or check-on-access policy.
Let Y, pm(k) denote the average number of pages of parti-
tion (n,p) present in the top k buffer locations of the mth
node. Similarly, Snpm(k), Xnpm(k) and Unpm(k) denote
the average number of pages holding S, X and U locks, re-
spectively, in the top k locations of the LRU stack at node
m. Let AL .. be the rate at which data of partition (n,p)
are accessed by the local transactions of node m, and A7, , ,,,
be the rate at which they are accessed by the remote trans-
actions. Now, forp=1,..., P,
/\Lap"]) ifn=m
- { )\Lapg,_—_ﬂl);, otherwise,

i
)‘n,p.m

oy [ ALap(N ~ 1)1——311(;,“_1), ifn=m
an npm = ALa, {.,7 + %@} otherwise.

Let ynpm(k) be the probability that the k** buffer lo-
cation from the top of the LRU stack at node m contains
a page of partition (n,p). Let znpm(k) and wnpm(k) be
the probabilities that the page is of partition (n,p) and is
holding an X and U lock, respectively. Then,

k k
Yn,p,m(k) = Z yn,p,m(l)) Xn.p,m(k) - Z z‘n,p,m(l),
i=1 =1
k
U‘".P:m(k) = E un,p,m(l), and

1=1
Sn,p.m(k) = Yn,p-m(k) - (Xn.p.m(k) + Unpim(k)) .-

We will set up a recursive formulation to determine
Ynpm(k + 1), Tapm(k +1) and unpm(k +1) for & > 1
given ynpm (1), 2n,pm(l) and wnpm(l), for l =1,..., k. Con-
sider a smaller buffer consisting of the top k locations only.
The buffer location (k + 1) receives the page that is pushed



down from location k. Let 7 p,m(k) be the rate at which
pages of partition (n,p) are pushed down from location k.
Similarly, let 7% . (k) and 5., (k) be the rates at which
pages of partition (n,p) holding X and U locks, respec-
tively, are pushed down from location k. Our estimation
of Yn,p,m(k +1), Tnpm(k+1) and wnpm(k+1)is based on
the following: 1) the relative push down rate for each data
type from location k is approximated as the expected value
of finding a page of the (n,p)'™™ partition in the (k + 1)**
buffer location over all time, and 2) push down rate for each
data type at location k can be derived using the conserva-
tion of flow argument for each data type separately. (See,
[4, 5, 7] for more details on the methodology.) Therefore,
using the conservation of flow for the pages holding any lock
or, X or U locks, we equate the long term rate at which these
pages of the (n, p)“‘ partition get pushed down from the top
k locations of the buffer, as

n,pm k »
"'n,P.vn(k) = /\it.p,m [1 - X‘f':;(“)‘] = Anpm

y Yrpm (k)
Dnp '

Xnpm(k » X pm(k

""r}f.p,m(k) = ’\L.P-m’y [1 B —5%] = Anpm lp)n P( :
r 2m(B) _\r  Unpim k
R R i

The probability ¥npm(k + 1), can be approximated as

Tnpm

Ynpm(k+1) = .
Zie{l..N},je{l...P} 7i5,m(k)

The probabilities that the page at the (k+1)** location is of

partition (7, p), and it holds an X and U locks, respectively,

are given by their joint probabﬂltles Therefore,

X m(k)
n,p,m k + 1 ~ i LA n,p,m k + 1 3
Tn,p, ( ) ,p,m(k)y P ( )
S k 1 ~ uP:m( ) S, k 1 .
Un,p, ( + ) ,p,m(k)y WPy ( + )

The above equations are solved iteratively, with the base
conditions of Yn,pm(0) =0, Tnpm(0) =0, and unpm(0) =
0. At the point, when Yy pm(k) is very close to its limit
Dnp, Yupm(k) may exceed Dn, because of the approx-
imation in the above equations. This is corrected by re-
setting Vi, p.m(k) to Dnp whenever Yo pm(k) exceeds Dpp
and 7npm(k), 72 pm(k) and vy, (k) are taken to be zero
for all subsequent steps for that partition. The above ap-
proximations are very accurate and particularly for a large
buffer size. Similar approximations in [5, 6] showed excellent
agreement. More discussions on the accuracy can be found
in [4, 5].

