E’"ZUfiCh ETH Library

The DASDBS Project

Objectives, experiences, and future prospects

Report

Author(s):
Schek, Hans-Joérg

Publication date:
1989

Permanent link:
https://doi.org/10.3929/ethz-a-000628393

Rights / license:
In Copyright - Non-Commercial Use Permitted

Originally published in:
ETH, Eidgenossische Technische Hochschule Zirich, Departement Informatik, Institut fur Informationssysteme 118

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.



https://doi.org/10.3929/ethz-a-000628393
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use

ETH

Eidgendssische Departement Informatik
Technische Hochschule Institut far
Zurich Informationssysteme

Hans J. Schek
H.-Bernhard Paul
Marc H.Scholl
Gerhard Weikum

November 1989

The DASDBS Project:
Objectives, Experiences,
and Future Prospects

Bidg. Tochn. Hochsehule Zirich
informatikbibtiothek
ETH-Sanirum

gy TR
OH-8088 Tirion

118

,/“7)4)?"‘7 :"h’ A



To appear in "IEEE on Trans-
actions on Knowledge and Data
Engineering" Vol. 2, No. 1,
March 1990, Special Issue on
Prototype Systems

Author's address:

Institut fir Informationssysteme
ETH-Zentrum

CH-8092 Ziirich, Switzerland

e-mail: </ast name>@inf.ethz.ch

H.-B. Paul is on leave from Mannesmann Kienzle GmbH, Villingen,
West Germany

The work reported here has mostly been carried out at the Technical
University of Darmstadt, West Germany

© 1989 Departement Informatik, ETH Zdrich



Abstract

This paper is a retrospective on the Darmstadt database system project, also known as
DASDBS. The project aimed at providing data management support for advanced applica-
tions such as geoscientific information systems and office automation. Similar to the dichoto-
my of RSS and RDS in System R, we pursued a layered architectural approach: A storage
management kernel serves as the lowest common denominator of the requirements of the
various application classes, and a family of application-oriented frontends provides semanti-
cally richer functions on top of the kernel.

Here we discuss the lessons that we learned from building the DASDBS system, particularly
the following issues: the role of nested relations, the experiences with using object buffers for
coupling the system with the programming-language environment, and the learning process
in implementing multi-level transactions.

1 Objectives, History, and Background

The story of the Darmstadt database system, also known as DASDBS, began in 1983, but
quite some influence came from the early AIM project [14, 56] which started in 1978, During
this period of time, advanced database applications such as computer-aided engineering,
geoscientific information systems, and office automation evolved and posed a tremendous
challenge to database system researchers and developers. Like many others, we were (andare
still) convinced that building additional functions on top of a conventional database system
was unlikely to provide the required performance and therefore not a viable solution. We
were thus highly motivated to build a new advanced database system from scratch.

We realized that building a monolithic next—generation DBMS was actually the wrong way to
go. Rather, because of the divergent requirements of the various classes of advanced applica-
tions, DASDBS was designed as a family of database systems that are tailored to individual
application classes. The idea was to obtain a customized DBMS by running an application—
specific frontend on top of a common kernel system. The kernel itself was meant to be the
lowest common denominator of the data management functions needed by a large variety of
application classes.

In early 1987, a complete (Pascal) prototype of the DASDBS kernel was running under the
IBM operating system VM/SP. Since that time, the kernel was ported to C/Unix, a number of
enhancements have been made to the kernel, and the focus of the project has gradually
shifted to the application-oriented frontends. Moreover, we have realized that building the
system was one important objective, learning how we should have built it was another equally
important objective. In this paper, we critically review our original design decisions and dis-
cuss the lessons that we have learned in the course of the project. Our retrospection covers
both what we consider as achievements and the unexpected pitfalls that we encountered. The
purpose of the discussion is to provide insights into what services a database kernel system
should provide, how they should be implemented, and how they should fit into the overall
architecture of a next generation data management environment.
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Fig.1: DASDBS Architecture

The remainder of the paper is organized as follows. Section 2 briefly discusses the architec-
ture of the DASDBS family and the two roles of the nested relational (NF2-) modell. In the
main part of the paper (Section 3), we review the design and key concepts of the DASDBS
kernel, namely complex-object support, set-orientation, and multi-level transaction man-
agement. Section 4 discusses experiences from developing a frontend to the kernel, namely
the need for extensibility. Preliminary performance results are presented in Section 5. Finally,
we conclude with an outlook on how the experience gained in the DASDBS project will influ-
ence ongoing and future projects.

2 Overall Architecture and the Role of Nested (NF2) Relations
2.1 Overall Architecture of DASDBS

DASDBS is designed as a family of database systems asshown in Figure 1. A storage manage-
ment kernel serves as the lowest common denominator of the requirements of the various
application classes, and a family ofapplication—oriented frontends provides semantically richer
functions on top of the kernel.

o The DASDBS kernel is a storage manager that provides only basic data management func-
tions. In particular, data independence, access optimization, and integrity checking are not
included. A simple but efficient query processing strategy and storage structures for NF2
relations are implemented in the kernel. Thus, the kernel is already a low-level platform
for building high-performance applications that would otherwise bypass a full-fledged
DBMS. In this sense, the kernel can also be viewed as an extended file system.

o An Application(-oriented) Object Manager (AOM) together with the kernel implements a
full-fledged DBMS tailored to an individual application class, such as business transac-
tions, geographical information systems, office automation, or expert system support. The
services provided in an AOM include an end-user and application programmer interface,

1 NF?# = Non-First-Normal-Form ... Relations with relation-valucd attributes (nested relations)



qQuery optimization, and access path management. For business applications based on flat
relations, the AOM corresponds to the RDS of System R. An application usinga DASDBS
system will typically interface to its AOM, not to the kernel. The data models offered by
distinct AOMs may be different from each other and from the NF2 model of the kernel.

The rest of Section 2 describes the two roles of nested relations in the DASDBS project. The
first role is that of an extensible “starter” data model used as a common backbone of the
DASDBS frontends. The second role is that of a formal description of the internal structures
managed by the DASDBS kernel, that is, the NF? mode! as the interface of the storage man-
ager. The main part of the paper (Section 3) will then concentrate on the implementation of
this kernel.

2.2 Nested Relations as a Starter Data Model for DASDBS Frontends

Based on our analysis of geographical applications [59] and office information systems [51]
we were faced the problem of identitying data models for both areas. Soon it became clear
that this would hardly be a single one for both. Instead of developing two specific models,
however, we followed the idea of an extensible “sturter” data model. The starter model would
contain the essential ingredients of semantic data models. Application-specific new concepts
could be added on demand (extensibility). As sketched in the following, we discovered thatan
extension of the NF? model allowing recursive schema definitions could play this role.

The vanilla NF2 model as defined in [57] deals with hierarchies. In the same way as the flat
relational model brings flat files up to a higher level of abstraction, the NF2 model does the
same for hierarchical files. It allows applying relational algebra to hierarchical data struc-
tures. This way, it combines the relational high-level operations with a richer data structure.
The advantage is that by the declarative style of operations we preserve the potential for
query optimization, even in the generalized setting of hierarchically nested data structures.
This is clearly an achievement. Considering the mapping of application objects to a data mod-
el, though, nested relations need the following enhancements:

e natural support for many-to-many relationships (shared subobjects) and recursive rela-
tionships,

e generalization (ISA-relationship) with inheritance,
e a means for extending the typically very limited, fixed set of primitive data types.

The absence of these have been inherited from the classical relational model, While the first
two aspects are essential constructs of semantic data modeling, the third one relates to inte-
grating two different type systems. Particularly, the integration between (geometric) applica-
tion objects represented in a programming language and their representation using the data
structures of the data model is usually not smooth enough. Moreover, no notion of complex
objects that is solely based on ERM extensions or nested relations or whatever semantic data
model would support geographic or geometric data adequately, simply because of the lack of
the “right” operations on the “right” data structures. Highly specialized data organizations
and algorithms have been developed in such applications. Basically, there are two ways out:



One is the simple formula “‘data model = application language”, that is, persistent program-
ming, the other one ~ which we follow — can be characterized as an extensible data model.

