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Abstract
This paper describes issues encountered in the design and implementation of a pa

object-oriented database system. In particular, we find that the design of a client/server inte
that is whether to use a page server or query server architecture, depends greatly on the ex
application environment. We believe that the query server model is more appropriate for
scientific database applications. This paper develops the reasons for this assertion. Th
discuss the implementation of a working parallel, object-oriented, database system, c
ADAMS, that has been developed at the University of Virginia. ADAMS is best known as
database system underlying the “Oracle of Bacon” website which is currently responding to
5 million queries per year.

We show that set operations, such as union and intersection, can be performed
completely data parallel fashion, and that implicit join queries can be performed with very
inter-processor messages in a way that scales well. All data access in the system c
completely monitored, so these observations are supported by experimental results. Final
compare our approach with an equivalent page server version.
Keywords: database, object-oriented, parallel, distributed, ADAMS, client/server

1. Introduction
The design of the client/server interface in object-oriented database system

received considerable recent attention [DFMV90, KoFr95]. In creating ADAMS
parallel object-oriented database system, the choice of an appropriate client/s
architecture was a major design decision. This design has been affected by hard
considerations, application considerations, and the expected level of user act
Considerable effort was devoted to implementing an effective client/server architec

ADAMS employs a query server architecture. In this paper, we explain
reasoning behind this design decision. Analytic modeling and actual performa
results provide further support for our choice. But we do not argue that this architec
is best in all situations. The factors we considered for anticipated ADAMS applicati
drove us to our particular design.

2. Client/Server Architectures
By a page server model we mean a configuration in which one, or more, se

processors directly access secondary storage at the behest of other processes wh
their clients. Based on its own internal logic, a client process requests a page de
by some persistent storage address. The server locates the page in storage and tra
it to the client which then extracts the relevant portions. A page server has
comprehension of the contents of a page, whether it consists of objects, tuple
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perhaps code fragments. Page server architectures have been a frequent choice in
oriented database implementations [Fran96]. The server code is very simple;
features such as page level locking and transaction rollback add little comple
According to Carey, Franklin, and Zaharioudakis [CFZ94]: “data-shipping offloa
DBMS function from the server to the client workstations, enabling the plentiful a
relatively inexpensive resources of the workstations to be exploited.” Data-shippin
another name for the page server, and simple object server, architectures.

The object server model is similar, except that the client requests individual obj
which the server extracts from the appropriate pages and returns. The server must
about object placement in pages. According to DeWitt,et al.. [DFMV90], in an object
server architecture object methods can be applied at either the client or server, allo
for some variation between implementations. Besides reducing the amount of dat
must be shipped between the server and its clients, recovery and concurrency contr
be handled at a finer granularity.

The query server model adds further server complexity. A client process se
operations, commands, or code fragments to the server along with any nece
operands. The server executes the operations and may, or may not, return the res
the operation to the client. The server not only employs object-level logic, it can exp
indices and may make optimization decisions.

An OODB implementation need not fit precisely into one of the above categor
As Wilcox [Wil94] indicates, “the variety displayed in OODB implementations is
once confusing and encouraging”. Yet whatever the label, some complexity is prov
by the processor directly used by the client, and some by one or more server proce
The above labels capture this range of choices well.

How does one choose between these architectures? We contend that the c
should be governed by the nature of the intended applications. We will argue furthe
for many scientific database application the query server architecture is optimal.

3. Scientific Database Applications
There are at least three fundamental differences between the way scientific dat

business data are processed. Commercial processing is characterized by
transactions originated by many clients that examine or update the current state
database. In contrast, a scientific measurement, once inserted into the database, is
changed. We do not see the posting of small transactions by many users as the
scientific activity. Rather we expect a handful of researchers to execute fairly com
queries in search of phenomena of interest.