3.2 Estimation of Local and Remote Buffer hit
probabilities

We now show how to estimate the local, remote and overall
buffer hit probabilities from the point of view of the trans-
actions at the m'" node given the composition of buffers
at all nodes. These probabilities provide not only the esti-
mates of the average number of read I/0 operations saved,
but also the average number of messages of various types
incurred (depending on the policy), and the average number
of write propagations to disks. We will first focus our analy-
sis on the DF policy, and then will discuss the modifications
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needed for the other policies. The U locks are different from
the S locks only from the point of view of write propagation
at the time the page is pushed out of the buffer. Hence,
from the transaction lock conflict resolution point of view
(i.e., for the average number of messages needed to revoke
all shared locks, etc.) the same actions are taken for both
S and U locks. Note that the sets of pages holding X locks
in different buffers are mutually disjoint, while more than
one copy of other pages may be present in different buffers.
Therefore, the computation of remote buffer hit probabili-
ties for the pages with X locks is different from those of the
pages with S or U locks.

Let £, pm be the average number of pages accessed by a
transaction at the m*® node from the partition (n,p). Then
tnpm 18 given by thpom = }‘iz,p.m/)" Given that the next
page accessed by a transaction at node m lies in partition
(n,p), we need to estimate the following probabilities:

1) the probability that the page is found in the local buffer
of the m*” node holding an X lock, h; f,'m,
2) the probability that the page is found in one of the remote
buffers holding an X lock, RDX pma
3) the probability that the page is found in the local buffer
of the m*® node holding an S or U lock, hipm, and
4) the joint probability that the page is found in one of the
remote buffers holding an S or U lock, and it is not found
locally, k7 gff
The probabilities, hnpm, and A% “»;m can be estimated in a
straightforward way, since the events are mutually disjoint.
Th:lrleffore’ Xn,p,m(B) hr,.X _ E‘LN=1 JAEmM X'"'l?' (B)
n,p,m ‘—‘5““—r n,pm D
np np

The pages with shared locks can be present in multiple
buffers, but can not lie in the set of pages holding X locks.
Hence, pt. iv _ [1_ {hl Lx +hr,p,m}]

[ {Ynpm = Xnpm} :| '
{D"-P - ZzN=1 Xn,?»i(B)}

The second term in the above equation is the conditional
probability that the page is found locally given that it does
not lie in the set of pages holding an X lock. Similarly,

R, =[1 - {rZ m +hupm}]

R sl
e vy

N {Y .P:J Xnpi}
[1 ~ iz em { {Drs= 8 Xnpa(®)} }] '

As before, the first term is the probability that the page does
not lie in the set of pages holding an X lock. Given that the
page does not lie in the set of pages holding an X lock, it can
still appear in both local and remote buffers independently.
The second term is the conditional probability that the page
is not present in the local buffer given the first condition.
And the third term is the conditional probability that the
page appears in one of the remote buffers given the first
condition (the second condition has no effect on this term
since the events are independent).

One more related entity is the a,verage number of shared
(S or U) locks revoked per access, Nyso,. This will happen




if the next access is an update and the page does not lie in
the set of pages holding a X lock. Therefore,

Nipm = 71— {hapm +hi5m}]

L Z {Ynpi — Xnpil}

j=1,j#m {Dn,p - Zf—r—-i Xn,p_i(B)}

The above equations for the local and remote buffer hit
probabilities and for the average number of shared lock re-
vocation messages also hold for the DTF and SRS policies.
As mentioned earlier, no X locks are retained under the SRS
policy, however, the interpretation in the above analysis of
the pages with X locks is that those pages hold S locks un-
der the SRS policy but are recently updated and not yet
replicated in other buffers.

Under ODF policy, each page can be present in at most
one buffer, irrespective of the lock mode retained on that
page. Therefore, all events are independent and the equa-

tions for ALY pm, and h;f,tfn are modified as

hl SU {Yn,p, - Xn,p,m}
np,m Dn,p

» SU — {Y n,p,t :P:’v}
h n,p,m Z Dn

t=l,i%m

Finally, the overall buffer hit probability for a page of
partition (n,p) for all policies (except the CA policy which
does not make use of remote buffers), hn pm, can be written

as h’”rP:"" = (hl i‘f’:m + hr L + hl n,P,m + hr n,pm )
3.2.1 Estimation of CPU Overhead

We will show the estimation of I,y» and Iasyn for the DTF
policy since this part of analysis is most complex for the
DTF policy. The estimation for the other policies can be
done in a very similar way. Let I:», be the base number of
instructions executed per transaction excluding the I/O and
coherency overhead. Let I;, be the number of CPU instruc-
tions required per disk I/Q operation. Also, let Igrar be
the number of instructions executed by a node per commu-
nication (e.g., lock request) with the GLM and Ipage be the
total number of instructions executed (combined overhead
of the sender and receiver nodes) to transfer a page between
two nodes.

