
Prototyping DIME, A Tightly Coupled 
Heterogeneous Distributed Database System 

Haengrae Cho* YOO Sung Kim+ Songchun Moon* 

* Dept. of Info. and Comm. Engineering 
Korea Advanced Institute of Science & Technology 

Dept. of Computer Science and Eng. 
INHA University 

207-43, Cheongryang, Seoul, Korea 

Abstract 

In this paper, we design and implement a prototypical het- 
erogeneous distributed database system, named DIME 
(Distributed Information Management). DIME has the 
following salient properties. First, DIME allows both 810- 
bat retrieval operations and global update operations where 
dzferent concurrency control schemes are used in dzfferent 
local database systems (LDBSs). Second, DIME imple- 
ments international standard protocols on the distributed 
transaction processing and the remote database access. 
Last, DIME pravides distribution transparency, and thus 
users can generate not only single site queries (including 
remote site queries) but also inter-site queries without con- 
sidering data distribution in LDBSs. 

1: Introduction 

A practical approach to constructing very large dis- 
tributed database systems is to integrate existing local 
database systems (LDBSs) into one global system, i.e., 
a federation. In case heterogeneity is involved, each 
LDBS may use different data model, database lan- 
guage, concurrency control, and/or recovery scheme. 
Therefore, a mapping (or composition) mechanism 
needs to be added to each LDBS in a heterogeneous 
distributed database system (HDDBS) [l-31. When 
the already existing LDBSs are integrated into a fed- 
eration, it is not desirable to modify the LDBSs for 
some practical reasons. In this respect, design auton- 
omy, in terms of the original design of data model and 
of whatever protocols that each LDBS has, must be 
preserved in HDDBSs. That is, maintaining design 
autonomy is a strong requirement for HDDBSs. 
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For the past two decades, a number of HDDBSs, 
such as MULTIBASE [9], Proteus [l], ADDS [2], and 
DATAPLEX [3], have been implemented. The major 
aim of previous HDDBSs is to resolve the heterogene- 
ities of local data models and local database lan- 
guages. However, those systems, except DATAPLEX, 
do not provide global update operations, automatic 
updating of data stored at a number of LDBSs. In 
those systems, updating data stored at different 
LDBSs is either impossible or allowed to execute only 
in a restricted manner as off-line updates. Further- 
more, all of the systems including DATWLEX cannot 
deal with the heterogeneity of local concurrency con- 
trol schemes (LCCSs). For example, DATAPLEX 
restricts the LCCS only to the two-phase locking. 

In this paper, we describe the design and imple- 
mentation of a tightly coupled HDDBS, named dis- 
tributed information management (DIME) in which 
heterogeneity among LCCSs exists but 100 percent of 
site autonomy is guaranteed. DIME has the following 
salient properties. 

Unlike the previous HDDBSs, DIME allows both 
global update operations and global retrieval oper- 
ations where different LCCSs are used in different 
LDBSs. This is achieved by a un$ed concuwency 
control scheme [7] which is developed by authors. 
DIME implements intemational standard proto- 
cols on the distributed transaction processing [6] 
and the remote database access [5]. With the stan- 
dards, DIME can alleviate the complexity of inte- 
grating different LDBSs. 
DIME provides distribution transparency to assist 
users access data. Users can generate both single 
site queries (including remote site query) and inter- 
site queries without considering data distribution 
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Figure 1: System architecture of DIME 

in LDBSs. This results from an efficient handling of 
the distributed catalogs. 

Because the main thrust of DIME is to support a 
global concurrency control scheme where the hetero- 
geneity of LCcSs exists, DIME does not consider het- 
erogeneities of local data models. DIME can only be 
applied to LDBSs each of which support relational 
data model with SQL interface. Furthermore, we 
assume that there are no data incompatibilities [17] 
between LDBSs. This results in simplifymg the 
schema integration procedures that are not main 
focuses of current version of DIME. 