This introduces the second fundamental difference which concerns the u
patterns of data access. A typical commercial transaction deals with only a few
items that are well identified by an account number, a social security number, a fl
number, or the like. Relatively few elements of scientific data are uniquely identifie
this manner. Sometimes a scientist will be interested in a particular pixel in a partic
image, but frequently he will wantall the pixels of a specified region to serve as inp
to some computation, possibly statistical. Other common queries are “volumetric”;
is they denote all elements satisfying some specified range constraints. The follo
query expression is a good example.
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S <- { x | p1 < x.pressure < p2    OR
           t1 < x.temperature < t2 AND
                x.instrument.elevation > 1000}

Here, we are looking for all objects,x, whose observedpressurefalls between the
indicated limits, or whosetemperaturelies in its specified interval and the observation
were recorded on a sensinginstrumentsited above 1000 meters. We will consider th
example more fully in Section 4.3.

This query also illustrates the third fundamental difference; it may access thous
of data items, whereas a single transaction will normally access fewer than ten.

These three differences alone are sufficient to suggest that query servers are
appropriate for scientific work. First, the convenience of page granularity for transac
atomicity and concurrency control is much less important. Second, complex q
resolution, or traversal of multi-link access paths, is more easily accomplished
server which is “close” to the data than by a client which is well “removed” from it. An
finally, exchange of very large quantities of data, whether pages or objects, betwee
server and client can swamp any communications network. These three consider
alone were sufficient to incline us towards a query server architecture.

We also expect the nature of scientific data to be somewhat different. The valu
the object model in scientific database work is a frequent theme. Reasons for
include OODBMS support for complex data structures [MaHa94], and the adaptab
of object oriented code [NRC95]. According to Bukhres and Elmagarmid [BuEl9
“the OO paradigm is particularly adept at capturing the semantics of other data mo
and representing it in ways that are easy to integrate.” Thus the task of scien
application design, and the further task of assimilating data from other sources into
design, can be more easily accomplished when an object-oriented approach is us

But object oriented databases have been seen as poor performers when ha
very large data bases [OzVa91]. And scientific databases can be enormous. It s
certain that high performance, scientific database implementations will have to be h
parallel. Our focus has been on shared-nothing implementations, as, accordi
DeWitt and Gray [DG92], “shared-memory and shared-disk do not scale well
database applications.”

These parallel object oriented database systems introduce two new considera
First, when a system is distributed overn processors, it becomes likely that the aggrega
of server memory and CPU resources will exceed those of active clients. In a s
server system that accomodates multiple clients, a page server approach makes
because the client, often a powerful workstation, can easily provide the cache stora
receive pages, and the cycles needed to transform these pages into objects at a r
enough to satisfy the user’s needs [KoFr95]. But, with multiple servers feeding on
few clients, even relatively small query results from a large database can swam
client cache. Simple load balancing suggests that when the number of servers ex
the number of clients, the processing load should be redistributed.

The second consequence of implementing a parallel system is that as the numn,
of processors increase, so to must the inter-processor message traffic. Because
not scale asn becomes large, message passing inherently limits the potential of par
systems. The key to effective parallel code is to minimize inter-process message pa
Either page servers which transfer entire pages when only a few objects will be us
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algorithms that rely on extensive inter-server data transfer can cause severe bottle
Therefore we chose a query server architecture and an object distribution method
which minimizes inter-server communication.

4. ADAMS Architectural Overview
In this section we flesh out some of the more important details associated with

ADAMS implementation. ADAMS [PfFr93] was initially designed to support highl
concurrent, scientific computation [GPFS90] on shared nothing, message pa
processors. The performance reported in this paper has been observed in a s
running on a cluster of 8 SPARC2 processors each with an attached Seagate 1.2 G
and Ethernet connection network. It is object-oriented, with user defined data cla
Each instantiated object within one of these classes is assigned a persistent, u
object identifier, oroid. Theseoids serve as object surrogates throughout the system
play a prominent role in the way we distribute objects and minimize inter-proces
communication.

