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Abstract—The paper is devoted to the classification, design, and analysis of architectures of parallel database
systems. A formalization of the notion “parallel database system” is suggested, which relies on a concept of a
virtual machine. Based on this formalization, a new approach to the classification of architectures of parallel
database systems is suggested. Requirementsto parallel database systems are formulated, which serve as crite-
riafor comparing various architectures. Various classes of architectures of parallel database systems are con-

sidered and compared.

1. INTRODUCTION

A parallel database system is a database manage-
ment system (DBMS) implemented on a multiproces-
sor system with high-degree connectivity. A multipro-
cessor system with high-degree connectivity is a sys-
tem containing many processors and disksin which the
processors are connected with each other by meansof a
communication network such that the network data
exchange time is comparable with the time of the data
exchange with adisk. This definition excludes from the
consideration distributed DBM Ssimplemented on sev-
eral independent computers connected through a local
or/and global networks. Thelatter systems possesstheir
own specific features (such asthose associated with dif-
ferent geographic locations of the computers, local
autonomy, and software and hardware heterogeneity
[1]), and the problems associated with the large number
of processor nodes are usually not considered for such
systems. However, there exist a wide spectrum of sys-
tems—starting from traditional one-processor DBM Ss
ported to symmetric multiprocessor systems that use
only intertransaction parallelism and ending with com-
plex paralld systemsimplemented on clusters or multi-
processors with massive paraleism that use parti-
tioned parallelism [2]—that meet the above definition.

Currently, there exist several approachesto classify-
ing parallel computation systems. A good survey of the
existing methods of the description and classification of
architectures of computationa systems can befoundin
the book [3]. However, the existing classifications of
architectures of multiprocessor systems are either too
genera from the DBMS standpoint (first of all, this
refers to the Flynn classification [4]), or too compli-
cated (for example, a taxonomic system suggested in
[5]), or not quite adequate (this refers both to the Flynn
classification and the structural—-functional classifica-
tion from [6]). The Stonebraker classification [7] has
purposely been developed for paralel database sys

tems, but, currently, it is not quite adequate either [8].
Thisisexplained by the fact that the existing classifica
tion approaches are based on mapping the parallel data-
base system architecture directly to the hardware archi-
tecture of the multiprocessor system, as shownin Fig. 1.

The classification problem specified above can be
solved by introducing some additional abstraction level
based on the notion of a virtual parallel database
machine. The architecture of aparallel database system
is mapped onto the architecture of the virtual parallel
database machine, which, in turn, is mapped onto one
or another hardware architecture of a multiprocessor
system (Fig. 2). We used this approach for the classifi-
cation of modern paralldl database architectures. On the
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SN | CE'| CD | CDN

Scalability 2 3 3 3
Data availability 2 1 3 3
Load balancing 0 2 1 1
Interprocessor communications 0ol 2 1 1
Cache coherence 3 2 0 3
Concurrency control 3 2 0 3
Sum of points 10 | 12| 8 14
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Fig. 1. Traditional approach to the classification of architec-
turesof parallel database systems based on the classification
of the hardware architecture.
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Fig. 2. Classification based on the notion of avirtual paral-
lel database machine.

basis of the classification constructed, a qualitative com-
parative analysis of various architecturesis carried out.

The remaining part of the paper is organized as fol-
lows. In Section 2, anotion of avirtual parallel database
machine is defined. Based on this notion, in Section 3,
aclassification of architectures of modern parallel data-
base systemsis given. Section 4 is devoted to the com-
parative analysis of various paralle architectures of
database systems, which relies on a certain set of
requirements. The last section gives summary of the
basic results obtained and conclusions, as well as dis-
cusses directions of future researches.

2. VIRTUAL PARALLEL DATABASE MACHINES

A virtual parallel database machine is constructed
from the following virtual devices: virtual processors,
virtual memory modules, virtual disks, and virtual
communication network.

