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Abstract

Fragment reconstruction is a cache coherence protocol for
transactional storage systems based on global caching in
a network of workstations. It supports fine-grained shar-
ing and works in the presence of object-based concurrency
control algorithm. When transactions commit new ver-
sions of objects, stale cached copies of these objects get
invalidated. Therefore, pages in a client’s cache may be-
come fragments, i.e. contain "holes” corresponding to in-
valid objects. When such a page is used in the global
cache, the coherence protocol fills in the holes using mod-
ifications stored in a recoverable cache at the server.

Fragment reconstruction is the first coherence proto-
col that supports fine-grained sharing and global caching
in transactional storage systems. Because it is integrated
with the recoverable modification cache, it works correctly
even in the presence of client failures, and can take advan-
tage of lazy update propagation and update absorption,
which is beneficial when pages are updated repeatedly.
This paper describes the fragment reconstruction proto-
col and presents its correctness invariant wich insures that
only correctly reconstructed fragments are propagated to
the database.

1 Introduction

The distributed applications of tomorrow will
need to provide reliable service to a large number
of users and manipulate complex user-defined
data objects. Therefore, these applications will
require large-scale distributed storage systems
that provide scalable performance, high reliabil-
ity, and support user-defined objects.

Global caching techniques [14, 6] are a promis-
ing approach in scalable storage systems, that
avoids the increasingly formidable disk access
bottleneck, a major performance impediment as
systems scale to support many users. Global
caching avoids disk access by taking advantage
of emerging high speed local area networks to
provide remote access to huge primary memo-
ries available in workstations. However, current
global caching techniques only work for file sys-
tems [14] and virtual memory systems [6], and
do not provide support for transactions and fine-
grained sharing (i.e., sharing of objects that are
smaller than pages).

In this paper we describe a new cache coher-
ence protocol fragment reconstruction that sup-
ports fine-grained sharing and global caching in a
transactional storage system architecture called
split caching. In split caching, clients exploit net-
work speed and large aggregate client memory
by fetching pages from other clients’ caches to
avoid disk reads. Servers cache only new ver-
sions of recently modified objects, using a large
recoverable cache called the mcache, to perform
disk updates more efficiently [17, 8]. When ob-
jects are moved from the mcache to the database
on disk, it is necessary to first perform an instal-
lation read to obtain the containing pages; these
pages are read from client caches to avoid read-



ing them from disk.

Fragment reconstruction coherence protocol
supports fine-grained sharing in split caching.
The protocol works in the presence of object-
based concurrency control techniques (e.g.,
adaptive call-back locking [2] or the optimistic
approach used in Thor [1]); such techniques are
desirable because they avoid conflicts due to false
sharing. In such systems, when a transaction
commits new versions of some objects, this may
cause pages in other client caches to become frag-
ments, i.e. pages containing stale copies of the
objects modified by those transactions. Research
indicates that bringing such pages up to date by
propagating the new object versions at commit
time is not efficient [3]. Therefore, we instead
invalidate those stale copies, and use fragment
reconstruction to bring those pages up to date
using the fragment and the information in the
mcache. Because the coherence protocol is inte-
grated with the recoverable mcache, we can take
advantage of lazy update propagation and up-
date absorption, which is beneficial when pages
are updated repeatedly. Importantly, the proto-
col works even in the presence of client failures.

Our work has been done in the context of
Thor [12]. Thor supports fine-grained sharing
and uses an mcache architecture to optimize up-
dates. However, Thor clients maintain an object
cache, whereas split caching architecture uses a
page cache; and Thor servers have a page cache,
unlike servers in the split caching architecture
that only maintain the mcache. We describe a
revised Thor design that incorporates fragment
reconstruction and split caching. Although the
design is based on Thor’s optimistic concurrency
control mechanism, it can be easily adapted to
a system with a different concurrency control
mechanism, such as adaptive call-back locking.

The paper is organized as follows. We intro-
duce the basic Thor architecture in Section 2,
describe the split caching and fragment recon-
struction protocol in Section 3, and sketch a cor-
rectness proof for the protocol in Section 4. We
discuss related research in Section 5 and our con-

clusions in Section 6.

2 Thor Architecture

We are carrying out our studies in the context of
the Thor object-oriented database system [12].
Thor has a distributed client/server architec-
ture. Persistent objects are stored on disk at
the servers. Application code runs at clients.
Applications interact with Thor within atomic
transactions that read and write persistent ob-
jects. Below, we give a brief overview of the Thor
architecture, focusing on the parts that are im-
portant for our work. In particular, we describe
the client—server protocol and the organization
of disk storage management.