The extensible data model approach is based on a “starter” data model which can be ex-
tended by new types and operations. Extensibility issues are further discussed in Section 4.
Obviously the crucial question now was to identify the concepts to be included in the starter
model. Conceptual studies [35, 41, 52 showed some strong connections between nested rela-
tions and semantic data models and Al frames. Set-valued relationships between objects is a
common feature that can be modeled as subrelations. Unlike nested relations, however, these
models deal with many-to-many relationship in a symmetrical way. General network struc-
tures can be represented using recursive schema definitions. We extended the concept of
nested relations accordingly, such that the starter data model includes shared objects and re-
cursive relationships via recursively nested relations.

These allow application of the relational algebra even on network structures and not only on
hierarchies. For instance, the well-known supplier-parts, parts explosion scenario may be
modeled by the recursive object types PARTTYPE and SUPPLIERTYPE as follows:

type PARTTYPE = object type SUPPLIERTYPE = object
PNO: integer, SNO: integer,
DESCR: string, NAME: string,
WEIGHT: real, LOC: string,
SUBPARTS: set of PARTTYPE, PRODUCES: set of PARTTYPE,
SUPPLIED_BY: set of SUPPLIERTYPE end.
end.
class PARTS: set of PARTTYPE. class SUPPLIERS: set of SUPPLIERTYPE.

Notice that this definition covers both, a network-shaped relationship between parts and
suppliers (the sharing aspect) and a (directly) recursive type definition (parts-subparts). The
class PARTS can be viewed as a recursively nested relation, where for every PARTS “tuple” p
we find a “subrelation” SUBPARTS(p) comprising as subobjects all (direct) component parts
of p, and a second “subrelation” SUPPLIED_BY (p) containing the set of all suppliers pro-
ducing p. Using such a nested relational view of the object class we can easily apply nested
relational operations. Indeed, it turned out that we can use the retrieval operations of our
nested algebra (or any other nested relational language) with only minor changes 55, 58]. For
each particular query, we can dynamically choose the most appropriate hierarchical view:
query Q1 “sees” parts as a subrelation of suppliers, whereas query Q2 takes the opposite
view:

Ql=project [DESCR, project [NAME] (SUPPLIED_BY)] Q2= project [NAME, project [DESCR] (PRODUCES) |
( select [WEIGHT > 1000} (PARTS) ) (select [LOC ="Zurich’] (SUPPLIERS) )

For updates, we have to keep track of object sharing and thus need some additional function-
ality [63]. But still, the nested relational concept works for updates, too. We can, for instance,
modify a part by inserting a (new or preexisting) part as a component into the SUBPARTS
“subrelation” or delete parts based on conditions on their subparts.



Interestingly, the EXTRA model proposed in the Exodus project [9] seems to play a similar
role as a starter model; however, it contains explicit pointers as in the LauRel [34] proposal,in
order to avoid recursive schema definitions. For the treatment of generalizations in our start-
er model, the reader is referred to [63].

2.3 Nested Relations as a Data Model for Storage Structures

NF? relations as a formal description of storage structures were an important concept in the
DASDBS project. In this subsection we describe this role of nested relations.

Physical Database Design and Impacts on Optimization

We were strongly convinced that a new system should not only have a more powerful data
model at its interface to the applications, but also a clear and well understood interface to its
storage manager. The main motivation for using NF? relations as the storage-level “data
model” was on optimization: If both the conceptual and the internal model can be rigorously
described in a formal framework, it is possible to describe the mapping between them alge-
braically. This allows us to apply and generalize techniques of algebraic query optimization
towards the physical level. As indexes can also be described by NF2 structures, we hoped to
include access path selection in the framework of algebraic optimization. The NF2 model has
been extended to cope with addresses (stored object identifiers) and address materialization
was included in order to support direct access to stored objects given their addresses. It was,
shown in {17, 18, 62] that a large variety of known storage structures for physical database
design is encompassed by NF? data structures. Thus, using the NF2 model at the kernel level
was supposed to simplify the physical database design and the related problem of query trans-
formation and optimization.
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Fig. 2: NF2-Based Optimization

Figure 2 shows an example, where we reconsider the supplier—parts scenario introduced in
Section 2.2, which is now conceptually represented in flat relations. Assume that the transac-



tion load is such that a good physical design materializes the join between suppliers and parts
by storing SUPPLIERS as a subrelation of PARTS. Notice that this storage scheme introduces
redundancy so as to increase retrieval efficiency at the cost of extra overhead for updates.
Furthermore, we also incorporated a “link set” for the part-subpart relationship, that is, sub-
relation SP of PARTS contains the storage addresses of all direct subparts (we used the nota-
tion “@PART™ to denote addresses of PARTS—tuples). Such link sets (or pointer arrays) can
be viewed as a special version of join indices. The advantages in terms of execution costs for
certain queries, namely those involving the materialized joins, are obvious: in our example,
asking for supplier names and direct component parts’ descriptions of heavy parts, we have to
compute just one “join” internally instead of four on the conceptual level, The internal “join”
is particularly cheap since it just follows the addresses found in the “link set” by a direct access
operation (“...(PARTS@Addr_Set)...”).

The expectation that physical database design optimization is much simplified by the use of
the well-defined NF2 data structures and utilizing NF2 algebra for the description of the rela-
tionship between user-level data and storage-level data structures was not yet satisfied. Al-
though nested relations do in fact provide a uniform framework for the description of physical
design alternatives, the elegance of the NF? model has not (yet) contributed to an elegant
solution for the actual optimization problem, that is, choosing the best among these alterna-
tives. While a first prototype of a physical design optimizer is available [49], only a few heuris-
tics for the optimization problem could be exploited so far.

The idea of broadening the scope of algebraic query optimization was successful to a certain
extent: In concentrating on the special case of a relational frontend supported by the kernel,
that is, given the choice to hierarchically materialize frequent joins on the internal level, we
developed a theory for algebraic query optimization, that is, a set of transformation rules.
These rules enable the query optimizer to eliminate unnecessary joins [60]. A corresponding
prototype has been built as a testbed, but is not integrated with the DASDBS system.

The expectation that access path selection could be included into the algebraic optimization
step, too, has not been satisfied. Generally, in the case of redundant storage schemes — access
paths are a particular kind of redundancy - pure algebraic optimization, that is, techniques
involving no information on the state of the database, cannot succeed. An algebraic frame-
work for the description of possible execution strategies can be used if physical operators are
added. However, algebraic optimization heuristics like ordering of operations have to be
complemented with cost estimation for the alternative access plans, as in Starburst [39] or
Exodus [24].

Functionality of the DASDBS Kernel

The concept of using a formal model as the interface of the storage subsystem also guided the
choice of the operational part of the DASDBS kernel interface. The idea was to provide only
basic functions that do not incur much overhead, yet are powerful enough so that semantically
richer application-oriented functions could be implemented with only a few kernel calls.
What we had in mind was a storage system similar to the Research Storage System (RSS) of



System R. Unlike RSS, however, we wanted to support efficient access to complex objects,
and we strove for more flexibility with regard to index and transaction management. The solu-
tion that we finally came up with was to implement a subset of the nested relational algebra
within the kernel, and to exclude index management from the kernel.

The problem was to decide on the set of physical operators used to implement the operations
of the algebra. Following the dichotomy of RDS and RSS in System R or MVQP and OVQP
in Ingres, we planned to build only the simpler operations of the nested algebra into the ker-
nel. Complex operations were to be provided in the frontends, if needed in the specific appli-
cation class. While single-table vs. multi~table operations served as the coarse distinction
between RSS and RDS operations, nested relations required a more detailed analysis.

The notion of “single pass” queries was introduced in [54] to encompass all expressions of the
nested algebra that can be computed in a single hierarchical scan over the data (linear-time,
constant-space processible). The idea was to build these operations into the kernel to be
computed “on the fly” while scanning data. A detailed analysis of single pass queries is con-
tained in [61]. Roughly, we can use nested selections and nested projections, but not in all of
their possible combinations. Set comparisons have to be excluded from selections unless one
of the operands is a constant. While the Verso project even aimed at realizing such simple
operations in hardware [2], we considered them an appropriate set of low-level operations
for the kernel.

In the context of our investigations on building a (flat) relational frontend to the kernel, we
found another justification for exactly this class of kernel operations. If the flat relations at the
user interface of this frontend are mapped to storage structures using materialization of fre-
quently needed joins, any select—project-join query involving only materialized joins can be
mapped to one single pass expression [60].