A virtual processor is avirtual device used for per-
forming a separate task defined as a database process.
A typical example of adatabase processisaquery or a
guery agent (if a partitioned parallelism is used). In a
real system, avirtual processor may be represented by

(a) With straight edges;
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a microprocessor or a processor module. If several
database processes are executed on one physical pro-
cessor in the time-sharing mode, this physical proces-
sor issaid to implement several virtual processors.

A virtual memory moduleisavirtual device used for
buffering database objects. A typical example of an
object of arelational database is a relation or its frag-
ment (if partitioned parallelism is used). A virtual pro-
Cessor can access an object of a database only through
its image loaded into some virtual memory module
accessibleto this processor. |n accordance with this, the
number of virtual memory modulesin avirtual paralel
database machine cannot exceed the number of virtual
processors. In area system, virtual memory modules
are usually implemented as physical modules of opera-
tive memory. Note that one physical memory module
may be represented by several virtual memory modules
(see, for example, [9]), and, vice versa, severa physical
memory modules can be considered as one virtua
memory module (see, for example, [10]).

A virtual disk is a virtual device used for storing
database objects. In areal system, avirtual disk isusu-
ally implemented as a physical disk device or an array
of disks[11].

A virtual communication network isavirtual device
providing datatransfers from one virtual memory mod-
ule to another. The transfers are implemented only by
means of communicative actions of the corresponding
virtual processors. Without loss of generality, we may
assume that avirtual parallel database machine has not
more than one virtual communication network. Note
that, if avirtual machine has only one memory module,
than this machine has no virtual network.

A virtual paralld database machineis defined as a
connected graph whose nodes correspond to various
virtual devices and edges, to dataflows. An example of
a virtual paralel database machine configuration is
shown in Fig. 3.

It should be noted that, in the given context, the vir-
tual database machineis just some abstraction level in
the system hierarchy of program modules of the DBMS
and operating system implementing the database sys-
tem on a particular hardware platform. Note that, in the
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Fig. 3. An example of aconfiguration of the virtual parallel database machine. Here P isavirtua processor, M isavirtua memory
module, D isavirtua disk, and N is avirtual communication network.
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framework of one system, we can consider severd
abstraction levels of this kind. The virtual machine of
each current level isimplemented on the basis of func-
tions and services provided by the virtual machine of
the previouslevel. To better explain this, we consider an
illustrative example shown in Fig. 4. Here, the system
hierarchy is based on the virtual machine V, that has a
certain hardware-software implementation. The hard-
ware platform of V, is actually a union of severa sepa-
rate computers. In this case, a UNIX/Linux system
loaded in each node might serve as the operating sys-
tem, and MPI, as the system integration means.

Using the virtual machine V,, we can create a pro-
gram complex 1, implementing a virtual disk with the
storage equal to the free disk space of al physical sys-
tem disks. Inthiscase, |, is said to implement a virtual
machine V; in which each processor hasits own private
memory, but all processors share common disk space.
In other words, |, defines amapping of V, onto V;. Sim-
ilarly, in the environment V,, we can create a program
complex I, implementing common virtual memory of a
size equal to the total free address space of all physical
memory modules. As aresult, we construct a mapping
from the configuration V, onto the configuration V, in
which al processors share common memory and com-
mon disk space. Having this done, we can complete the
DBMS implementation in the context of the configura-
tion V,. The database system obtained has a hybrid
architecturein the following sense: on aphysical (zero)
level, it is a system without shared resources; on alog-
ical (first) level, it isasystem with shared disks; and, on
thevirtual (second) level, we have a system with shared
memory and disks. Of course, the configuration
depicted in Fig. 4 is not viable because of difficulties
associated with theinefficiency of accessing such avir-
tual memory and virtual disk. However, in what fol-
lows, we give examples of hybrid configurations that
can be used in real parallel database systems.

In conclusion, it should be noted that we use the
term “virtual maching” together with the term “data
base” with the only purposeto restrict all variety of pos-
sible combinations and to exclude from the consider-
ation the architectures that are not adequate from the
database standpoint. These architectures, however, may
occur quite adequate for other problems.