2.1 Client/Server Protocol

Each client has a front-end cache that is used
to store recently accessed objects. If the appli-
cation requests an object that is not present in
the client cache, the client sends a fetch request
to the server. The server responds with a copy
of the requested object. Clients cache objects
across transaction boundaries.

Thor uses a new optimistic concurrency con-
trol and cache consistency protocol based on
loosely synchronized clocks and invalidation
messages [1]. When the application requests a
transaction commit, the new values of the ob-
jects modified by the transaction are sent from
the client cache to the server along with other
concurrency control information. The server val-
idates the transaction, using a two-phase com-
mit protocol if a transaction accesses multiple
servers. The server stores information about pre-
pared and committed transactions in a stable
write-ahead transaction log; it notifies a client
that a transaction has succeeded only after the
modifications have been recorded in this log. If
the transaction commits, the client starts exe-
cuting another transaction; if it aborts, the client
run-time system first restores the cached copies
of modified objects to the state they had before



the transaction started (or discards those objects
if it is not possible to restore their old states).

When a transaction commits successfully, the
updates performed by that transaction become
immediately visible and will affect future fetches.
Earlier fetches could not reflect the changes and
therefore client caches may contain obsolete in-
formation. Transactions that use the obsolete in-
formation will abort. To reduce the probability
of such aborts, servers notify clients about ob-
solete information by sending them invalidation
messages. When a client receives such a mes-
sage, it removes the obsolete information from
its cache and aborts the current transaction if
it used the obsolete information. Invalidation
messages allow such aborts to happen quickly,
avoiding wasted work, and offload detection of
the aborts from the server to the client.

The Thor transactional consistency protocol
has a number of interesting features: it uses
timestamps to obtain a global ordering for trans-
actions, and also to discard concurrency con-
trol information without causing aborts; it uses
page granularity directories that keep track of
cached pages and, in addition, keep track of ob-
jects on those pages that have been modified re-
cently; it piggybacks cache invalidation informa-
tion on messages already being exchanged be-
tween servers and clients. Simulation studies
show that this scheme outperforms the best pes-
simistic scheme (adaptive callback locking [2]) on
almost all workloads [9].

2.2 Server Organization

The servers have disk for storing persistent ob-
jects, a stable transaction log and some mem-
ory. The disk is organized as a collection of large
pages that contain many objects, and that are
the items read and written to disk. The stable
log holds commit information and object modi-
fications for committed transactions. The server
memory is partitioned into a page cache and a
modified object cache (the mcache). The page
cache holds pages that have been recently ac-

cessed by clients. The mcache holds recently
modified objects that have not yet been written
to disk. As transactions commit, modifications
are streamed to the log and also inserted in the
mcache.

To satisfy a fetch request, the server first looks
in the mcache, since if an object has been modi-
fied recently, its newest version is stored there. If
the object is not found in the mcache, the server
looks in the page cache. If the object is not in
the cache, the server reads the object’s page from
disk, stores it in the cache, and replies to the
client when the disk read completes.

The mcache-based server architecture im-
proves the efficiency of disk updates for small
objects [17, 8]. It avoids the cost of synchronous
commit time installation reads that obtain pages
from disk in order to install the modifications on
their containing pages. Installation reads per-
formed at commit time can reduce the scalabil-
ity of the server significantly [17, 18]. Instead,
installation reads are performed asynchronously
by a background thread that moves modified ob-
jects from the mcache to the disk using a read-
modify-write cycle. First, the modified page is
read from disk. Then the system installs the
modifications in the page and writes the result
to disk. Once modifications have been written to
disk, they are removed from the mcache and the
transaction log, thus freeing up space for future
transactions. If the server crashes, the mcache is
reconstructed at recovery by scanning the log.

The mcache architecture reduces the number
of disk update operations. It stores modifica-
tions in a very compact form, since only the mod-
ified objects are stored. This allows the system
to delay writing modifications to the database
longer than if the pages containing the objects
were stored. Therefore, it increases write absorp-
tion: the mcache can accumulate many modifi-
cations to a page before an object in that page
is installed on disk. This reduces the number
of disk installation reads and also reduces the
number of disk writes since the system can write
all these modifications in a single disk operation



while preserving the clustering that enables effi-
cient disk reads.