An efficient evaluation strategy for single pass queries is implemented in the DASDBS kernel
[50,49]. The main objective here was to detect non-qualifying tuples as soon as possible. Due
to the nesting of conditions deep in the hierarchy, this was not a trivial task. The formal defini-
tion of the operator semantics and their algebraic properties, such as commutativity, helped
in designing the optimal evaluation strategy.

Forupdate operations, we took a more pragmatic approach. A nested relational language with
update capabilities includes a wide variety of combined update, insert, delete, and retrieval
functions [61]. For the kernel, retrieval operations inside update functions (*“Update ... where
...”") have been omitted, for they have to be executed in two steps anyway. Since access paths
are not managed within the kernel, we have to deliver (parts of) the updated tuples to the
frontend during updates to enable access path maintenance. Therefore, we can implement
such ‘descriptive update operations’ by two subsequent kernel operations without (much) loss
of performance [50].

As for index management, we assumed that no single access method would be suitable for all
application domains. Rather, a variety of customized techniques would be best suited in each
particular case. Thus, the “lowest common denominator” paradigm together with the need



for explicit control over address lists in the query processors of the frontends (in order to do
intersections or unions for combined predicates) motivated our decision for not building any
access paths into the kernel. Consequently, all indexes in DASDBS are secondary, that is, the
leaves of a B* tree contain address lists rather than the actual data items. Further anticipated
advantages of this architecture were the uniform treatment of all kinds of data throughout the
system: primary data and indexes are all handled by a single data manager, the kernel, in a
uniform format, as nested relational tuples. Transaction management on indexes would thus
be no different from the one on ‘primary’ data (see Section 3.4). Concerning the performance
of this solution, our argument was the following: I/O costs were considered to be the main
bottleneck. In terms of I/O costs, however, there is no difference between implementing a
B-tree node on a single page or as a complex record which fits into one page. There is one I/O
per node in both cases.

As a consequence of this decision, the kernel delivers addresses of stored objects on demand
and has the additional functionality of materializing references (following pointers). In fact,
any retrieval request can be accompanied by a set of addresses, thus restricting the set of in-
spected tuples to those addressed in that set. Update operations are always specified together
with such an address list. An example for the use of addresses in a sequence of kernel calls is
shown in Figure 2 above, where a join supported by a “link set”, that s, a subrelation contain-
ing addresses of related tuples, is computed by two kernel calls. The second call (step2)isa
direct access operation with the set of addresses (obtained in step 1) as its input.

The decision not to include access paths into the kernel has never come without second
thoughts. In fact, objections against a data manager without any indexing support, that s, with
a single storage method, have always been around and traded off against the expected bene-
fits. In retrospect, we are leaning towards integrating a number of access techniques as alter-
native storage structures into the kernel. To retain the flexibility with respect to evaluating
combined predicates, however, we would deliver addresses from indexes to the frontend upon
demand.

3 The DASDBS Kernel

3.1 Key Concepts and Overall Design

Because of the kernel’s central role in the architecture of the DASDBS family, it was clear
from the beginning that performance was very crucial. Our key concepts for achieving high
performance have been the following:

e complex-object support
e set-orientation
e multi-level transaction management

By complex—object support we mean that the kernel should have knowledge about the structur-
al aspects of complex objects, to allow physical clustering of related objects on disk. Because
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structurally related objects are often accessed together, structure-driven clustering can in-
deed improve disk I/O efficiency significantly. Complex objects directly serve as the physical
storage unit, rather than being decomposed into smaller units. In an application-oriented
frontend, we can therefore achieve any desired schema-driven clustering scheme by choosing
the appropriate nested relational schema as the kernel representation of complex objects
[62]. Such a storage scheme may, of course, be quite different from the structures seen at the
interface of the frontend.

Set-orientation was conceived as a complement to the concept of complex objects. As com-
plex objects are constituted by sets of subobjects, we anticipated a potential bottleneck in the
repeated invocation of certain services while iterating over such a set. To avoid this bottle-
neck, most functions in the DASDBS kernel deal with sets of objects at a time. The perform-
ance advantages that we expected were optimized data transfers, especially between disk and
memory [76], and a minimum amount of crossing interfaces during the processing of a set of
objects.

Advanced applications posed new challenges also in the area of transaction management. We
wanted to exploit the semantics of applications, so as to cope well with long-lived transactions
that access complex objects. Moreover, the architecture of the DASDBS family suggested
that transaction management should be provided already in the kernel, but should be extens-
ible in the application-oriented layers. By carefully studying details and tricks of conventional
high-performance transaction managers, we finally came up with a general framework thatis
known as multi-level transaction management or layered transactions [74, 6].

3.2 Complex-Object Support
3.2.1 Rationale

In DASDBS, physical clustering is expressed by defining the appropriate nested relations at
the kernel interface. Consequently, nested relational tuples have to be implemented as com-
plexrecords, as opposed to being decomposed into flat records and spread out over the disk.
The principal goal is to store a complex record as a linearized consecutive string preserving
the hierarchical structure (e.g., by adopting a depth-first order). This string (as soon as it is
larger than one page) is to be mapped to a minimum number of (ideally) contiguous disk
blocks, the storage cluster associated with the record. Our design of the storage layout of com-
plex records pursued the following key objectives:

e Accessto and manipulation of complexrecordsas a whole as well as any components thereof
has to be supported efficiently.

o The performance penalty on storing just ordinary flat tuples has to be negligible.

The first objective reflects the need for the kernel’sknowledge aboutstructured objects rather
than long containers, the second objective reflects our intention of providing a platform
suited for all kinds of applications, including traditional relational ones.

From these general guidelines we derived several consequences. Particularly, since complex
records may be of virtually unlimited size, we had to design flexible internal structures dealing
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with potentially long elements on all levels. In order to achieve the second objective, however,
only little interpretation overhead could be tolerated for the outermost level of the hierarchy.
Particularly, short tuples have to share pages. Special cases of substructures, like subrelations
with fixed-length subtuples, should be implemented efficiently in addition to the general, ful-
ly flexible case. For example, address lists or polygons of points could largely benefit from
such specialized high-performance implementations.

To attack the I/O bottleneck when retrieving complex objects from disk, the storage structure
had to support that the set of disk blocks constituting a storage cluster can be determined
efficiently, so as to allow exploiting the set-oriented 1/0 interface (see Section 3.3.2). If a
kernel request does not need all of a complex record, the relevant subset of the cluster pages
should be identified, so as to avoid unnecessary I/Os and buffer contention.

The addressing scheme for nested tuples had to provide references to the objects as a whole
and to any components or subsets of these. As usual, addresses should be stable with regard to
reorganization, In our case of large storage objects, this should be true forinter-object as well
as intra—object relocations. As physical contiguity of the cluster blocks may eventually be de-
stroyed by the dynamics of the database, the storage structure had to support cheap reorgani-
zation techniques for reestablishing this clustering.

3.2.2 Achievements

Our solution for the storage structures of complex records does indeed meet most of the de-
scribed requirements and provides disk efficiency [17, 18]. The key characteristics of the ker-
nel storage structures are illustrated in Figure 3. Each Storage Cluster is considered as its own
address space, that is, all intra-object references are relative to it. The first page of the storage
cluster, called the Root Page, includes the Page List, that is, a list of physical page numbers
constituting this address space. Thus, relocating some of the blocks of a cluster incurs minimal
reorganization overhead, for none of the internal references except the page list have to be
updated. Within each cluster, structural descriptions are separated from actual data. The
structural information is concentrated in an Object Directory at the beginning of the cluster,
that is, on the first page(s). An Object Directory mirrors the hierarchical structure of the
stored NF2 tuple, containing references to subtuples. In the example of Figure 3, these refer-
ences point to the atomic-attribute fragment of the NF? tuple X, to the subtuples X.1, X.2,
X.3, and to the subsubtuples X.2.1 and X.2.2 of subtuple X.2.

To retrieve the whole cluster from disk, we have to read in its root page, extract the page list,
and read in the rest of the cluster in a single set-oriented I/O. For operations needing only
parts of the complex record, the object directory and the query are used to compute the neces-
sary subset of cluster pages before issuing the second I/0 request. In either case, for huge
clusters an intermediate (set-oriented) I/O request may result from the page list (or the ob-
ject directory) not fitting into a single page.