The remainder of this paper is organized as fol- 
lows. In Section 2, we describe the system architecture 
of DIME. The global query processing of DIME is pre- 
sented in Section 3 and the distributed transaction 
processing of DIME is described in Section 4. In Sec- 
tion 5, we present a global concurrency control 
scheme where two-phase locking scheme and times- 
tamp ordering scheme are used as LCCSs. The exper- 
imental results of DIME are presented in Section 6. 
Finally, Section 7 concludes with a summary and a 
future plan of DIME. 

2: System architecture of DIME 

DIME is implemented on top of an LDBS called infor- 
mation management (IM) which is the relational 
DBMS developed in Korea by KAIST [lo]. DIME uses 

SQL for the global user interface since SQL is the 
intemational standard of a database language [ll]. To 
improve the extensibility of DIME, the communica- 
tion mechanism between LDBSs is implemented with 
IS0 standard protocol, such as the remote database 
access (RDA) [5] and the distributed transaction pro- 
cessing (OSITP')[6]. Figure 1 depicts the system archi- 
tecture of DIME. 
User application process ( U N )  parses a user query 

and decomposes the query into a set of subqueries. 
UAP also maintains a distributed catalog. With the dis- 
tributed catalog, UAP is able to generate the opti- 
mized execution plan of user query. The distributed 
catalog is regarded as a system database that contains 
location and type information of every data object 
stored in the distributed database. 

Distributed transaction process (DTP) acts the role of 
guaranteeing atomic commitment of global transac- 
tions. To guarantee the atomic commitment of global 
transactions, two-phase commitment protocol is 
implemented according to the OSITP protocol. In 
DIME, communication between LDBSs is accom- 
plished according to the RDA protocol. Since the 
RDA standard specifies the functionality of a data- 
base server within a distributed open systems envi- 
ronment and the communication services and 
protocols for accessing its capabilities, it is desirable 

1. As an abbreviation of the distributed transaction processing, we 
use not DTP but OSITl', which implies transaction processing on 
OSI. DTP will be used as an abbreviation of the disfribufed framm- 
tion ptocess that is a main component of DIME. 
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to adopt the RDA protocol as a communication mech- 
anism between LDBSs. 

Global transaction scheduler (GTSCH) checks 
whether the serializability can be preserved at its 
underlying LDBS. To check the serializability, GTSCH 
certifies every transaction submitted to each LDBS. 
By forcing every transaction to be executed in the 
same order at every LDBS, GTSCH guarantees the 
global serializability of HDDBS. To preserve the local 
site autonomy, GTSCH must be attached on top of 
each LDBS without modifymg the LDBS. To resolve 
the heterogeneity between LCCSs while guarantee- 
ing both global serializability and complete local site 
autonomy, a unified concurrency control scheme [7] is 
implemented. 

As an LDBS of DIME, we use IM. Since IM has been 

relname home creator effective construction of multiple versions of IM, 

SQL query 

1 

relid hostname status 

I Decompose query into subqueries I 

offset 

I . .  

Executesubquery, 

length relptr 

I . .  

SQL result 
Figure 2: Global query processing in DIME 

data objects stored in a database. Figure 3 represents 
the structure of the distributed catalog of DIME. 

we implement two versions of IM: one uses two- GLDB GLALIAS 

phase locking and the other uses timestamp ordering. -1 p+lpFl 
For each version of IM, other components (query pro- 
cess and data recovery manager) are same. Figure 3: The structure of a distributed catalog 

3: Global query processing 

UAP is an interface between users and DIME, and 
plays a role to analyze and optimize user's SQL que- 
ries. Users access the database by the unit of a global 
query. A global query may be a single site query 
(including a remote site query) or a inter-site join 
query. When the global query is an inter-site join 
query, it accesses a set of data items stored at several 
LDBSs. The global query in this case is decomposed 
into a set of subqueries each of which will be executed 
at one LDBS. Those subqueries are then transmitted 
and executed at the relevant LDBSs. Finally, the exe- 
cution results are retumed to the origin site in which 
the global query is invoked. The global query pro- 
cessing procedure is depicted in Figure 2. 