Performance studies show that for most work-
loads the mcache architecture outperforms other
architectures [17, 8], including conventional ar-
chitectures in which the server stores modified
pages, and the clients ship entire pages to the
server at commit.

3 Fine-grained Sharing in

Split Caching

This section describes the split caching archi-
tecture and presents the new fragment recon-
struction coherence protocol that suports fine-
grained sharing in split caching. The split
caching architecture is based on Thor. As in
Thor, clients send the new versions of modified
objects to the server when transactions commit.
The server stores them in the transaction log and
the mcache. However, unlike Thor, a server does
not have a page cache; it only has the mcache.
Furthermore, clients fetch and evict pages in-
stead of objects. The split caching architecture
extends Thor by allowing clients to fetch pages
from the caches of other clients; and by allow-
ing servers to avoid installation reads by taking
advantage of pages in client caches.

The split caching architecture assumes that
clients can communicate faster with each other
than they can access the disk. This is true for
modern local area networks and disks. It also
assumes that the users of client machines are
willing to cooperate. Clients are workstations
with reasonably large primary memory. This is
a reasonable assumption for two reasons: clients
must have enough primary memory to cache
their working set otherwise they will not per-
form well. Increase in primary memory is sup-
ported by current trends in workstation technol-
ogy. Servers also have primary memory, but the
aggregate memory at the clients is significantly
larger than the server memory.

Split caching architecture is based on the fol-

lowing three observations.

1. Earlier research has shown that when there
is a large number of clients with caches,
and when they are sharing a large database
whose size is much larger than the server
memory, the server cache is relatively inef-
fective [16].

2. Work on the mcache has shown that for
most workloads, performance improves as
memory is shifted from the server cache to
the mcache [8].

3. Fine-grained concurrency control is much
better than coarse-grained concurrency con-
trol because it avoids the problem of false
sharing.

The first two points motivate split caching.
Since the server page cache is ineffective, servers
only have an mcache. Clients cache pages and
these are used for fetches and installation reads,
thus avoiding disk reads at the server.

The third point motivates the need for
the fragment reconstruction coherence protocol.
When transactions commit it is possible that
they modify objects that reside in pages in other
client’s caches. At that point we could bring
those pages up to date by sending the new states
of the modified objects to those clients. Earlier
research has shown that such propagation is not
always a good idea. For example, it is wasted
work if that client is not going to use the modi-
fied object. Therefore, we do not propagate the
objects to the clients. Instead, the server just
informs the relevant clients to mark the old ver-
sions of objects as invalid. We use a new coher-
ence protocol, fragment reconstruction, to deter-
mine whether it is possible to rebuild a page from
the client cache and the mcache. A client page
is used to satisfy a fetch or an installation read
only if the page can be reconstructed.

The details of our approach are described
in the following sections. @~ We describe the
caching architecture, discuss cache management



at clients, describe the cache coherence protocol,
and then discuss some possible optimizations.

3.1 Split Caching

As discussed earlier, split caching relies solely on
the client caches to avoid disk reads, and uses the
server cache solely to optimize disk updates. The
entire server memory is dedicated to the mcache.
In addition, the server maintains directories in
which it records information about which pages
are cached at which clients.

Split caching uses client caches for two pur-
poses. First, to avoid disk accesses at the server
due to client fetches. When there is a miss in
a client cache, the client requests the page of
the missing object from the server. The server
checks its directories to determine whether the
page is present in the cache of another client. If
so the server redirects the fetch to this client,
which sends the page directly to the first client.
In addition, the server forwards all updates in
the mcache for that page to the first client, which
uses them to update the page. If the page cannot
be obtained from a client cache, the server reads
it from disk in the usual way, and sends the page
and updates to the page in the mcache to the re-
questing client. In response to a fetch, the client
gets a description of what data to expect (a page
and updates or just a page or just updates) fol-
lowed by the data itself, and applies the updates
as required. In the case when the page comes
from the server disk, this organization enables a
very efficient path from the server disk directly
onto the network and into the client cache. This
avoids page copying through the server memory
and can be beneficial in reducing the server load
and improving server scalability.

Second, client caches help the server in reduc-
ing disk accesses due to installation reads. When
a modification has to be moved from the mcache
to the data disk, the server checks the client
directories to determine whether that modified
page exists in some client cache. If so, the server
fetches the page from the client (else it simply

reads the page from disk), updates the page with
the modifications stored for it in the mcache,
writes the page to disk, and removes the modifi-
cations from the mcache.