The addressing scheme adopted for DASDBS is basically a hierarchical one. That is, address-
es of subobjects are obtained by concatenating a specific suffix to the parent object’s address.
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Fig. 3: Complex Object Clustering

Root objects are referenced using the well-known TID technique, thus achieving stability with
respect to intra— and inter-page relocation and fast access (1-2 1/Os). Components are ad-
dressed using an ordinal numbering scheme. For instance, a third-level subtuple address
might be (tid,i,j,k,l), referencing in the object addressed by tid the jth subtuple in the ith subre-
lation, and within this the /th subsubtuple of the kth subsubrelation. The name HITID (hierar-
chical TID) has been coined for this method, as the ordinal numbers are transformed into
intra~cluster pointers using the object directory. All intra-cluster pointers are in turn im-
plemented as TIDs, but with shorter page numbers relative to the cluster’s address space.

The advantage of a hierarchical addressing scheme is that subobject references include the
full path from the root object. Thus we can do smart address calculations in the case of indexes
on subobjects. For instance, consider a query such as “Are there any mathematiciansin the CS
department?”. Assuming an index on the profession attribute of the employee subrelation of
departments, we can determine all candidate department addresses using the “mathemati-
cian” entry of the index. All we have to do is to strip off the employee suffix of the addressesin
the list. Such capabilities would not be available in a direct addressing scheme where each
subobject hasits own, independent address. Moreover, if several subobjects referenced inan
address list share a common parent (or even path), we can “factor out” the prefixes and use a
nested relational representation of address sets. This looked particularly promising because
access paths in DASDBS are implemented on top of the kernel, such that we could in fact
implement address lists as nested subrelations.

On the other hand, the drawback of hierarchical addressing compared to direct addressing is
that 1) the complete path from the root has to be traversed in order to access the addressed
subobject, and 2) the length of an address depends on the level of the referenced object. We
tried to avoid the first disadvantage by the layout of the object structure, namely by concen-
trating the object directory on the root page(s), thus avoiding additional I/Os for the traversal.
The efficient manipulation of address lists becomes slightly more complicated if the address
length is not constant. However, addresses pointing to the same level in the hierarchy would
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still all have the same length. Generally, we expected the benefits of the additional address
manipulation features to outweigh this drawback.

3.2.3 Pitfalls and Lessons Learned

A general observation is that we underestimated the whole effort. Initially, we planned to
have a first “throw away” prototype of the kernel within rather short terms. However, it took
us much longer, such that many adhoc quick-and-dirty solutions turned into “features”, sim-
ply as time went by. The turnaround interval for the design-implementation cycle had be-
come too long as to quickly integrate new ideas or solutions into the running system. As a
result, nothing was really thrown away, rather only minor reimplementations have been car-
ried out.

As for performance, it turned out that the interpretation of the storage structures is more
expensive than expected. Our first implementation language was Pascal, which prevented us
from coding the internal structures into programming language constructs. For example, ar-
rays of pointers would have led to compiled code for the access to the referenced elements,
while our kernel code interprets all of these substructures. This is particularly costly, since it is
invoked in the innermost processing loop of all kernel operations. The lesson we had tolearn
is that while we concentrated on optimizing the 1/O efficiency of the kernel, we almost ig-
nored the CPU complexity of the kernel operations. While it may be true that I/O perform-
ance is most crucial for simple operations such as primary key access in a relational DBMS, in
a complex object database system computation costs are an important factor in the overall
efficiency.

The main implementation lesson is that whenever we had several alternatives, we implem-
ented the most general case first. This was not really a goal, it just turned out that way. For
instance, we first implemented the case of variable-length attributes, and so on. Of course,
such flexible structures incur more interpretation overhead than special cases. The special-
ized high—performance variants, however, are badly needed in order to provide efficient ma-
nipulation of address lists in access paths. Some of these important special cases have not
been implemented yet, including subrelations having only atomic attributes that are all of
fixed length. Especially this feature would have been useful for implementing access paths
with address lists as nested relations. In a way, frustration about the initial performance was
preprogrammed.

3.3 Set-Orientation and Buffering
3.3.1 Rationale

Set-orientation in the DASDBS architecture aimed at alleviating two sorts of performance
costs:

e Whenever object copying is inevitable between two layers of the system, it should be opti-
mized by batching together multiple related copy requests. For example, a polygon that is
composed of thousands of points should be copied in a single step rather than handling
each point separately.



e Whenever crossing an interface is relatively expensive compared to the amount of work that
is to be performed, the amount of interface~crossing should be minimized by making re-
quests set-oriented.

Performance problems with excessive interface~crossing encountered in building advanced
applications on top of conventional database systems were reported, for example, in [26] and
[27]. It was found that both the I/O costs of fetching a large complex object page by page and
the CPU costs of copying a large set of flat records that constitute a complex object from the
DBMS buffer into the application address space accounted for the disastrous performance.
Even conventional applications often have the need for set-oriented disk access or “bulk I/
0”, e.g., for sequential scans. In the context of complex objects, these problems are aggra-
vated.

Based on the above observations, we decided to provide set-orientation at three main inter-
faces of the DASDBS architecture, namely at the disk /O interface, at the page buffer inter-
face, and at the interface between the kernel and the application-oriented layer. Set—oriented
disk I/O aims at increasing the effective speed of the disk, by exploiting the physical clustering
of large objects, e.g., reading any number of pages that are located on the same track in a
single revolution of the disk. The set-orientation at the page buffer interface primarily serves
to pass set—oriented page requests to the /0 manager, but also to reduce the overhead in-
curred by the buffer manager’s fix and unfix routines.

At the kernel interface, the copying of complex objects was deemed unavoidable, because we
did not want to have a possibly large set of pages fixed in the global buffer pool for the unpre-
dictable duration of the processing in the application-oriented frontend. Note that similar
considerations, in the context of conventional applications, have led to two different fixing
policies in DB2 [10], namely to keep a page fixed during the processing of all records stored in
the page, or to fix and unfix the same page repeatedly when the buffer steal rate is high. We
introduced two sorts of buffers, as shown in Figure 4.

User 1 User 2

¥ Bl

Object
Buffers

Page Buffer

Fig.4: Global Page Buffer and User-Specific Object Buffers
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e The page buffer contains pages which are transferred between memory and disk. The page
buffer is usually memory-resident and shared among all “users”.

o Object buffers contain sets of complex records of a single relation. Object buffers are not
shared among “users” and live only temporarily. Another difference to the page buffer is
that object buffers are usually subject to virtual memory paging. Query results (or portions
thereof) are transferred into an object buffer. Then, the application-oriented algorithms
can process the retrieved objects without further interaction with the kernel. Insertions
and updates are performed first on the object buffer and propagated (back) to the kernel,
again in a set-oriented mode.

dbject buffers have also been suggested for improving the object hit ratio in memory (as op-
sosed to the page hit ratio) [31], and as data transport containers in a server—workstation
environment [32]. Furthermore, copying is often deemed necessary for protection, but this
did not really play a role in our considerations.

In the DASDBS project as well as in various other projects (e.g.[20,28,22]), copying complex
objects into an object buffer was desirable, to some extent, also for the purpose of object trans-
lation. This means that objects should be converted from their representation in disk pages
into a format that is more convenient for the application-oriented processing. For example,
page headers can be stripped off, and large regularly structured objects, such as matrices, that
reside in non—contiguous buffer pages can be moved to contiguous space 50 as to enable pro-
cessing the object like an array. In the case of complex objects that contain intra—object refer-
ences, object translation raises additional problems that are discussed in Section 3.3.3.

3.3.2 Page-Set-Orientation

Set-orientation has proven to be an extremely advantageous concept at the page buffer inter-
face and especially at the disk I/O interface. Our solution combines the following benefits:

e Large data requests can be performed in a single disk 1/0, thus saving disk arm seeks and
minimizing rotational delays. In addition, the CPU costs of setting up 1/0s and handling
their completion are largely reduced.

e In contrast to approaches that simply use bigger page sizes, there are no extra costs for
conventional single-page accesses.

o In contrast to approaches that use several page sizes, we do not have any fragmentation
problems in the still page-structured buffer pool, for the pages of a set of contiguous disk
pages need not necessarily be contiguous in memory. To achieve this advantage, the disk
controller or the I/O bus have to support “scatter/gather /0" . This property is offered by
many of the available controllers, but rarely exploited in most operating systems.