Decomposing a global query into a set of sub- 
queries requires a lot of inforrnation for optimizing its 
performance. A distributed catalog is regarded as a 
system database that contains the required informa- 
tion. In DIME, the distributed catalog maintains loca- 
tion map information and relationship information of 

In Figure 3, GLREL maintains the site information 
of global relations. In GLREL, the attribute home rep- 
resents the site in which the relation has been created, 
while the attribute hostname represents the site in 
which the relation is located currently. The attribute 
status implies that whether the relation is located in 
local site or remote site. GLATT maintains the 
attribute information of global relations. GLDB stores 
the location map information of global databases. 
GLALIAS stores the mapping information between 
the full name of a global relation and the alias name. 
In a distributed database system, each data object 
must have the system-wide unique name. To guaran- 
tee the uniqueness of naming in DIME, the site name 
in the computer network is attached to the original 
name of data object. For convenient referencing of 
data objects, the shortening alias name facility 
employed in R* [15] is also provided in DIME. 

Distributed catalogs can be allocated in many dif- 
ferent ways. Three basic alternatives are the central- 
ized catalogs, the fully replicated catalogs, and the 
partitioned catalogs [16]. In case of centralized cata- 
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logs, the total catalogs are stored exactly at a single 
central site, and thus it suffers from the communica- 
tion bottleneck and the system unreliability. In case of 
replicated catalogs, the total catalogs are replicated 
entirely at every site, and thus the cost of updating 
the catalog information must be very high. In case of 
partitioned catalogs, each site maintains its own cata- 
logs for data objects stored at that site, and thus the 
cost of querying the catalog information at a remote 
site must be high. 

In DIME, the distributed catalogs are allocated 
with a hybrid manner of fully replicated catalogs and 
partitioned catalogs. DIME partitions its component 
LDBSs to disjoint grmps according to their access pat- 
terns. Tightly interacting LDBSs are in a same group. 
A distributed catalog that contains information of its 
member LDBSs is fully replicated to the member 
LDBSs of the group. In order to locate the data objects 
on different groups, DIME uses a broadcasting mech- 
anism employed in partitioned catalogs [16]. This 
result in reducing the cost of updating the catalog 
information, because the catalog is replicated only to 
the member LDBSs. Furthermore, since inter-group 
data accesses are inherently rare, most of query oper- 
ations on the catalog can be performed without inter- 
site communication. 

Now we describe a schema integration procedure 
of DIME. The procedure is simple because every 
LDBS supports only a relational data model and there 
are no data incompatibilities between LDBSs. Every 
relation has unique name and its level of abstraction 
is similar. When a new LDBS tries to participate in 
DIME, the following two steps are performed. 

(1) A new distributed catalog that contains informa- 
tion of the new LDBS is created. 

(2) The contents of the distributed catalog are pub- 
lished to every member site of the group. The 
group information is provided by a database 
administrator. For every member site, its distrib- 
uted catalog is updated so that the catalog 
includes information of the new LDBS. After 
every member site updates its catalog, one of the 
member site (normally predefined) retums the 
resulting catalog to the original site. The original 
site can now update its distributed catalog. There- 
fore, every member site of a group can have the 
same distributed catalogs. 

4: Distributed transaction processing 

A transaction is an atomic unit of work and contains 
a sequence of queries. The transaction processing 
model of DIME follows OSITP model [6]. A transac- 
tion has four properties: atomicity, consistency, isola- 
tion, and durability. In order to meet the properties, 
OSITP protocol specifies the notion of a transaction 
tree, the two-phase commitment (2PC) protocol, and 
recovery mechanisms. However, in OSITP protocol, 
the mechanisms to assure compatibility of LCCSs are 
not specified. The only restriction of OSITP protocol 
on the LCCSs is that a global deadlock must be 
detected or avoided. Therefore, we develop a new 
global concurrency control scheme and extend OSITP 
protocol to cooperate the scheme. 

When a transaction is submitted to the UAP, DIME 
executes the following steps. The corresponding com- 
munication protocol is illustrated in Figure 4. 

(1) A transaction is submitted to the UAP and it is 
decomposed into a set of subtransactions accord- 
ing to the location map information of the distrib- 
uted catalog in the local site. The UAP submits the 
set of subtransactions to the DTP. 

(2) The DTP transfers each subtransaction to the site 
that stores data required by the subtransaction. In 
the site, a new DTP is generated to execute the 
subtransaction. Here, the DTP that sends the sub- 
transaction becomes the coordinator process and 
the recipient DTPs become participant processes. 