4.1 ADAMS Client/Server Details
An ADAMS server is essentially a query server. It executes set and index l

operations. But at times it also functions as a very fine-grained data or object serv
that it can honor requests not for entire objects, but individual attribute values of obj
This handles an object server problem mentioned by DeWitt,et al.: “since the software
on a workstation simply requests an object from the server without generally b
aware of the size of the object, large, multipage objects may move in their entirety,
if the application needed to access only a few bytes” [DFMV90]. Both client and se
processes have been implemented in a layered fashion, as illustrated in Figure  4

The user application program of the client process is written in some host langu
such as C, C++, or Fortran, with embedded ADAMS statements. These ADA
statements are translated by a preprocessor into appropriate function calls to AD
runtime routines residing in the ADAMS interface layer. The database operands of t
runtime procedures are always denoted by objectoid. But, neither the user, nor the
ADAMS preprocessor, need be aware of the way sets of objects, and their attributes
have been distributed. We have deliberately created a seamless, pa

Figure 4-1. ADAMS Process Architecture

User Application Program

ADAMS Interface Layer

Client Process

ADAMS Server Process

Set Maintenance and Attribute Access Layer

Storage Manager Layer
Unix File System

ADAMS Butler Process
Registration,oid  Server, and Lock functions

Global Set and Attribute Functions
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implementation. “Global”oid’s denoting sets and attributes that are distribut
throughout the system are decomposed into theirn distributed components by the
ADAMS runtime routines within the client process.

The set maintenance and attribute access level of the servers constitutes the h
the ADAMS system. ADAMS employs a “decomposed storage model”, or DS
[Khos93], in which the attribute values of an object are stored as (oid, value) pairs. All
references to attribute values for a named attribute, for example “pressure” above
stored in a B-tree associated with that attribute. Thus there is a “pressure” B-
indexed byoid. The inverses of these attribute trees, indexed by value, are create
needed. We describe how this model has been employed in a parallel form in the
section. The use of DSM makes schema evolution fast and efficient, while making
storage and access of data associated with complex or large objects a simple tas

All sets and all attributes are maintained as separate trees in order to faci
access. This is the set maintenance and attribute access layer of Figure 4-1. It is
level that all retrievals and set manipulations are performed. Each server maintai
own set of trees to manage the objects assigned to it. Below this level, we indic
storage manager level which was implemented on top of the Unix file system.

In between the client and server processes we have indicated a “Butler” proce
is a single, well-known system process. When a new client enters the system, it mu
connected to the appropriate distributed servers; we call this “registration”. From
on, there is a direct connection between the client and its assigned servers wi
intervention by the butler. The butler process also allocates newoid’s as needed and
oversees concurrency control. Further implementation details are available [Hadd

One secret for minimizing message traffic lies in the nature of the messa
themselves. For example, in sequences of low granularity operations, such a
insertions or object attribute assignments, we are frequently able to bundle m
operations for a particular server into a single message. As these messages d
require a response from the servers, the message burden is kept low when loading
quantities of data, such as that from a remote sensor stream.

4.2 Partitioning by oid
Processing very large sets of scientific data requires the distribution of these

over multiple disks and processors. It seems to us that a horizontal partitioning of
by oid is the natural way to address what for some systems has been seen as a d
issue [GhDe90]. We have found several addressing schemes in the literature
employ a simple mapping between object identifier and partition, although only a
claims of direct database support for data parallel set operations have been encoun
The SHORE system is one such example, providing support for a parallel struc
called the ParSet [DNSV94].

We use theoid of an object to uniquely determine the partition Pj, that is the
processor and storage, on which the object, and all its attribute values, resides. W
the low order bits to implement a modulo operator which partitions everyoid to a unique
Pj. A hash function could work, as well. A set is an object. Based on itsoid, it is
assigned to a partition, Pj. But, the members of a set are objects which may have b
assigned to many different partitions. Consequently, each set,A, is also subdivided into
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n subsets, A1,..,An, where each subset, residing on a different node in the system
comprised of just the objects assigned to partition, Pj. If a particular object is a
member of two ADAMS sets, say and , it will always be represented
a member in two subsets on the same partition. That is, if , , a

, then , as shown in Figure 4-2.