The next page to be accessed by a transaction may be in
one of the five states (4 buffer states as enumerated in the
earlier subsection and the buffer miss state), and different
actions are taken depending on the state. The action also
depends on the access mode of the current transaction. The
actions are enumerated as follows:

1. local exclusive: No action is needed for this state as
both the highest mode of LP lock and up-to-date data
are retained.

2. remote exclusive: Local node requests the GLM for
an S or X depending on the access mode. The GLM
requests the node holding the X lock to downgrade
it to S mode or revoke the X lock depending on the
lock request mode. After receiving the request from
the GLM, the remote node first propagates the dirty
page to the disk and then sends a copy directly to the
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requesting node. It then downgrades or releases its lock
as per request, and subsequently, the GLM grants the
requested lock to the local node.

3. local shared: No action is needed for an S lock re-
quest, but all remote S lock revocations through the
GLM are required if the next access is in X mode.

4. remote shared: Request for an S lock is granted by
the GLM immediately. The GLM also requests one of
the remote S lock holding nodes to transfer a page to
the requesting node. In case of an X lock request, all
the remote S locks are revoked before the X lock is
granted by the GLM, and one of the § lock holding
node also transfers a copy of that page. Note that the
request for page transfer and the lock revocation can
be combined into a single message by the GLM.

5. buffer miss: The lock request is granted by the GLM
immediately as no node is holding a lock. The page is
read from the disk.

The I.yn can now be expressed as,

Isy'n = Itrz -+ Z

ne{l..N}p€{L...P}
h X m(8ern + Ipage + Tio) + Nooon2larm
+hS0 v2 arm + R (2Iern + Tpage)
+(1 - n.p.m)(IGLM + Iio)} .

t'n,p,m {

Here, the first term is for the remote exclusive case, and
it involves four communications to the GLM (2 on the re-
quester side and 2 on the remote node), a page transfer and
a disk I/O propagation. The second term includes all re-
vocations of remote shared locks (2 per lock holding node).
The third term is for the local shared case, and it includes
only the request for upgrade to X mode, since the remote §
lock revocation is already included in the second term. The
remaining two terms are for the remote shared and buffer
miss cases.

Tasyn involves only the propagation of deferred writes at
the buffer flushing time. Note that the release of associated
lock can be piggybacked with the next communication with
the GLM, and therefore, incurs no extra overhead. The addi-
tional CPU overhead per transaction, Jssyn, can be written

as, Ia‘yn = Z Tf? m(B)I;Q/A
ne{l..N}pe{1.. P}
Recall from earlier subsection that the rX, ,»(B) is the rate

of flushing of the dirty pages from the buffer. For the DF
policy the numerator also includes additional terms captur-
ing the flushing of pages with U lock.

4 Performance Comparisons

We will first compare the performance of the CA, DTF and
DF policies, which are the base policies for each category of
recovery characteristic. We will then consider the variations
within each recovery category to understand the impact of
other dimensions. We assume a transaction profile similar to
that of a relational transaction workload based on the inven-
tory tracking and stock control application used in [21, 22].
The transaction has a pathlength of 250K instructions (Iirz)



and requests 14 locks. The overhead for communication with
the GLM (Ieza) is assumed to be 2K instructions while
the overheads for transferring a page (Ipage) and disk I/O
(Iio) are both taken to be 5K instructions. The coupled
system or cluster consists of 8§ nodes where each node has
a 20 MIPS processor. The I/O time for read or write is
25 milliseconds while that for writing the log is 5 millisec-
onds. Each node has a 25K page (100 Mbytes) local buffer
(unless otherwise specified). The database consists of 50K
granules (200 Mbytes) per node (D,). The access pattern
to each database cluster is assumed to follow the 80-20 rule
(P = 2). The transaction and system parameters are kept
fixed for all studies, unless otherwise specified.

Comparison of the CA, DTF and DF Policies: Fig-
ure 1 shows the effect of transaction node affinity on the
response time of the three policies. The CA policy has the
worst response time as it does not take advantage of the
remote buffers. The problem is most severe for the case of
lower affinity as the local buffer hit probability becomes very
small. Both DTF and DF improve their response times by
accessing a page directly from a remote buffer if it is not
found locally. In the case of DTF policy, if the remote page
is updated, then the page is first propagated to the disk
before the X lock is downgraded. This extra I/O delay is
eliminated for the DF policy. Also shown is a set of curves
(dashed lines) corresponding to a higher update probability,
(¥ = 0.5). The small amount of further increase in response
time under the CA policy is due to further drop in local
buffer hit probability. However, the increase in response
time for the DTF policy is quite significant (response time
is close to that of CA policy) as a larger number of remote
pages are held in X mode. Note that for high affinity the
performance of all three policies are very close.