(3) To check if a subtransaction does not violate the 
global serializability at participant sites, each par- 
ticipant DTP sends the certification request for the 
subtransaction to the GTSCH. Only the subtrans- 
action that passes its certification is transmitted 
for execution at the underlying LDBS. The certifi- 
cation scheme will be described in Section 5.  
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(4) The execution results of each subtransaction are 
retumed to the coordinator DTP and are merged 
to generate the final SQL result. 

(5) If the subtransactions are aborted in step (3) or (4), 
the coordinator DTP is notified. The coordinator 
DTP then aborts the global transaction and its sub- 
transactions. Otherwise, the coordinator DTP and 
participant DTPs commit the global transaction in 
an atomic way with the standard 2PC protocol [6]. 

DTP is implemented with OSITP protocol and 
RDA protocol. In the OS1 reference model, both pro- 
tocols are classified into the application layer. So we 
implement them on the basis of “Application Layer 
Structure” [12], where the structure of application 
layer in OS1 reference model is specified. 

As an implementation environment of the DTP, we 
chose ISODE 7.0 (IS0 Development Environment: 
Release 7.0) [13], which is a public software for the 
developer of the OS1 standard protocols. Since ISODE 
implements the lower layers of OS1 reference model 
and facilitates developing the protocols of application 
layer, it is an essential component in developing dis- 
tributed applications like a distributed DBMS. 

In order to implement OSITP protocol and RDA 
protocol with ISODE, we must define OSITP and 
RDA services with ASN.l grammar [14]. ASN.l is the 
description language used to define a set of primitive 
data types and provides a facility to construct new 
elements with their own typing inherent in the struc- 
ture. For each service of RDA and OSITP, three kinds 
of objects must be defined with ASN.l grammar: 
arguments, results, and errors. ISODE reads the defi- 
nitions and produces the corresponding C-stubs and 
definitions for use with run-time environment. 

Once the descriptions of OSITP services and RDA 
services are compiled by ISODE, we must define pro- 
cessing rules for client and those for server. Process- 
ing rules for client include association establishment 
between client and server, operation invocation, asso- 
ciation release, and error handling. Processing rules 
for server include association management, operation 
response, and error handling. For each service, we 
implement the processing rules with the correspond- 
ing C-stubs generated by ISODE. 

Currently, DIME supports only a part of OSITP ser- 
vices and RDA services. The services supported in 
DIME are RDA dialogue management, RDA database 
language smice, and distributed transactions with two- 

phase commitment. With those services, DIME can pre- 
serve the atomicity of distributed transactions and 
execute queries on remote databases. While there are 
a few services which DIME does not support yet, we 
believe that the three services are the indispensable 
requirements of a distributed database system. The 
remaining services of OSITP and RDA are planned to 
be supported in the next version of DIME. 

5: Global concurrency control scheme 

In this section, we describe a basic idea of global con- 
currency control scheme that is developed by authors 
[7] and its implementation in DIME. Unlike the previ- 
ous concurrency control schemes, our scheme guar- 
antees local site autonomy while the global 
serializability is preserved in HDDBSs. Current ver- 
sion of the global concurrency control scheme allows 
two-phase locking scheme (2PL) and timestamp 
ordering scheme (TO) to be used as an LCCS. 

In our scheme, the pessimistic approach is used for 
concurrency control in HDDBSs. To correctly detect 
and resolve conflicts between transactions submitted 
to LDBSs, the agent of global concurrency controller is 
attached on top of each LDBS as a preprocessor of the 
LDBS. Not only global subtransactions but also local 
transactions are certified whether the transaction vio- 
lates the global serializability. The transactions sub- 
mitted to the agent of global concurrency controller 
are coordinated on the basis of LCCS of its underlying 
LDBS. That is, local transactions that are submitted to 
the LDBS in which 2PL (or TO) is used are scheduled 
by 2PL (or TO). The subtransaction of global transac- 
tion Gi is scheduled on the basis of LCCSs that is used 
at the following LDBSs: the LDBS to which Gi is sub- 
mitted and the LDBS in which the subtransaction is 
executed. Therefore, the indirect conflicts due to local 
transactions can be detected by the agent of each 
LDBS. The detailed descriptions of the global concur- 
rency control scheme including its correctness proof 
are shown in [A. 