                                Figure 4-2.  Distribution of sets A and B
Using such a scheme, large granularity set operations, such as union, interse

and difference, can be performed in a data parallel manner, as can selection by att
value, as in p1 < x.pressure < p2. ADAMS makes abundant use of these data paral
set operators.

But, an essential characteristic of the object-oriented model is that attributes ma
“object valued”, that is reference another object. The termx.instrument.elevation <
1000 is representative. The attributeinstrumentdenotes a sensor objecty with elevation
attribute greater than 1000 meters on which the observationx was made. Queries
involving object valued attributes are somewhat more complex to process becaus
objecty may very well have been assigned to a different partition thanx. The presence
of object valued attributes, or implicit joins, forces inter-server communication. I
essential to reduce their impact on performance.

4.3 Query Processing Details
We consider queries such as

S <- { x | p1 < x.pressure < p2     OR
           t1 < x.temperature < t2  AND
                x.instrument.elevation > 1000}

that we had seen in Section 3. The logical connectives,and andor, can be naturally
implemented as set operators,intersectandunion. Consequently the approach we tak
is to find all x satisfying the first term,p1 < x.pressure < p2, and allx satisfying the
second termt1 < x.temperature < t2. These two sets are unioned. This will then b
intersected with the last term.

Parallel selection with respect to an attribute is well understood; each proce
searches the indexes for the objects on its partition that satisfy the criteria. It
completely data parallel operation, with no cross talk between the processors.
conjunct which involves an object valued attribute is a bit different.

Like all attributes, an object valued attribute is a single valued function. But, wh
applied to an object, the attribute function returns a reference to another object in
of a value. Also like any other attribute, the system indexes these object valued attri
using the referencedoidsas the key values and the referencingoidsas the entries. When

x
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partitioning data byoid, we partition the attribute index trees by the referencedoids.
That means that if objectoidk on Pk referencesoidj on Pj, a selection in Pj will retrieve
oidk.

To process the termx.instrument.elevation > 1000, the system first selects all senso
objectsy with elevation > 1000. In our database there were approximately 60 of the
on each partition. In an iterative loop over each object, actually eachoid y, all the
measurementsx are retrieved that have thatoid as instrument value. LetXj denote allx
such thatx.instrument = yj, whereyj is a sensor object on partition Pj. Theseoid’s
comprisingXj must now be distributed to their proper partitions. They are separated
batches,e.g.all oidk bound for Pk, and then transmitted1 to their appropriate processors
Server Pj in turn receives its subsets from the other servers, assembles them all i
single set, which it then intersects with the result of the first two terms.

Table 4-4 summarizes the data accesses involved in executing the query in a m
object database. Observe that there are many more random, than sequential, disk

                      Table 4-3.  Data accesses in the query statement
When an inverse attribute index tree is created, it is almost impossible to cluste
nodes; so virtually all disk access requires random head movement. In this query, n
all of the sequential disk operations arise from the sorting ofoids. To facilitate the set
operations, all sets are kept in lexicographicoid order. But, theoids returned from
selection over an attribute are not in sort order; they must be sorted. With a bit of c
management, described in [Hadd97], we can sort surprisingly large sets complete
cache; but, for safety, we always sequentially flush the entire cache to disk
completion. Only occasionally must portions of these sets be sequentially re-read
disk.

Note that, although 76,430 observation objects were eventually retrieved f
1,000,000 observations, most of the processing was data parallel. At most 65
server data messages were sent by any server. In addition the client sent c
messages initiating the query and there were a handful of short control mess
between servers that coordinated the data exchange. We have been quite succe
minimizing inter-processor message traffic.