3. CLASSIFICATION OF ARCHITECTURES
OF PARALLEL DATABASE SYSTEMS

The classification of architectures of paralel data
base systems serves as amethodol ogical basisfor many
studies related to databases. Until recently, the taxo-
nomic approach suggested by M. Stonebraker was used
for these purposes. In this section, we revise the Stone-
braker taxonomy and describe some extensions of this
classification, which are based on a concept of virtual
database machines.
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Fig. 4. Example illustrating the hierarchy of virtual data-
base machines.

3.1. Sonebraker Classification

The most popular approach to classifying parallel
database systems is that suggested by M. Stonebraker
[7]. The Stonebraker classification is shown schemati-
cally inFig. 5. Here, P denotes processors, M standsfor
the operative memory module, D is a disk device, and
N is the communication network.

According to the Stonebraker classification, parallel
database systems can be divided into the following
three basic classes depending on the way the hardware
resources are shared:

(1) SE (shared-everything) architectureswith shared
memory and disks (Fig. 5a),

(2) SD (shared-disks) architectures with shared
disks (Fig. 5b),
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Fig. 5. The Stonebraker classification.

(3) SN (shared-nothing) architectures without
shared resources (Fig. 5¢).

The SE architecture (in [7], this architecture is
referred to as the shared-memory architecture) includes
database systems in which each processor has accessto
any disk (with the same accesstime) through the shared
memory (Fig. 5a). The interprocessor communications
in the SE systems are implemented through the use of
the shared memory. The access to the disks in the SE
systems is implemented usually through a common
buffer pool. It should be emphasized that each proces-
sor in an SE system has its own cache memory.

There exist many paralel database systems with the
SE architecture. Infact, all leading commercial DBM Ss
have implementations based on the SE architecture.
One of the first examples of porting a single-processor
system to the SE architecture is the implementation of
DB2 on IBM3090 with six processors[12]. However, it
should be noted that the majority of the commercial SE
systems make use of only intertransaction parallelism
(i.e., the intra-transaction parallelism is lacking). Nev-
ertheless, severa prototype SE systems that use the
intra-transaction parallelism, such as XPRS[14], DBS3
[15], and Volcano [16], have already been created.

The SD architecture (Fig. 5b) includes database sys-
tems in which each processor has access to any disk;
however, each processor has its own private memory
[17]. The processors in such systems are connected
with each other through a high-speed network to make
it possibletotransfer data. Examples of parallel database
systemswiththe S architectureare IBM IMS[18], Ora-
cleParalel Server [19] on nCUBE [20] and VAXclusters
[21], IBM Peralld Sysplex [22], and others.

In the SN architecture (Fig. 5c¢), each processor has
itsown memory and itsown disk. Asin the SD systems,
the processors are connected with each other through a
high-speed network, which makes it possible to orga-
nize message exchange between the processors [2].
Currently, there exist many prototype systems and sev-
eral commercial systems with the SN architecture,
which use partitioned parallelism. For the examples of
the prototype SN systems, we can cite the following
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ones: ARBRE [23], BUBBA [24], EDS[25], GAMMA
[26], KARDAMOM [27], and PRISMA [28]. Exam-
ples of the commercia systems with the SN architecture
are NonStop SQL [29], Informix PDQ [30], NCR/Tera-
data DBC [31], IBM DB2 PE [32], and others.

3.2. Extension of the Sonebraker Classification

The Stonebraker classification was used in many
works devoted to the analysis of architectures of paral-
lel database systems (see, for example, [2, 32-35]).
However, this classification is currently considered
obsolete and inadequate. Two arguments questioning
the adequacy of the Stonebraker classification are as
follows ([8]):

(I the Stonebraker classification does not cover all
variety of the existing architectures;

(I1) the classification based on sharing hardware
resources is not appropriate for classifying architec-
tures of modern parallel database systems.