Figure 2 shows the CPU utilizations corresponding to
the case in Figure 1. For lower transaction affinity, both
the DTF and DF policies incur more message overhead and
therefore, CPU utilizations are higher. The utilizations of
both the DTF and DF policies are close for a lower update
probability (0.2). However, the gap in utilization between
the two policies increases for a higher update probability
(0.5). The difference is due to the higher increase in the
number of write I/O propagations for the DTF policy. The
overall trade-offs of response times and maximum transac-
tion throughputs are shown in Figure 3 for higher and lower
affinity values (0.9,0.4). For higher affinity, both the DTF
and DF policies can provide not only lower response time but
also higher maximum throughput as there is very little re-
mote message overhead. With lower transaction affinity, the
local buffer hit probabilities decrease for all policies. The DF
policy can still keep its response time lower for lower CPU
utilizations by accessing remote buffers, however incurring
significant message overhead. The DTF policy loses some of
the advantage of remote buffer accesses as write propagation
delay is incurred for the remote dirty pages.

Since the difference in both response time and maximum
throughput between the DTF and DF policies depends on
the number of write I/O operations, the savings in write I/O
due to deferred write (and hence, rewrite) are shown in Fig-
ure 4 as a percentage of the maximum write I/Q operations
(i.e., write I/Os under the force scheme). The differences
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between the solid and the corresponding dashed lines are
the amounts of forced I/O due to remote accesses under the
DTF policy. Write I/O savings increase with the increase in
buffer size. The savings are much higher for higher affinity
(marked with ‘H’), as very few updated pages are flushed
or forced. Note that once the buffer size is large enough to
retain all the hot pages, very little savings can be made with
additional increase in buffer size. Even with higher affinity,
the savings are significantly lower (marked with ‘U’) un-
der uniform access pattern within each DB cluster. Under
skewed access pattern, even for lower transaction affinity the
hot pages are retained across all buffers, and hence, a sig-
nificant write I/O savings can be made under the DF policy
with the increase in buffer size. Here, the updated hot pages
move from node to node. However, under the DTF policy,
a larger fraction of remote accesses due to lower transaction
affinity causes a larger fraction of writes to be propagated
to the disk, and hence, very little savings can be made.

Comparison of the CA, SRS and DTF Policies:
Here, we compare the performance of the CA, SRS and
DTF policies only. Since, the relative performance of DTF
and DF policies are well understood, we drop the DF policy
in this comparison list. The CA policy retains no form of
strong lock, while the SRS policy retains only the 5 locks
and the DTF policy retains both S and X locks. Clearly,
the update probability has a strong impact on their rela-
tive performances, as it determines the fractions of locks
retained under the SRS policy which is halfway between the
CA and the DTF policies. Figure 5 shows the effect of up-
date probability on the response times of these three policies,
for higher and lower transaction affinity (0.9, 0.4) cases. For
high transaction affinity, the response times of all three poli-
cies are quite close, and the change in update probability has
a smaller effect on their response times. This is due to the
fact that 1) the local buffer hit probability changes by a small
amount as a result of a lower buffer invalidation rate, 2) the
remote buffer hit probability is also small due to a higher
transaction affinity, and 3) most of the write propagation
is asynchronous (except a small synchronous propagation
delay under the DTF policy). However, the above effects
become very significant- for lower transaction affinity (see
dashed curves). Under the DTF policy, as more dirty pages
referenced are retained in the remote buffers, its response
time increases due to write I/O propagation delay. The CA
policy suffers from lower local buffer hit probability due to a
lower transaction affinity. However, the update probability
has a relatively smaller impact on its response time. Note
that the SRS policy maintains its lowest response time in
all cases. The SRS policy takes advantage of remote buffer
hit and also eliminates some global lock requests through
S lock retention. Unlike the DTF policy, it does not defer
any writes and hence, does not suffer from any synchronous
write I/O propagation delay (similar to the DF policy). The
SRS policy should be preferred not only for its performance
advantage but also for its simpler recovery characteristic.

Figure 6 shows the resultant trade-offs in response time
and maximum transaction throughput for a higher and lower
affinity cases. Both the SRS and DTF policies provide lower
response times for lower transaction rates or CPU utiliza-
tions by incurring remote messages and hence, lower maxi-



mum throughputs for the lower affinity case. Note that for
a lower transaction affinity, the CPU utilization of the CA
policy is lower than that of the other two policies as it incurs
no remote message overhead. However, the CA policy suf-
fers from low buffer hit probability and provides very high
response time. For the high affinity case, both the SRS and
DTF policies perform better in terms of both response time
and maximum throughput.