Now we present the implementation of the global 
concurrency control in DIME. In DIME, the G X H  
corresponds to the agent of global concurrency con- 
troller. Since the GTSCH is implemented as a prepro- 
cessor on top of LDBSs and the communication 
between the DTP and the GTSCH is performed by the 
unit of an SQL statement, the physical address of datu 
object accessed by transactions cannot be known at the 
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GTSCH. Therefore, as the granularity of global con- 
currency control, we use the predicates of an SQL state- 
ment rather than the physical address of data object, 
like page ID and record ID. A predicate specifies the 
condition of data to be accessed. Among SQL state- 
ments, the SELECT statement is considered as a read 
operation. Other statements, like INSERT, DELETE, 
and UPDATE are considered as write operations. 

In the predicate locking [18], the logic expression of 
a given query is used as the lock granularity. In other 
words, rather than locking an individual object, a lock 
request can specify a subset of the database to which 
the lock applies. In general, a transaction, T, could 
issue a lock like the following: <TI [read-lock I 
write-lock], predicate>. Here the predicate is any 
WHERE clause from an SQL statement. Two predi- 
cate locks <t, lock-mode, p> and 4, lock-mode’, p’> 
are compatible if one of the following conditions holds: 
(1) t = t’, (2) both modes are READ, or (3) no object sat- 
isfies both predicates. 

The major problem of predicate locking is high 
execution cost of checking whether two logic expres- 
sions are conflict. Note that the overhead for checking 
conflict between two arbitrary logic expressions is 
known to be NP-complete. In DIME, we modify the 
original predicate locking so that the overhead for 
checking conflict becomes rather cheap. The basic 
idea is to restrict the degree of concurrency supported 
by GTSCH. Specifically, we append the following 
three rules to the original predicate locking. 

(Rule 1) If an expression includes a logic operator 
“or”, then it is conflict to others. 

(Rule 2) If there are no common attributes in two 
expressions, then they are conflict. 

(Rule 3) If an expression includes ”a op b” where a 
and b are attributes of relations and op is an arith- 
metic operator, such as ’<’, ’>’, ’=’, and so on, then 
it is conflict to others. 

With Rule 1, it is not required to scan lengthy 
expressions each of which includes a number of con- 
ditions connected by one or more ”or” operators. 
With Rule 2 and Rule 3, we can check compatibility of 
two expressions without accessing database to which 
the lock applies. 

The GTSCH maintains two levels of information: 
relation level and operation level. As relation-leuel 
information (RLI), the largest timestamp of committed 

transactions that had read and written the relation is 
maintained. RLI is used to check whether an incom- 
ing transaction obeys the timestamp ordering rule 
against committed transactions. As operation-leuel 
infomution (OLI), the timestamps of transactions and 
operation types (e.g. read or write) are maintained. 
OLIs are used to check whether the incoming transac- 
tion obeys the timestamp ordering rule or two-phase 
locking rule against active transactions. OLI of a 
transaction is upgraded to RLI when the transaction 
commits. 

A transaction is scheduled with the type and the 
timestamp of the transaction. The transaction has a 
locking-type when an LDBS to which the transaction is 
submitted uses 2PL. Otherwise, the transaction has 
timestutnping-type. When the GTSCH receives a trans- 
action that tries to access a relation, the GTSCH 
checks whether the transaction is allowed to be exe- 
cuted without violating global serializability, using 
RLI and OLI. This validation is performed by the fol- 
lowing steps. 

(1) If the type of incoming transaction coincides with 
the type of transactions that LCCS handles, the 
transaction is validated with the scheduling rule 
of LCCS as the following two substeps. 

(1.1) If the type of LCCS is of timestamp ordering, the 
incoming transaction is validated on the basis of 
TO rule with RLI to guarantee that the transaction 
does not violate the rule against committed trans- 
actions. The transaction that succeeds in the above 
validation is further validated on the basis of TO 
rule with OLI to guarantee that the transaction 
does not violate the rule against active transac- 
tions. 