The first argument is based on the fact that there
appeared multiprocessor systems that combine features
of both the SE and SN architectures [8, 34-37]. To
describe such systems, Copeland and Keller [38] sug-
gested extending the Stonebraker classification by
introducing the following two additional classes of
architectures of parallel database machines (Fig. 6):

» the CE (clustered-everything) architecture with SE
clustersjoined on the basis of the SN principle (Fig. 6d);

« the CD (clustered-disk) architecture with SD clus-
ters joined on the basis of the SN principle (Fig. 6€)
(note that the boundaries of the SD clustersin Fig. 6 are
extended to the common (global) communication net-
work, since they can include their own (local) commu-
nication networks),

These architectures are also referred to as hierarchi-
cal architectures[39]. Figure 6 showstwo-level hierar-
chies. However, the classification approach suggested
by Copeland and Keller can easily be extended to archi-
tectures with three or more hierarchy levels. An exam-
ple of a three-level hierarchical architecture is CD,
(Clustered-Disk with 2-processor modules) architec-
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Fig. 6. Extension of the Stonebraker classification.

ture, which was used in designing the parallel database
system Omega [40, 41]. Two-level hierarchical archi-
tectures were studied in a number of works (see, for
example, [34, 37, 38, 42, 43]). Three-level hierarchical
architectures amost have not been studied by now.

The second argument is related to the fact that mod-
ern multiprocessor systems, as a rule, have hardware
components of complicated structure and combine
properties of architectures of different classes. Exam-
ples of such systems are Russian multiprocessor sys-
tems from MBC-100/1000 series [6], multiprocessor
systems SP2 [44] manufactured by IBM, computers
based on the ServerNet technology by Tandem [45],
and others. Indeed, the Stonebraker classification turns
out inadequate as applied to parallel database systems
implemented on the platforms of thiskind if the classi-
fication approach shown in Fig. 1 is used. However,
when using the classification approach based on the
introduction of an intermediate notion of the virtual
paralel database machine (Fig. 2), the criterion of the
resource sharing may still serve as an adequate basisfor
classifying architectures of modern parallel database
systems. Note that we can consider a hierarchy of vir-
tual machines. each current machine is a platform for
theimplementation of the previous one. For an example
of such hybrid architectures, we consider the CDN
architecture of parallel database systems described in
[40, 41]. Thisarchitectureisbased on the approach sug-
gested by E. Rahm in [46]. The CDN architecture is
constructed as a set of one-type SD clusters combined
on the basis of the SN principle. A distinctive feature of
this system architecture is that the SD clusters on the
upper levels of the system hierarchy are viewed as SN
systems (Fig. 7). This manifests itself in that, to each
processor node, a separate disk is logically assigned.
Such an approach makesit possible to avoid difficulties
associated with the implementation of the global block-
ing table and support of the cache coherence, which are
typical of the SD systems[35], and, simultaneously, to
take advantage of the possibilities of the SD architec-
ture for load balancing. A similar approach has been
used in the development of the parallel database system
NonStop SQL/MP [29].

PROGRAMMING AND COMPUTER SOFTWARE  Voal. 30

4. COMPARATIVE ANALYSIS
OF ARCHITECTURES OF PARALLEL
DATABASE SYSTEMS

In this section, we compare various parallel archi-
tectures of database systems on the basis of the taxo-
nomic approach discussed in Section 3. To compare
different architectures, it is required to formulate
requirementsto parallel database systems.

4.1. Requirements for Parallel Database Systems

The criteria used in the comparison of architectures
of parallel database systemsrely on the following set of
requirements|[2, 7, 35]:

(1) good scalability,

(2) high data availability,

. 2nd level
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Fig. 7. Hybrid CDN architecture.
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Comparison of architectures

CE CD CDN

Scal ability 2 3 3 3
Data availability 2 1 3 3
L oad balancing 0 2 1 1
Interprocessor 0 2 1 1
communications

Cache coherence 3 2 0 3
Concurrency control 3 2 0 3
Sum of points 10 12 8 14

(3) efficient load balancing,

(4) low cost of interprocessor exchanges,

(5) low overheads on ensuring cache coherence,

(6) efficient organization of the concurrency control.

Let us consider the specified criteriain more detail.