The only problem that we faced with regard to set-oriented /0 is that such a facility is not
provided already in the operating system, where it would naturally belong. Unfortunately, the
commercially prevalent operating systems do not make all the capabilities of their low-level
1/0 systems available at a reasonably high system~—call interface, such as the (block mode) file
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system. A fairly detailed description of our implementation of set-oriented disk access and
the results of a performance study are presented in [76]. A particularly interesting result is
that set—oriented I/0 not only improves disk throughput drastically, but wins also with regard
to disk access response time in multi-user mode.

Open issues that need further investigation are 1) how to handle set-oriented page buffer
requests that are satisfiable only partially in situations when the available memory is scarce,
and 2) finding the right balance of set-oriented single-disk 1/0 vs. parallel multi-disk 1/O,
that is, clustering vs. declustering [38].

3.3.3 Object-Set-Orientation

The set-orientation at the complex record interface has turned out to be a hard issue, and we
have not yet found a fully satisfying solution. The different approaches that we tried out are
discussed in this subsection.

Overall, our object buffer approach was conceived as a generalization of the concept of *‘por-
tals” that has been proposed in [66] as an enhanced way of coupling conventional, that is,
relational, database systems with the programming-language environment. Portals allow
fetching a set of tuples into a host~language variable of the type “‘array of record”. Thus, por-
tals preserve the set-orientation of the relational model much better than the tuple-at-a—
time logic of the SQL cursor concept. Unfortunately, none of the widely used programming
languages provides a type that can be used as the counterpart of a nested relational schema in
a similarly straightforward way. So what we basically did was to implement a new host-lan-
guage type “(nested) set of record”. Operations on this type include hierarchical navigation
functions for traversing complex objects, but we foresaw also a use of performing NF2algebra
operations against such in-memory objects. In addition, we wanted to implement the type
“set of record” in such a way that, in certain cases, compiled application(-oriented) code
could directly operate on the type representation rather than invoking object buffer func-
tions. For example, a polygon of points would ideally be processible as efficient as though it
were an array of fixed-length items.

Object Buffer Implementation

In the design of the object buffer implementation, we considered two fundamental sorts of
performance costs:

e On the one hand, the copying and translation of complex objects from the page buffer into
the object buffer (and vice versa) should be very efficient.

o On the other hand, we strove also for efficiency and ease of use with regard to the applica-
tion(-oriented) processing of the objects in an object buffer.

Investigating implementation alternatives of an object butfer basically amounted to trading
off these two performance goals. In the course of the DASDBS project, we implemented
three different object buffer formats. The properties of these formats are coarsely summa-
rized in Figure 5 and discussed in more detail in the following.
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Cost of Cost of Cost of Complled

Object Object Implementing Access to

Copying & Processing NF2 Algebra Arrays

Translation Operations on

Object Buffers
Heap-oriented high low high not supported
format
Bytestring high high high possible
format
Disk~orlented low high low not supported
format
Fig.5: Comparison of Alternative Object Buffer Formats

Heap—oriented format:

In this format, variable-length pointer-arrays are used for representing sets of objects,
that is, tuple-sets or subrelations. The referenced objects are tuples or subtuples, each of
which in turn contains the values of its atomic attributes and pointers (to pointer—arrays at
the next deeper nesting level) for the relation-valued attributes. All these structures are
dynamically allocated while an object buffer is being filled, and virtual memory addresses
are used as pointers.

The main advantage of this approach is that complex objects can be traversed very effi-
ciently, once they are in an object buffer.

The flip side of the coin is that moving objects between the page buffer and an object buffer
involves fairly high object translation costs. In addition, dynamically allocating many small
chunks of memory is quite expensive.

Bytestring format:

In this format, sets of complex objects are broken up into two components: 1) a data bytes-
tring containing all atomic attribute valuesin a linearized order derived from the hierarchi-
cal addresses of the involved tuples and subtuples, and 2) a descriptor bytestring that con-
tains all the structural information like lengths of atomic attribute values, cardinalities of
subrelations, and the offsets of certain substructures. The offsets are relative to the begin-
ning of the data bytestring, if they point to atomic attributes, or relative to the descriptor
bytestring if they point to length fields or subrelation descriptors. Because the amount of
memory that is needed for these bytestrings is not known until the object buffer is com-
pletely filled, both bytestrings are actually mapped to a small number of dynamically allo-
cated chunks of memory.

The main advantage of this approach is that the elements of a subrelation are stored con-
tiguously (without being interspersed with descriptor information), at least within each un-
derlying chunk of memory. So, in the important case of subrelations with fixed-length ele-
ments, such as vectors or matrices, the memory addresses of the elements can be computed
efficiently. If the policy for allocating memory chunks is smart enough to store an entire
subrelation contiguously (without wasting too much space), arrays can even be directly
processed by the compiled application(-oriented) code as though they were program-
ming-language variables.

The drawbacks of this format are again the object translation costs for moving objects be-
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tween the page buffer and an object buffer, and the fairly high costs of updating variable-
length objects in the object buffer. For example, inserting a new subtuple into a contigu-
ously stored subrelation may incur a lot of data movement.

o Disk—oriented format:
This third alternative for representing nested relations in memory is an attempt to avoid
the disadvantages of the two others. An object buffer is organized in pages, and complex
objects are mapped to these pages exactly like they are mapped to disk pages. Further-
more, the page size of an object buffer and the disk page size are the same.
This approach allows moving complete complex objects, that is, objects that have been re-
trieved without projections or have been created in the object buffer with defined values
for all attributes, between the page buffer and an object buffer with almost no interpreta-
tion. That is, the object translation costs are just the raw costs of byte copying in thisimpor-
tant case. Another advantage is that, as the formats of object buffers and the page buffer
are basically identical, the kernel’s query processor can operate on object buffers as well,
e.g., to further select objects from the result set of a previous query. In general, many Com-
plex Record Manager submodules are directly reusable for managing object buffers.
The drawback of this approach with only a single disk-oriented object format is that the
processing of objects in an object buffer is penalized quite a bit. Traversing a complex ob-
jectinvolves a lot of structure interpretation such as following the indirections of page—in-
dex slots.

In the course of the DASDBS project, our preference for one of these formats changed sever-
al times. The current implementation using the disk-oriented format has already been identi-
fied as a major bottleneck. We now favor the heap-oriented format over the other two for-
mats, for it provides by far the best performance with regard to object processing [80] (see
also Section 5.2). Areimplementation is near to completion. Nevertheless, the bottom line is
that bridging the gap between the programming-language-oriented application view of data
and the disk-oriented database-system view of data isstill a big unsolved problem. This issue
is further discussed in Section 4.

3.4 Multi-Level Transaction Management

3.4.1 Rationale

Our goals with regard to transaction management were twofold: On the one hand, we wanted
to provide the DASDBS kernel with an efficient full-fledged transaction manager, so that
higher application-oriented layers would not have to build their own transaction manage-
ment. On the other hand, we wanted to exploit the semantics of application—oriented opera-
tions so as to enhance concurrency, that is, allow higher layers to influence the transaction
management. Given these seemingly incompatible goals, we were faced with the following
questions: How can we build a layered transaction management architecture that deals with
multiple levels of abstraction? What is the correctness criterion for such an approach? What
kind of concurrency control should be provided in the kernel? In particular, what concurrency
control granularities should be supported? Would index locking be a performance killer,

19



since index management was not intended to be a kernel component? And finally, what kind
of crash recovery would the kernel have to provide so as to allow the application—oriented
layers to extend the kernel’s transaction facilities in a simple and modular way?

We initially addressed these questions by studying the details and tricks of various transaction
managers implemented in commercial systems {15, 78), especially those of SQL/DS, which s
the commercial version of System R. These systems hold “long locks” on tuples and index
keys to guarantee serializability; “short” page locks are acquired during the execution of an
RSS operation to make RSS operations appear as though they were indivisible actions [25].
Thus, RSS operations can be viewed as subtransactions that release their locks at their com-
pletion rather than passing them to their parent transaction as in a “conventional” nested
transaction approach [45]. Because low-level locks are released prematurely, that is, before
EOT, the name “open nested transaction” has been coined {70].