(1.2) If the type of LCCS is of locking, the incoming 
transaction is validated on the basis of 2PL rule 
with the wound-wait protocol by using only OLI. 
So the transaction cannot be not involved in any 
deadlock with other active transactions. 

(2) If the type of incoming transaction is different 
from that of LCCS, the transaction is certified on 
the basis of both TO rule and 2PL rule with the 
wound-wait protocol. This certification is accom- 
plished by performing both 1.1 and 1.2 above. 

In DIME, to integrate existing LDBSs into a 
HDDBS, we only need to attach an GTSCH on top of 
each LDBS. That is, the heterogeneity between differ- 
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ability test is executed at the LDBS and it is termi- 
LQ 0.57s 1.26s 8.26s 

local transaction that has already committed. There- GQLA I 2.16s I 4.37s I 33.21s 

GQRA 2.27s 4.50s 35.48s 

6: Experimental results 

In this section, we describe some of the tests that have 
been completed along with what we have learned 
from these tests. These tests include three types of 
queries: local query (LQ), global query with local 
access only (GQLA), and global query with remote 
access (GQRA). The queries are performed on two 
SUN SPARC2 workstations connected through Ether- 
net protocols with lOMbps data transfer rate. Figure 5 
shows the contents of test databases and the experi- 
mental queries. 

This set of tests enables us to investigate the inter- 
process communication merkead and the distribution 
overhead of DIME. Table 1 shows the results of these 
tests with three sample relations, each of which has 20 
tuples, 200 tuples, and 2000 tuples, respectively. 

By comparing the performance of GQLA to that of 
LQ executed at local DBMS (IM), we can investigate 
the interprocess communication (IPC) overhead of 

( ~ p j o f  IM. That is, the query procissingsteps are 
duplicated on UAP and QP, and additional messages 
should be transferred between them. One possible 
solution to this disadvantage is to eliminate UAP and 
to extend the role of QP such that QP can execute glo- 
bal queries. Since QP executes every type of queries, 
query processing can be performed efficiently and 
message overhead can be reduced. This modified sys- 
tem architecture, however, suffers from poor extensi- 
bility, because the system architecture is strongly 
dependent on the local DBMS, IM. Note that one of 
the objectives of DIME is to implement an open archi- 
tectural distributed database system. This requires 
that the system architecture of DIME should be inde- 
pendent of local DBMS, even though there may be 
some performance degradation. So, we are currently 
developing an efficient implementation technique to 
reduce the performance degradation, while preserv- 
ing the system architecture of DIME. 

By comparing the performance of GQLA to that of 
GQRA, we can investigate the distribution overhead 
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of DIME. Table 1 shows the execution time of GQRA 
is longer than that of GQLA about five percent. This 
implies that the additional overhead of GQRA on 
GQLA is the networking overhead, and it is trivial 
when the data transfer rate of the network is high. 

7: Conclusions 

We have described the status of the DIME prototype. 
DIME is a heterogeneous distributed database system 
that supports a global SQL interface with distribution 
transparency, a global concurrency control scheme 
with full local site autonomy, and standard communi- 
cation protocols. All the features described in this 
paper have been implemented and are operational. 
Specifically, DIME has been in operation on SUN 
SPARC2 workstations under SUN operating systems 
4.1.x (a variant of UNIX) and IBM PC 486 machines 
under System V operating systems, connected 
through Ethemet protocols since February 1992. 

To include more functionality in DIME, we are 
now in the stage of including deadlock resolution 
scheme and recovery scheme. Furthermore, we have 
a plan to integrate commercial relational DBMSs, 
such as INGRES, ORACLE, and Informix, into DIME. 
We will then derive a product from the prototype. 
This calls for a complete evaluation of the prototype, 
its interface, its architecture, its specific algorithms, 
and the quality of code. This evaluation will be done 
on the functional side by writing a number of appli- 
cations using the system, and on the performance 
side by measuring and benchmarking it. Then we will 
rewrite whatever percentage of the code is necessary 
to build a robust and efficient prototype. 
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