Scalability. The possibility of dynamic buildup to
adapt to a growing database size or increasing perfor-
mance requirementsisan important property of parallel
platforms [35]. This feature is achieved by gradually
incorporating additional processors, memory modules,
disks, and other hardware components into the system.
This process is referred to as system scaling. If the
hardware capacity of the system doubles, its perfor-
mance is expected to double aswell. However, in prac-
tice, areal increase in the performance is usually much
lower. For example, the scalability of the SE systemsis
limited to 20-30 processors [35]. With the further
enhancement of an SE system, its performance grows
very slowly or even startsto fall [34]. Thisis explained
by the fact that the processors spend much time waiting
for an access to the shared resources. Hence, the scal-
ability of any multiprocessor system is determined by
the parallelization efficiency.

The paralldization efficiency is described in terms
of two basic qualitative characteristics. speedup and
scaleup [2]. The architecture of a multiprocessor sys-
tem is considered to be nicely scalable if it demon-
strates amost linear scaleup and speedup. Linear
scaleup implies that the time spent by the system for
solving aproblem isequal to that spent by adouble sys-
tem for solving a double problem. Linear speedup
implies that a double system solves a problem twice as
fast as the original system. The main factor that wors-
ens the scalability of systems results from drawbacks
associated with the concurrent access of shared
resources by the processors.

Data availability. One of the critical characteristics
of parallel database systemsisthe capability of the sys-
tem to ensure a high degree of data availability under
the condition of failures of some hardware components.
The probability of ahardware failurein aone-processor
system is not great. However, in a system with thou-
sands of processor nodes, this probability increases
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thousandfold. Therefore, the problem of ensuring high
data availability in multiprocessor systems is of great
importance.

The database availability coefficient can roughly be
defined as the ratio of the time during which the data-
base was available for the usersto that during which the
users tried to access the database. For example, if the
users needed the access to the database during eight
hours a day, but the database was actually available
only for six hours, the availability coefficient is equal to
6/8 = 0.75 during an 8-hour period. A highly available
database system can be defined as a system accepting
users queries 24 hours a day with the availability coef-
ficient not less than 0.99 [47].

Hardware fault-tolerance is the basic factor ensur-
ing high data availability in parallel database systems
with alarge number of processor nodes. The hardware
fault-tolerance is meant to be the retention of the sys-
tem efficacy under single failures of hardware compo-
nents, such as a processor, memory module, disk, or
links [47]. In particular, a single failure of any device
must not result in the loss of the database integrity, to
say nothing of a physical loss of any part of the data-
base.

Load balancing. The balancing of the processor
load is one of the key problems in ensuring high effi-
ciency of the paralel query processing. The DBMS
should divide aquery into parallel agents and distribute
them among the processors to ensure uniform loading
of all processors. The problem of load balancing is
especially important in the case where partitioned par-
allelism is used [2]. The important factor affecting the
efficiency of the parallelization of relational operations
(especidly, join and sort operations) is the value of the
skew in datato be processed. It has been shown that, in
real databases, some values of a certain attribute occur
more frequently than others [48-50]. In particular,
Lynch [49] notes that the values of text attributes are
usually distributed in accordance with the Zipf law
[51]. Such non-uniformity is said to be the attribute
value skew [52]. Lakshmi and Yu [53] showed that, in
the presence of data skew, the speedup of the parallel
execution of the join operation may be extremely low
because of an overload of some processors and under-
load of others.

Interprocessor communications. If the partitioned
paralelism is used, the interprocessor communications
in paralel database systems can generate considerable
traffic [35]. Thisis explained by the fact that, upon par-
allel execution of the operation of joining two relations,
we have either to dynamically fragment anew the orig-
ina relations by the join attribute or to send the “alien”
tuplesfrom one processor node to another. Both actions
are associated with sending considerable amounts of
data through the communication network. Therefore,
the cost of the interprocessor exchanges may critically
affect the total system performance.
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Cache coherence. When a common disk pool is
shared by several processors, we face the so-called
cache coherence problem [17]. The essence of this
problem is as follows. After a transaction addresses a
disk page, theimage of this page remainsfor sometime
in the buffer associated with the given processor node.
Hence, one processor node may revoke changes made
by the other processor node. To avoid this, any time
when the disk page is accessed, we need to check
whether theimage of this pageis contained in the buffer
pools (caches) of other processor nodes and, if this
takes place, coordinate changes produced in the caches
of these processor nodes.