Comparison of the CA, DF and ODF Policies: The
DF policy can provide both lower response time and higher
maximum throughput (except for lower affinity) by access-
ing remote buffers without forcing the writes. However, it
still does not provide the best buffer utilization, as it allows
the shared pages to be replicated across multiple nodes. The
ODF policy (through one copy constraint) can improve the
buffer utilization at the expense of more remote accesses.
This improves the response time for lower CPU utilizations,
but reduces the maximum throughput in comparison to the
other two policies (not shown due to space limitation). For
high affinity, the replication of pages across multiple nodes is
rare, since most pages are accessed and retained at the affin-
ity site. Therefore, the effect of buffer size on the response
times for the CA, DF and ODF policies is shown in Fig-
ure 7 only for a lower affinity (0.4) case. The solid and the
dashed curves are for a low and moderate update probabil-
ities (0.01, 0.2). (Note that for a high probability of update
the performances of DF and ODF policies become closer, as
very few shared pages are replicated and retained in multiple
buffers under the DF policy.) The local and overall buffer
hit probabilities for the corresponding cases are shown in
Figures 8 and 9. Note that both local and overall buffer hit
probabilities for the ODF policy remain unchanged due to
the change in update probability. This is because a page is
lost from the local buffer irrespective of the remote access
being read or write. The local buffer hit probability is lower
compared to the other two policies as fewer hot pages are
retained in any local buffer. However, the overall buffer hit
probability is the highest since the most number of distinct
pages are retained across all buffers (no replication). The
difference in local buffer hit probabilities between the CA
and DF policy is similar to that of detection and notification
policies in [6]. The difference is quite small for most cases
except for a uniform access pattern and moderate buffer size
(see [6] for more details).

5 Summary and Conclusions

Buffer coherency control can be achieved through retaining a
lock {shared, exclusive, etc.) on each page in the buffer, even
after the requesting transaction has committed. Depending
upon the lock mode held for retention and the compatibility
of lock modes specified, different retention policies can be
devised. In addition to tracking the validity of the buffered
granules, additional capabilities can be provided such as de-
ferred writes to support no-force policy on commit, (node)
location identification of valid granules to support remote
memory accesses, and shared/exclusive lock retention to re-
duce the number of global lock requests for concurrency con-
trol. However, these can have serious implications not only
on the performance but also on the recovery complexity.
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In this paper, five different integrated coherency policies
are considered. We classify these policies into three different
categories according to their recovery requirements. Ana-
lytic models are developed to study the trade-offs on both
throughputs and response times of the policies with a sim-
ilar level of recovery complexity and the performance gain
achievable through increasing the level of recovery complex-
ity. Various factors including buffer size, transaction rate,
update probability and data access pattern are examined.
We also capture the notion of affinity that is shown in this
paper to have a strong impact on the performance of these
policies.

For the policies with simple recovery characteristic, be-
sides the check-on-access (CA) policy which serves as our
base policy, we also consider a shared lock retention (SRS)
policy under the force scheme. Two of the policies consid-
ered using deferred writes are with medium and complex
recovery characteristics: Deferred until Transfer or Flushing
(DTF) and Deferred until Flushing (DF) polices, respec-
tively. Both the DF and DTF polices outperform the CA
policy under high affinity. However, at low affinity the CA
policy can provide higher maximum throughput. At the
expense of its recovery complexity, the DF policy consis-
tently does better than the DTF policy in both response
time and maximum throughput, especially for the case with
lower affinity. In contrast to the DF policy, the DTF policy
is very sensitive to the update probability. What is intez-
esting to note is that the SRS policy with simple recovery
characteristics provides better performance than the DTF
policy in most cases. It shows more robustness to the affin-
ity factor and less sensitivity to the update probability as
compared to the DTF policy.

We propose additional variations in policies based on a
single copy constraint, i.e. no page is allowed to be buffered
by more than one node. Without any loss of generality, we
consider this variation, the ODF policy, only for the DF
policy, i.e. the one with complex recovery characteristic.
The ODF policy can provide better overall (local + remote)
buffer hit probability at the expense of CPU overhead than
the DF policy. That is to say the ODF policy can lead to
smaller response time for lower CPU utilizations than the
DF policy, especially for the case with smaller buffer size,
albeit with smaller maximum throughput.
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