Being fascinated by the (largely unexploited) potential of the System R approach, we then
tried to cast its principal ideas in a general framework. We found ourselves extending the clas-
sical serializability theory, and finally came up with a theoretical foundation of multi-level
concurrency control [72] and a framework for designing and implementing layered transac-
tion management strategies [75, 74, 6] (see also the parallel work of [5] and [47]). Based on
the novel criterion of multi-level serializability, we developed a nested two-phase locking
protocol that is characterized by the following rules:

1. Assume a layered system with n levels, that is, layer interfaces L0, ..., L(n-1), in bottom-up
order. An Li action a performing an operation f on object x has to acquire an operation-
specific f mode lock on x before being executed.

2. This Li-specific lock is released at the end of the L(i + 1) (trans) action? to which a belongs,
together with all other Li locks acquired during the execution of .

As a consequence of such a multi-level locking protocol, transaction undo requires compen-
sating completed high-level (subtrans) actions by means of inverse actions. State~based undo
at the page level, e.g., recreating a transaction’s page before-images, is no longer feasible,
because low-level locks are released prematurely, that is, before EOT. In general, state-
based undo is not feasible even at higher levels if we want to enhance concurrency by allowing
commutative update operations on the same object, such as incrementing a counter. Both
transaction aborts and crash recovery have to take this into account.

3.4.2 Implementation

DASDBS transaction management is based on the developed multi-level transaction frame-
work. The kernel includes a 2-level transaction manager that handles the page level and the
level of complex record operations. In addition, a third level of concurrency control has been
implemented for the relational frontend layer. This third level provides a simple form of pred-
icate locking, namely for conjunctive predicates with atomic terms of the form < Attribute >
= <Value> or <Attribute> = <Don’t care>. So far, this predicate lock manager was
used only within a simulation testbed, whereas the two lower levels of transaction manage-
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ment are fully integrated into the kernel. Figure 6 shows the overall architecture of our 3-ley-
el transaction management.

Process 1 ¥ e o 0
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L2 Lock Manager L2 Lock Manager
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Fig.6: DASDBS Multi~-Level Transaction Management

We have chosen a process—per—transaction approach for embedding DASDBS into the un-
derlying operating system. Lock tables, log buffers, and the page buffer pool are located in
shared memory. For the L level, page locks and segment locks are managed in a vanilla hash
table. Asthe complex object layer deals with nested relations, a hierarchical locking scheme is
used for the L1 level. This allows us to lock variable granularities ranging from an entire rela-
tion to a single attribute, subrelations being a special case. The hierarchical addresses of com-
plexrecords are used as lock identifiers. For deadlock detection, the kernel employs an algo-
rithm for computing partial transitive closures [29].

For correctness reasons, our multi-level concurrency control approach requires a multi-level
algorithm also for recovery. To guarantee transaction persistence in the face of system
crashes, we have chosen to provide persistence of committed L1 actions, that is, complex re-
cord operations that belong to completed transactions, at the page level L.O. This property has
led to the name “Stable Memory Manager” (SMM) for the page layer of DASDBS, and is
achieved by logging page after—images. In fact, we have implemented the DB Cache Method
[21] as LO base recovery within the SMM. By writing after-image-sets atomically and em-
ploying an in-memory workspace concept, this method also guarantees atomicity of L1 (sub-
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trans) actions. In the latest version of the kernel, we have further enhanced this basic ap-
proach so as to preserve the L1 action atomicity without having to force after-images at the
end of each L1 (subtrans) action.

Animportant point of the L0 base recovery is that higher levels do not have to deal with redo.
Higher levels have to record only sufficient undo information so as to be able to roll back
incomplete (trans) actions of the next higher level. For example, the L1 log manager records
information on inverse L1 actions for rolling back incomplete L2 actions (which are the trans-
actions in the currently running 2-level scheme). Note that L1 action atomicity is a crucial
prerequisite for this sort of higher-level undo.

3.4.3 Achievements

According to Einstein, “nothing is more practical than a good theory”. We believe that the
multi—level transaction framework and its underlying theory provide guidelines for designing,
implementing, and analyzing practical methods.

The “Stable Memory” layer proved to be useful for higher layers. The fact that higher-level
recovery does not have to care about redo simplifies implementing transaction management
extensions on top of the kernel or even on the page-oriented base layer. The recently pub-
lished ARTES recovery method [44] employs a similar paradigm, called “repeating history”.
Notice that this implies that updates of loser transactions may be redone before they are even-
tually undone by means of “logical ”, that is, higher-level actions. In fact, the DASDBS multi-
level recovery approach was criticized because of this property. The similarity of ARTES and
our multi-level approach is particularly remarkable, as ARIES has been desi gned for use in
“industrial-grade” systems and therefore incorporates a lot of fine-tuning, whereas our ap-
proach aimed at reconciling acceptable performance with modularity and simplicity.

There is fairly large consensus that future operating systems will provide transaction manage-
ment facilities. We believe that the concept of a “Stable Memory Manager” would be a rea-
sonable candidate for integration into the OS. Even though OS transactions have been criti-
cized for their inherentinability to exploit semantic knowledge [65,33], we are convinced that
itis reasonable to use an OS transaction manager at least as the base layer of a multi-level
transaction architecture (see also [73]). Such a facility would support atomic and persistent
transactions as well as atomic actions, both appearing isolated from concurrent activities. It
seems that this would factor out the base services needed by all higher levels. The multi-level
transaction approach then is a way for exploiting the application semantics in the higher layers
where it is defined.

3.4.4 Pending Issues

An issue that still needs and deserves further investigation is how intelligently the multi-level
transaction approach can deal with index locks. In the following, we briefly discuss the 3-level
approach that we are pursuing for the relational frontend of the DASDBS family. Consider an
SQL-like operation such as INSERT INTO R (K =k, A=a, B=b) where Ris arelation witha
unique key attribute X and two further attributes A and B. Assume that there are indexes
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defined on both A and B. Then, the RSS of System R, for example, would lock the index en-
tries, that is, key/pointer-list pairs, for the attribute valuesa and b, and keep these locks until
EOT. Thus, a concurrent query such as SELECT * FROM R WHERE A=q AND B=}’
would be blocked even if b and b’ are different values. Further note that locks on the accessed
index pages are acquired during the RSS operation into which the INSERT is translated.

These page locks are released at the end of the INSERT, and are another source of potential
data contention.

Now let us see how the DASDBS approach performs in this example. Since the kernel does
not distinguish primary data objects vs. indexes, it would lock the kernel representation of the
involved index entries for @ and b. So in this regard, the kernel behaves pretty much like Sys-
tem R. However, from the kernel’s point of view, the insertion of the new tuple and the up-
dates of the two secondary indexes are three different operations which together constitute
the INSERT at the next higher level L2. In this situation, if we are able to extend the 2-level
transaction management of the kernel to a 3-level strategy and employ, at the additional L2
level, the simple form of predicate locking that we already implemented (see Section 3.4.2),
then our approach will indeed allow more concurrency than the System R method. The locks
on the index entries will be released at the end of the L2 INSERT operation, so that the above
mentioned concurrent query would be blocked only for the duration of the L2 INSERT. Ser-
ializability is still guaranteed by the L2 lock on the predicate A=ga and B =b. Finally, note that
the sketched 3-level locking protocol releases also L0 locks on index pages earlier than the
System R method, namely at the end of each single index operation.

3.4.5 Encountered Pitfalls and Solutions

The multi-level transaction approach gains enhanced concurrency at the cost of increased
overhead. In particular, we have dealt with or plan to deal with excessive log I/O, and the CPU
overhead of managing explicit subtransactions. In the following, we discuss our lessons on
these issues.

Log IO

Our original idea for implementing higher-level logging was to map log records through lay-
ers just like ordinary data objects. The advantage that we saw was that a high-level undo log
record could be written to disk together with the corresponding lower-level redo information
in a single atomic action, simply by including the writing of the high-level log record as an
additional operation in the subtransaction for which the log record was created. This ap-
proach would have simplified achieving the idempotence of higher-level undo actions, be-
cause an undo log record would be read during a warmstart only if the updates of the corre-
sponding subtransaction had actually reached stable storage. On the other hand, higher-level
logging that in turn invokes lower-level logging was almost certain to cause unnecessary disk
1/0. Because of this performance penalty, we dropped the idea rather soon, despite its appar-
ent elegance.