When the common operative memory is shared by
several processors, we encounter a similar problem
with the content of the processor cache memory [54].
True, inthelatter case, the problem isusually solved on
the hardware-microprogram level. In any case, the
ensuring of the cache coherence requires additional
overheads, which can be considerable in database sys-
tems[17].

Concurrency control. Another series problem for
database systemswith shared disksisthe support of the
global lock table [55]. The locking is one of the basic
methods used for ensuring ACID properties of the
transactions [56]. If different processor nodes work
concurrently with the same database objects, they must
have an access to the common (global) lock table. The
support of such global lock table in multiprocessor sys-
tems without shared memory can be associated with
great overheads [55].

4.2. Comparative Analysis of Architectures
of Parallel Database Systems

The comparative analysis of the SE, D, and SN
architectures was done by Stonebraker and can be
found in the classical work [7]. This analysis showed
that, from the standpoint of scal eable high-performance
database systems, the SN architecture is most prefera-
ble among these three architectures.

In this section, we compare four different architec-
tures of parallel database systems using the criteria
summarized in the table. These criteriafollow immedi-
ately from the requirements for parallel database sys-
tems formulated in Section 4.1 and are graded on a
four-point basis: 0 (“unsatisfactory”), 1 (“satisfac-
tory”), 2 (“good”), and 3 (“excellent”).

Scalability. The SN architecture is characterized by
the good scalahility (2 points). This is associated with
the fact that, in the case of many processor nodes, the
interprocessor communication network becomes a bot-
tleneck [8, 17]. The CD, CE, and CDN architectures
demonstrate better scalability (3 points) owing to the
fact that most of the communications occur inside the
clusters, thus unloading the intercluster network.

Data availability. The SN architecture is character-
ized again asagood one (2 points). Thisisexplained by
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the fact that the backup copiesin an SN system should
be partitioned to many nodes[57] in order that to make
the backup copy of afailed disk availablein the parallel
mode (otherwise, there may arise a serious disbalance
intheloading). The support of the coherence of the par-
titioned backup copies requires certain overheads asso-
ciated, first of al, with sending large amounts of data
through the communication network. The data avail-
ability inthe CE architectureisclassified as satisfactory
(1 point) because of the low hardware fault-tol erance of
the SE cluster. Indeed, the failure of practically any
hardware component of an SE system leads to the fail-
ure of the whole system [54]. The CD and CDN archi-
tectures demonstrate better data availability (3 points)
owing to the fact that al problems related to ensuring
high data availability can efficiently be solved at the
level of separate SD clusters[40].

Load balance for the SN architecture is a serious
problem, since the SN systems are very sensitive to the
data skew [53]. Therefore, the corresponding grade of
the SN architectureis 0. The hierarchical CE, CD, and
CDN architectures make it possible to get better load
balance since the load is balanced at two—intercluster
and intracluster—levels. The SD clusters are character-
ized by satisfactory load balancing owing to the fact
that all disks are available for all processors. Accord-
ingly, the CD and CDN architectures get 1 point. The
best load balance among the considered architecturesis
achieved in SE clusters, since, in addition to the disks,
the entire operative memory is available for al proces-
sors [35]. In accordance with this, the load balancing
for the CE architecture is estimated as good (2 points).
We do not give the CE architecture the highest grade
because the problem of balancing theload between sep-
arate clusters remains relevant for the CE systems.

Interprocessor communications. The high cost of
interprocessor communications is a weak point of the
SN architecture [7, 29] (0 points). The use of the CE
architecture makes it possible to considerably reduce
the overheads associated with the interprocessor com-
munications [34] since the interprocessor communica-
tions on the SE cluster level can efficiently be imple-
mented through shared memory. Therefore, in terms of
thiscriterion, the CE architecture gets 2 points. The CD
and CDN architectures are behind the CE architecture
in terms of this criterion; however, they may outper-
form the SN architecture, since, potentially, the intrac-
luster communications can be implemented more effi-
ciently than the intercluster communications [58, 59].
Accordingly, we give 1 point each to both CD and CDN
architecture.