3.2 Fragments

As discussed earlier in this section, when a client
receives an invalidation message for an object x,
it marks x as invalid (if the current transaction
has used x, the transaction is aborted). These in-
valid objects in a client’s page are termed holes
and a page with holes is called a fragment. Sup-
port for fine-grain sharing by performing inval-
idations at the object level allows the client to
avoid extra aborts; if the client is required to
invalidate the page on which x was located, it
may have to abort unnecessarily (if the client
had used other objects on that page). This ap-
proach also avoids discarding frequently used ob-
jects that happen to reside on the page. As a re-
sult, this scheme allows eviction to be based on
general algorithms such as LRU, although the al-
gorithms might also take into account page “pop-
ulation” (e.g., a page that is very fragmented
might be a more desirable victim than one that
is full).

3.3 Integrating Cache Coherence and
Modified Object Cache

To ensure correctness, the cache coherence pro-
tocol has to be coordinated with the mcache.
The system must ensure that applying updates
to a fragment obtained from a client results in
an up-to-date copy of the corresponding page.
This condition may be violated if the fragment
is missing updates that have already been in-
stalled on disk and are no longer in the mcache.
Our cache coherence protocol, fragment recon-
struction, guarantees that such situations do not
occur, i.e., whenever a page is reconstructed us-
ing a fragment and the mcache, the protocol en-
sures that the page is up-to-date.

As mentioned, the server maintains directo-
ries that record information about what pages



are cached at each client. For each page it
records a status: complete, recomstructible, or
unreconstructible. A complete page at a client
has the latest versions of all its objects. A re-
constructible page may contain old versions of
some objects, but new versions of these objects
are stored in the mcache. An unreconstructible
page may contain old versions of some objects for
which the mcache does not contain new versions.

Now we discuss how the system works. When
the server responds to a fetch request from client
A, it redirects the request to another client B
only if B’s directory information indicates that
B’s page is either complete or reconstructible. In
either case, the server asks B to send the page to
client A. If the page is marked as reconstructible,
it also sends the updates in the mcache for that
page to client A (this client must wait for the
updates from the server and the fragment from
client B, before it can proceed). In either case,
the server then marks the page as complete in
the directory for client A. Figure 1 shows the
case where client B has a fragment cached for
page P.

Send
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Figure 1: Redirecting an object fetch

If the requested page has uncommitted mod-
ifications, client B does not send them to client
A; it sends only the latest committed versions of
objects. To do this a client makes a copy of an

object the first time it is modified in a transac-
tion. These copies are discarded when the trans-
action commits or possibly when there is cache
management. If client B receives a request for a
page and it does not have the copy of the com-
mited state for one of the objects in the page, it
replies to the server saying that the page is un-
available. The server will then obtain the page
from disk or another client and send it to A.

Client B may be unable to satisfy the fetch re-
quest if it has discarded the page P. In this case,
it replies to the server, which marks the page as
absent from client B’s cache. To improve perfor-
mance, clients can inform the server when they
evict a page by piggybacking that information
on the next message sent to the server.

When the server commits a transaction for a
client, this has no impact of the statuses of pages
stored at that client, but it can affect statuses
of pages at other clients, since they may be-
come out-of-date for some objects. The server
checks to see whether any complete pages at
other clients have been affected by the transac-
tion, i.e., whether the transaction has modified
objects in a complete page at some other client.
All such pages are marked reconstructible.

Fetching pages from clients for avoiding instal-
lation disk reads is done in a similar manner.
When the server wants to install object modifi-
cations for page P from the mcache, it fetches
page P from a client A if the directories indi-
cate A has a complete or reconstructible version
of the page. After installing the modifications,
the server removes the changes from the mcache
and checks its directories to see if any client has
reconstructible copies of page P. Directory en-
tries for page P for all such clients are marked
as unreconstructible. As a result, such pages
will not be used in future fetches or installation
reads. Marking of these cached pages as unre-
constructible is necessary because after discard-
ing the modifications from the mcache the server
can no longer bring the pages up to date using
the mcache. Figure 2 depicts the case where A
caches a reconstructible fragment of page P.
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3.4 Optimizations

Now we discuss some optimizations to the pro-
tocol. Our first optimization avoids pages from
becoming unreconstructible; unreconstructible
pages are not desirable because they can no
longer be used in the global cache and only ben-
efit the client caching them. When a server de-
cides to install object updates, instead of just
asking a client A for the fragment, it can send
the mcache updates for the page to A. The client
installs the modifications to the page and sends
back the complete page to the server. The server
then marks the page as complete at that client.
This technique prevents a page from becoming
unreconstructible at client A. Note that this op-
timization is similar to update propagation but
is not exactly the same. The server sends the
mcache updates relatively rarely, e.g., the up-
dates may be sent after many updates to the
same page have been absorbed in the mcache.
Note that the server need not update all the
cached copies for the page; it just needs to en-
sure that there exists at least one reconstructible
page in the system.