5. Performance

1. In ADAMS, each data message can contain up to 1,000oids

| p1 < pressure < p2 |

| t1 < temperature < t2 |

| y.elevation > 1000 |

| result |

47,631 47,371 47,591

7,466 7,4397,503

47,657

7,499

61 71 70 49

19,179 19,079 19,120 19,052

190,250

29,907

251

76,430

random disk reads

random disk writes

sequential disk reads

sequential disk writes

data messages sent

data messages received

1,872 1,868 1,800 1,673 7,213

25 26 25 26 102

643 373 268 265 1,549

1,173 1,167 1,161 1,173 4,674

54 65 63 45 227

57 54 55 61 227

P PP P 3 41 2 Sum
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Because the set operators are completely data parallel, they should exhibit l
speed up, which is definedtn ( task of size k ) =t1 ( task of sizek ) / n where tn denotes
execution time in ann processor system. In our work with ADAMS they have. The tim
to execute a specific task onn processors is one nth the single processor time. The
complex query, on the other hand, exhibitssuper-linear speed up, as shown in Figure 5
1, where theoretical linear speed up is indicated by the dashed line.

             Figure 5-1.  Super-linear speed up of volumetric query
It is not hard to demonstrate that asymptotically, such a query cannot exhibit linear s
up because (1) its inter-server message traffic must increase as the number,n, of
processors increases, (2) the necessary sort operations are O(n lg n), and (3) the a
cost expressions contain constants that do not scale at all [Hadd97]. Neverthele
such small sets as these, we get super-linear behavior because both searching
attribute trees and sorting are very cache dependent and when we double the num
processors, we are more importantly doubling the available cache. For these rea
scale up is regarded as a much more accurate measure of parallel performance,
it is harder to derive.

A system exhibits linear scale up iftn ( task of size n*k ) =t1 (task of size k ), that
is, if the number of processors is doubled the size of the task is doubled.  The pro

                                     Figure 5-2.  Scale up of the query
is that to fairly double the size of a task, one must really double the size of the data
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in which it is embedded as well. This is possible only with experimental databases
as ours. We created databases of 125000, 250000, 500000, and 1000000 obse
objects respectively and ran the same queries. Each query, or operator, was repea
times, always using a “cold” system. Figure 5-2 illustrates the scale up performanc
the query. It is not quite linear, although the rise is almost imperceptible. We believe
kind of performance is due to our success in minimizing inter-processor message tr
between client and servers and between the servers themselves.

6. Conclusions
In a scientific environment in which complex volumetric queries are the norm

query server architecture seems desirable. We have demonstrated that this archit
scales well in our parallel implementations.

We wish to make a comparison with an equivalent page server architecture. Th
a bit difficult since, in a real page server system, a different algorithmic approach
be adopted. Nevertheless some rough comparisons can be made.

The objects in our test database were approximately 100 bytes in length.2 So, given
our 8K pages, we can expect about 81 objects per page, or approximately 12,345
in all. The retrieved set of 76,430 objects in our running query comprises about 0.07
the entire million object database. There is no reason to expect any significant clust
of these retrieved objects, so if we assume a reasonably uniform distribution of t
objects there will be approximately 6.1 desired objects per page. Just to return the r
of this query in the form of pages will require transmission of nearly all 12,000 pag
This is why in Section 3, we indicated that the sheer size of query results in scien
database applications constituted a reason for considering a different client/s
architecture.

Orenstein,et al. describe query processing in a page server system. They indi
that “... queries execute on the client. This does not mean that the entire content
collection, or index, is sent to the client in order to evaluate a query. As with ot
objects, only those pages containing referenced addresses are fetched from the s
[OHMS92]. Just transmitting the relevant index pages to the client in a seque
fashion so it can conduct the search is expensive. Our running query required sear
three attributes. This is why, in Section 3, we asserted that selections shoul
conducted in the server “close” to the data.

We have shown how, in the case of the ADAMS object oriented database sys
the choice of scientific database as an application area has resulted in a number of
and implementation decisions reflected throughout the system. It is possible
focussing on other application areas would have yielded different design choices. Ye
current design has been effective, as supported by a wide range of performance t
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