Cache coherence is a serious problem for the CD
architecture, since, in an SD cluster, the same pages of
the shared disks are buffered in the private memory
modules (we give the lowest grade, 0 points). The CE
architecture is better than the CD architecture in terms
of this parameter, since the SE clusters use a common
buffer pool in the shared memory. However, the CE
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architecture is behind the SN architecture in terms of
this criterion since, in the SE clusters, it is required to
support data coherence in the private processor caches
[54]. Hence, the SE architecture getsonly 2 points. The
CDN architecture is free of this disadvantage since, on
the logical (program) level, it has no shared resources.
Therefore, the SN and CDN architectures get the high-
est grade (3 points).

Concurrency control. Another serious problem
inherent in the CD architecture isrelated to difficulties
associated with the organization of the database object
locking by the concurrent transactions accessing them.
In an SD cluster, it is required to support a copy of the
global lock table in each processor node, which may
reguire considerable overheads[55]. Therefore, the CD
architecture gets 0 points here aswell. The CE architec-
ture is, basically, free of this shortcoming, since the
only copy of the global lock table for the SE cluster is
stored in the shared operative memory (2 points). Inthe
SN systems, there is no need to support the global lock
table just because no resources are shared. Therefore,
the SN architectureisthe best in termsof this parameter
(3 points). The CDN architecture fully inherits thisfea-
ture from the SN architecture (also 3 points).

Conclusion. Based on the above analysis and taking
into account the sum of the grades for different criteria
shown in the table, we may conclude that the CD archi-
tecture in the pure form is not appropriate. The CE
architecture looks more attractive than the SN architec-
ture. However, if we take into account the entire collec-
tion of the requirements to parallel database systems
considered in Section 4.1, we can see that the CDN
architecture isthe best one. We used the CDN architec-
ture in the design of a prototype parallel database sys-
tem Omega based on the Russian multiprocessor com-
plex MBC-100/1000. Numerous experiments carried
out with this prototype substantiate the conclusions
made in this paper (see[40, 41]).

6. CONCLUSION

In this paper, we have introduced the notion of avir-
tual paralel database machine, which is an effective
tool in designing complex hybrid parallel database sys-
tems. Thistool makesit possibleto define different lev-
els of abstraction when designing system architecture.
The design stages represent a hierarchy of virtual
machines, such that each current machine implements
the previous one.

For the sake of classification and comparison of
architectures of modern parallel database systems, we
have analyzed the Stonebraker classification suggested
in the mid-1980s. This classification has been shown to
remain the most appropriate one for database systems,
however, it needs certain refinement and extension. In
this paper, we have refined and extended the Stone-
braker classification by way of using a virtual parallel
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database machine abstraction and introducing addi-
tional classes of hierarchical cluster architectures.

Further, we have formulated and considered basic
requirements to paralel database systems. Based on
these requirements and on the extended Stonebraker
classification, we have carried out comparative analysis
of modern architectures of parallel database systems.
This analysis has revealed that the hybrid CDN archi-
tecture, whose implementation is described in [40, 41],
has the best performance. The CDN architecture was
employed in the prototype paralel database system
Omega designed for the Russian multiprocessor com-
puting system MBC-100/1000. Experiments carried
out on the basis of the Omega system substantiate the
conclusions of this paper.

In terms of further studies, of most interest are the
following problems:

(1) Experimental studies of different cluster config-
urations in systems with the CDN architecture. It is
planned to develop a program that emulates the opera-
tion of a database system with the CDN architecture
and, using it, to carry out computational experimentson
studying efficiency of query paralelizing in the OLTP
and OLAP modes for various topologies of intracluster
interprocessor connections.

(2) Development of algorithms performing rela
tional operationsthat takeinto account specific features
of the CDN architecture in some optimal way.

(3) Development of methods for optimizing parallel
gueries designed for database systems with the CDN
architecture.
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