Suppose that a client has a page fragment and
needs an object that is missing from the page.
The client does not need to receive the whole
page from another client. If the client informs

the server that it has the page, and the server
determines that the page is reconstructible, the
server can simply send the updates in the mcache
to the client and mark the page as complete.
This optimization avoids a network roundtrip de-
lay of getting the page from another client.
Finally, it is possible to distinguish “degrees”
of fragmentation. Suppose that a client A fetches
page P from a server (with some updates from
the mcache); the server marks this page complete
for client A. The server now receives an update
for object x on page P from another client and
marks P as reconstructible for client A. If client
A now asks for page P, the server should send
object x only (rather than all the updates for P
in the mcache). This optimization can be imple-
mented by maintaining extra information in the
directory entries for each client. The server num-
bers the committing transactions, furthermore
for each entry in a client’s directory, it stores the
number of the latest transaction whose modifi-
cations are reflected in the client’s cached copy.
We rejected such a scheme in favor of the one de-
scribed here because our scheme is simpler and
requires less storage at servers. Furthermore, the
extra information will probably not have much
impact on system performance: it may reduce
the message size for fetch replies but does not
reduce the number of messages in the system.

4 Correctness of Fragment Re-
construction

Demonstrating the correctness of the fragment
reconstruction protocol is a good way to under-
stand the protocol itself, and is an interesting
topic in its own right. We now discuss this is-
sue informally (a detailed proof appears in [13]).
Our basic approach is to establish an equivalence
between the recoverable states of two systems:
the basic Thor system configured (for simplic-
ity) with a zero-size page cache at the server and
the extended Thor system using fragment recon-
struction. We show that each system satisfies its



own simple invariant, and that the extended in-
variant implies the basic invariant. As a result,
we show that any sequence of committed trans-
actions will produce the same recoverable states
in both the basic and extended systems, so the
two systems “appear the same” to any sequence
of application transactions. It follows that the
extended system is a correct optimization of the
basic system.

In the basic Thor system, the mcache-based
database update protocol guarantees the basic
invariant that at any point in a system execution
sequence that contains a given set of committed
transactions, all committed updates have either
been propagated to the database on disk or re-
side in the (recoverable) mcache. It is easy to see
that the mcache-based database update protocol
that 1) obtains a page P from the database, 2)
installs all updates to page P from the mcache, 3)
writes the updated page P to the database, and
4) removes updates to page P from the mcache,
maintains the basic invariant.

The extended Thor system uses pages from the
client caches and modifications in the mcache to
update the database disk. The extended invari-
ant for the extended system needs to guarantee
that if the cache of client A provides a page to
avoid an installation read then this page and the
mcache combined include all the committed up-
dates. Since a system satisfying the extended
invariant also satisfies the basic invariant, the ex-
tended invariant insures that when a system with
fragment reconstruction uses the cached copy of
the page to update the disk, this has the same
effect as reading the page from disk.

The extended invariant presented below con-
strains how the page status information recorded
in the server page directories reflects the com-
mitted updates contained in the mcache and in
pages cached at the clients. It highlights the
point that when a cached page P is forwarded to
another client or server, a clean copy of a page
is provided by the fragment reconstruction pro-
tocol. A clean copy contains updates of com-
mitted transactions, and holes corresponding to

invalidations caused by commits of transactions
of other clients, but does not contain updates of
aborted transactions and also does not contain
updates of uncommitted transactions.

The Extended Invariant:

If a page p cached at client A is marked
as complete in the directory, then ei-
ther the client A has discarded page p
(or some object on page p) and this in-
formation has not yet been recorded in
the directory, or client A has a clean
version of page p that contains all the
committed updates to page p and no
uncommitted updates.

If a page p cached at client A is marked
as reconstructible in the directory, then
either client A has discarded page p (or
some object in p) and this information
has not yet been recorded in the direc-
tory, or client A has a clean version of
page p that when combined with the
committed updates to page p residing
in the mcache contains all the commit-
ted updates to page p and no uncom-
mitted updates.