We then decided to write higher-level log records directly, using a separate log file for each
level (see Figure 6). The idempotence problem was solved by including the sequence numbers
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of the L1 (subtrans) actions in the corresponding higher-level log records. Since these se-
quence numbers are also stored in the L0 redo log, the recovery manager is able to determine
exactly which higher-level actions need to be compensated. In addition, by writing undo log
records for the inverse actions that are performed during a warmstart, the recovery manager
keeps track of the progress that is made. This basically means that undo actions are treated
like ordinary actions, so that undo actions may have to be undone in the case of repeated
failures. While this may not exactly be desirable from a performance point of view [44], itis a
correct recovery method and contributes to the simplicity of the warmstart procedure.

After having dropped the “layered logging” idea, the next trap we fell into was the approach
of making completed L1 (subtrans) actions immediately persistent. Our implementation of
the DB Cache method initially treated L1 (subtrans) actions, that is, kernel operations, as
though they were transactions. That is, the after-images of such a subtransaction were forced
to disk as soon as the subtransaction was completed. In addition, the higher-level undo log
buffer had to be flushed to disk, according to the WAL rule. So there were at least 2 (set-ori-
ented) I/0s for each kernel update operation, unless an additional feature like group commit
were incorporated.

The immediate persistence of L1 (subtrans) actions was intriguing to us as a simple basis for
adding intra-transaction savepoints, and it seemed to be unavoidable in our puristic view of a
strictly layered transaction architecture. Moreover, it seemed to fit well with the evolving
technology of safe RAM [12]. The main reason why we kept pursuing this approach, though,
was that the DB Cache method as our L base recovery ensured also the atomicity of L1 (sub-
trans) actions (which in turn is a prerequisite for the L1 undo) in a simple yet reasonably effi-
cient way. After ali, throughput figures that we obtained from simulation experiments clearly
indicated that the enhanced concurrency of a multi-level transaction approach is worth the
extra logging costs.

We finally re-addressed the problem of excessive log 1/0 by developing an improved multi-
level recovery algorithm in which the L1 (subtrans) actions are no longer made persistent im-
mediately. Rather the writing of the after-images of a subtransaction is deferred until the
EOT of the (top-level) transaction to which the subtransaction belongs, or until the atomicity
of an L1 (subtrans) action would be violated. A detailed description of this algorithm and a
discussion of its design rationale can be found in [77]. The improved algorithm is implem-
ented in the latest version of the DASDBS kernel; a performance evaluation is underway.

CPU Qverhead

While we are quite comfortable with our solution to the log I/O bottleneck, we have not yet
really addressed the CPU overhead of multi-level transactions. In addition to the necessary
bookkeeping for subtransactions, these CPU costs are mostly caused by the higher number of
lock requests and releases, compared to a single-level locking protocol. Of course, conven-
tional record locking suffers from this overhead, too, because of the necessary short-term
page locks for isolating record operations. As a performance enhancement for conventional
record locking, it is suggested in [44] that “latches” be used instead of “short locks” while a
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record operation accesses pages. The main differences are that latches are directly addres-
sable, e.g., as an additional entry in the page header, rather than being stored in a hash table
with dynamically allocated entries, and that latching does not check for deadlocks and disre-
gards the (unlikely) possibility of starvation.

Following the direction of “light-weight” subtransactions, we can easily adopt the idea of
storing lock control blocks in page headers. However, turning off deadlock detection for sub-
transactions cannot be so easily generalized to an advanced database system. Unlike conven-
tional record operations that usually access one data page and a number of index pages ina
well-defined order, complex operations on complex objects may access many pages, in a less
predictable order. Hence, the L1 (subtrans) actions are susceptible to page-level deadlocks,
so that simple latching is not feasible. We plan to investigate conditions for partially compil-
ing a multi-level locking protocol to a latch-based protocol.

4 Application-Oriented Frontends and the Need for Extensibility

4.1 Rationale

Extensibility considerations became important in the DASDBS project when we were con-
fronted with real-life spatial data from geosciences. These applications use a variety of differ-
ent kinds of lines, regions, or surfaces, and, orthogonal to it, many different discrete repre-
sentations of these continuous geometric objects exist. Supporting only basic primitives such
as points, point sets, or polygon lines was not considered to be a satisfactory solution, for we
wanted to avoid that every user of our system had to convert his favorite data structure and his
geometric representation into ours in order to get database service for his application. Rather
the system should take any geometric representation and store it into the database without
(much) conversion and interpretation. Vice versa, upon retrieval from the database, data
should be represented in the application format. We called this requirement the support for
externally defined types (EDTS) [79], to emphasize the combination of the type systems of the
application’s implementation language and the database kernel. For the DBMS, an EDT is
regarded as an abstract data type, only known by its functions. It is implemented outside the
DBMS with the type system of the programming language used in the application layer. Thus,
the DBMS has just the necessary knowledge, and the application retains its favorite data
structure.

Basic predicates like an intersection test between a geometric object and a rectangle can be
defined as EDT functions and make sense for any geometric kind and representation in two or
three dimensions, that is, they are generic functions. If the type-specific implementations of
these functions are available to the DBMS, any spatial index based on a rectangular subdivi-
sion of space could be used for all specific geometric representations. This very much corre-
sponds to the idea of making use of a standard B-tree index whenever a type is to be sup-
ported for which an ordering function is defined [68, 64].

So, two objectives for extensibility were dominant in DASDBS:
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e tight cooperation between DBMS and the application programming language (PL) via
EDTS, seamless integration of PL types into the DBMS via the object buffer, and

e usability of standard grid files or other spatial access methods for many sorts of geometric
objects.

While the second objective is a driving force also in other projects striving for extensibility
like Genesis [3, 4], Postgres [67], Starburst [36], and Exodus [8, 7], the first objective seemed
to have had less weight in these. We felt that the tight cooperation is equally important; Probe
[23, 43] and AIM [37] seem to attack this problem, too. Both objectives will be discussed in
more detail in the following.

4.2 EDT Support and Tight DBMS-PL Cooperation

The support of geographical objects demanded for a tight coupling of the application’s pro-
gramming language and the DBMS (attacking the “impedance mismatch” [13]). This fact is
reflected in our design considerations of the kernel’s object buffer (see Section 3.3.3). Imag-
ine a sparse matrix of which the nonzero elements together with their column numbers are
stored row by row as a variable-length bytestring for each row. This structure obviously sup-
ports the extraction of a single row by the DBMS. If the whole sparse matrix is required, the
object buffer should ideally provide the nonzero elementsina format that is directly usable by
standard equation solver routines without moving data. However, in this case additional off-
sets into the array of nonzero elements have to be generated in order to mark the beginnings
of each row. This example shows that some data types may require the derivation or conver-
sion of some stored data into an internal format but the bulk of data is kept unchanged. Con-
version, if necessary, is done by an “OUT” function, in the sense of [79].

4,3 Extensibility of Spatial Indexes

We followed two dimensions of index extensibility. One is the “‘storage structure extensibil-
ity” that is investigated more generally in [36]. We defined our Geo Access Manager insucha
way that any spatial access method can be linked to the system if it supports a rectangular
subdivision of space in two or three dimensions. However, unlike Starburst, we require such
an access method to be implemented on top of the kernel.

The second dimension of extensibility could be called “genericity of access methods” and
follows the direction in Postgres [64, 42]. The key to the genericity is the observation that we
do not depend on details of the geometric object. In order to store the object or a reference to
it into a page belonging to a cell, the only thing we need to know is the fact whether a cell
intersects a geometric object or not, that is, an EDT function TEST is needed here. If the
TEST result is positive, we store the reference to the object into that page in the case of an
address grid file, or the bytestring representation of the object in the case of a (clipping) ob-
ject grid file. This bytestring is produced by an EDT function CLIP. In either case, the page
capacity may be too small which makes it necessary to split the cell into two smaller subcells.
Consequently, the geometric objects of the original cell have to be TESTed to which sub-
cell(s) they belong. In the case of an address grid file, the reference to an object has to be
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inserted into one of the pages, or even into both, which may well happen in the case of ex-
tended geometric objects. In the case of the object grid file, the objects are CLIPped at the
subcells and the resulting byte portions are stored into the corresponding subcell pages.