For simplicity, assume that client caches main-
tain clean copies of modified pages that do not
include modifications of the current transaction.
(The implementation optimizes cache space and
only maintains clean copies of modified objects;
it reconstructs a clean page when asked to for-
ward the page to another client or return it to
the server.) The optimistic concurrency control
protocol in [1] insures that when a client aborts a
transaction all uncommitted effects in the client
cache are undone. By examining the coherence
protocol actions it is easy to see that the ex-
tended invariant is preserved by the directory up-
date operations resulting from client and server
fetches, transaction commits, and database up-
dates.



5 Related Work

Our work on the fragment reconstruction coher-
ence protocol builds on techniques for supporting
fine-grained sharing and techniques for providing
global caching. To put our work in perspective,
we consider related work on global caching in file
systems and transactional storage systems, and
work on avoiding false sharing problems in dis-
tributed shared memory systems.

Work in the xFS file system [14] explores
global caching in a scalable serverless storage
architecture. The xFS coherence protocol im-
proves on earlier file-level coherence protocols by
supporting disk block level sharing. In contrast,
the fragment reconstruction protocol supports
sharing of fine-grained objects.

Franklin et al. [7] studies global caching in
a client/server database. Clients interact with
each other via servers. Servers redirect fetch
requests between clients. The study evaluates
several global memory management algorithms.
This work is similar to ours in that it considers a
transactional database. The difference is that
Franklin et al. consider coarse-grained page-
based concurrency control and do not address
the problem of false sharing. Another difference
is that their system uses locking while our system
uses optimistic concurrency control.

A coherence scheme similar to fragment recon-
struction is described in [5]. In this scheme, the
database server manages a cache of recent up-
dates. Before a client accesses an object, it con-
tacts a server to retrieve the updates needed to
bring the cached copy of the object up to date.
This scheme does not support global caching,
i.e., clients can not fetch pages from other clients.
In addition, it is is based on locking, whereas
fragment reconstruction is based on optimistic
concurrency control and invalidations.

Work in distributed shared memory systems
has addressed the problems caused by false shar-
ing. These systems allow concurrent accesses to
shared pages by supplying synchronization prim-
itives to support weaker consistency models, e.g.,

release consistency [11] in Munin, lazy release
consistency [10] in TreadMarks, and multiple
writer protocols [4] in both Munin and Trade-
marks. This work differs from our work because
it does not consider transactional updates to per-
sistent data.

The distributed shared memory coherence
work by Feeley et al. [15] is similar to ours
because it considers transactional updates. This
approach assumes a single-server, main-memory-
based transactional store. Transactions use dis-
tributed locking. To keep caches coherent, at
transaction commit time, clients propagate the
commit log containing fine-grained updates to
other clients. This approach does not consider
global caching. The coherence protocol by Fee-
ley et al. needs to propagate updates to cached
pages at commit time to tolerate client failures.
In contrast, our mcache-based coherence proto-
col propagates updates lazily and benefits from
update absorption; furthermore it works cor-
rectly even in the presence of client failures.

6 Conclusions

This paper presents the new transactional frag-
ment reconstruction coherence protocol inte-
grated with Thor’s mcache. The fragment recon-
struction protocol supports fine-grained sharing
in split caching object storage architecture. It
is the first fine-grained coherence protocol that
supports global caching in a transactional stor-
age system.

The fragment reconstruction coherence proto-
col is attractive because it is simple. In addi-
tion, it is applicable to object storage architec-
tures different from Thor. In particular, frag-
ment reconstruction could be used in a more tra-
ditional caching architecture where servers cache
pages. It could also be used with different con-
currency control mechanisms although the con-
currency control mechanism affects how coher-
ence works, e.g., a system that uses locking [2]
might have to send a page with holes in response
to a fetch (since some of its objects are locked



right now).

The paper presents the correctnes invariant for
fragment reconstruction protocol that guaran-
tees that the protocol preserves the correctness
of the concurrency control and recovery proto-
cols in Thor. This is important, since it ensures
that as far as application transactions can tell,
the system with fragment reconstruction is a cor-
rect optimization of the current Thor system.

Earlier work shows that support for fine-grain
sharing avoids the performance penalties of false
sharing and that global caching is effective in im-
proving the scalability of a storage system. Frag-
ment reconstruction and split caching integrate
these two techniques in a new context, a trans-
actional storage system, and should retain the
performance benefits of both techniques. We are
currently implementing split caching and frag-
ment reconstruction in Thor and exploring how
fragment reconstruction interacts with mcache
management.
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