4.4 Experiences and Lessons Learned

We have implemented an application-specific access manager for geometric types on top of
the kernel system, following the objectives described above [71, 80]. A generic address grid
file with a two-level directory is implemented on top of the kernel, and other spatial access
methods such as the R~tree and a clipping grid file are being integrated. The interface of this
extended kernel, shortly called geo—kernel, is used by the language processor which is being
developed at the University of Braunschweig [40].

So far, the concepts have successfully been implemented, and the first performance figures,
on real-life cadastrial data look promising (see Section 5.2). However, there are quite some
lessons we learned. The most important ones are the following:

o Need for kernel extensibility: Our original design of the kernel did not provide data type
support, because we wanted to keep it application-independent, whereas types are appli-
cation-dependent. For the basic types, the kernel performs comparisons on the basis of
bytes, following RSS in this aspect. Therefore, numeric data may have to be converted so as
to allow numeric comparison at the byte level. The decision for such rudimentary type sup-
port was a mistake. Since we aimed at introducing new user defined types (EDT5), we had
to provide a means for low-level filtering inside the kernel (on the byte level), to avoid
unnecessary data movement from the buffer pool to the application. Thus, basic EDT
functions for filtering in a selection have to be called. Furthermore, if the application
needs only a small piece of a geometric object, the kernel could easily apply the EDT func-
tion CLIP on the bytestring stored in the pages (while performing a projection). Conse-
quently, we redesigned our architecture and followed the overall architecture shown in
Figure 7. This approach allows invocation of some EDT functions right in the kernel.

Geo Access Manager ]

T
Common Spd Elle r
Methods B-Tree o I
Access EDTs
T Methods L]
T
r Kernel —_I EDTs

Fig.7: Extensible Geo-Kernel Architecture

e Limits of kernel extensibility: If a real conversion of data must be performed, that is, if a
non-trivial OUT function [79] must be applied before the EDT operation can be called,
this function will be called outside the kernel as the data have to be moved anyway. The
consequence is that data should be stored into the pages in such a way that the operations
can be applied without conversions.
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o Cost of EDT operations: If a clipping grid file is updated, the only rule for splittinga cell is
the byte count of the objects there. In view of a possibly expensive CLIP function, this must
not be the only rule. It may be cheaper to store an unclipped object into two pages and to
access two pages if the object is needed rather than to clip it simply because it does not fit
into a page. As we have strong support for accessing sets of pages within the kernel, this
may be justified further.

5 Preliminary Performance Evaluation

In this section we present preliminary performance figures of our system. In the first subsec-
tion we report on results on the kernel itself. The second subsection contains results on the
geo frontend. Finally, we present first experiences with the multi-user version of our system.

5.1 Complex Object Queries

First measurements with the DASDBS kernel indicated that I/O time is almost negligible
compared to CPU time even for medium-sized databases. Therefore, our experiments aimed
at identifying CPU intensive parts. The test database contains two relations, a nested and a
flat one, to analyze the overhead of complex structures. The nested relation stores papers
having the set of authors as a subrelation. The papers are nested according to categories. So
the schema of the nested relation is: Category(..., Paper(..., Author(...) } ). The flat relation
contains only the papers without categories or authors. That is, its schema is: Paper(...). The
database contains about 7,500 papers (in each of the relations) in about 2,000 categories (in
the nested relation). Each paper has two authors on the average.

We present the results of two queries, both performing a projection on the paper attributes,
that is, the complete tuples of the flat relation Paper and a nested projection of the nested
relation Category. Both queries are processed as a relation scan, no indices are used. The
difference between the queries is the selection condition: in the first query Q1, all papers pub-
lished since 1970 are in the result set, that is, all papers of the database are selected. The sec-
ond query Q2 has no results, as all papers are selected which are published before 1970. Thus,
comparing the two queries, allows analyzing the object buffer costs.

Figure 8 presents the execution costs (CPU time) of these two queries against the two rela-
tions, broken down into the main modules of the kernel, namely SMM: Stable Memory Man-
ager, OBM: Object Buffer Manager, and CRM: Complex Record Manager. The experiments
were run on a Sun 3/280 server with 16 MB main memory. The figures have been obtained by
the gprof utility of Unix. We present the figures of two object buffer implementations, namely
the disk—oriented (suffix“‘_d”) and the heap-oriented (suffix “_h"") formats. Queries Q1’and
Q2’ refer to the flat relation Paper.

It is obvious that most of the time is spent on interpreting the structures of complex re-
cords.The advantage of the disk-oriented format, namely copying complex objects from the
page butfer to the object buffer without object translation, was not utilized in this experiment.
As Figure 8 shows, the speedup by using the heap-oriented OBM was quite significant. The
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Fig.8: DASDBS Kernel Performance

results of Qi and Qi’ show that the overhead of nested structures is minimal. While the differ-
ence in the CRM part is marginal, the main difference is in the OBM part. The reason is that
filling an object buffer with Paper subtuples requires inserting a Category tuple first. If it turns
out that a category does not contain any papers satisfying the search predicate and hence the
Category itself is not included in the query result, then the Category tuple has to be removed
from the object buffer after all its subtuples are scanned. This property of our single-scan
query execution algorithm accounts for the OBM portion of query Q2.

5.2 Geo-Application Experiments

First evaluations of the extensible grid file used as a spatial index in the geo-kernel have been
carried out using in-window selections. The test data collection is a set of parcels, simple
non-overlapping polygons with 3 to 7 edges. Different DB sizes have been created with 7000,
22700, and 101000 objects covering areas of 25000 by 25000, 45000 by 45000, and 95000 by
95000 units in 1, 3.1, and 14.3 MBytes of external storage, respectively. The grid file index s
based on the bounding boxes of the objects. If such a box overlaps cell boundaries, references
are stored in each cell. The bucket size was 2 KBytes, the index sizes for the different data-
bases were 860, 2460 and 12360 KBytes. The retrieval results are the average of 550 queries
for each of four different window sizes. The query windows were randomly located in the data
space. Figure 9 shows the index search execution times (CPU in seconds). The average result
size is 4 points of a polygon, thus access to the actual data can be neglected, for very small
items are retrieved and direct access via addresses is performed.
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#tuples #ref's #buckets | Query 1 Query 2 Query 3 Query 4
matches 1 7 40 70
window 2x2 10 x 1000 £100 x | 2000 X
size 10000 2000
DB 1 7,000 10,600 430 0.25 0.33 0.82 1.20
DB 2 22,700 35,400 1,430 0.24 0.37 0.99 1.42
DB 3 101,000 161,000 6,280 0.27 0.47 1.63 2.59

Fig.9: Spatial Query Performance (in seconds)

Executing Query 1 as a relation scan against DB 1 required 13.8 seconds. Compared to this
figure, the performance of the Geo Access Manager is quite encouraging. In a real-life geo
database, the actual data size would be much larger than the index. This would make our re-
sults even better. An important information on the quality of the grid file as a clustering
method is the ratio of objects and references. If we stored real geometries in the cells instead
of bounding boxes, this ratio would indicate the number of calls of the EDT function CLIP.
Since this clipping factor is only about 1.5, that is, 50 percent of the geometries would have
been clipped, this poses no problem although the factor is slightly increased with the database
size.

5.3 Multi-User Throughput

To gain first insights into the kernel’s multi-user performance, we ran a toy version of debit/
credit transactions (only 250 accounts, no branch and teller totals) on a SUN-3/280 with disk
access over the local network. Disk 1/0 was performed remotely on purpose, in order to com-
pensate for the moderate MIPS rate, that is, to simulate a better ratio of CPU vs. disk per-
formance and to avoid getting into a CPU bottleneck too soon. We compared a page-ori-
ented single-level transaction management approach (that is, directing BOT and EOT
directly to the SMM) with the improved version of our 2-level transaction management. The
results that we obtained at a multiprogramming degree of 4 are summarized in Figure 10.

Through- | # Lock Req. | #l.ock Waits | Lock Wait | # Deadlocks | # Log I/Os
put per minute |per minute |Probability |per minute |per minute
[TAs/sec} |LO (L1 |LO (L1 |[LO |L1 |LO |LI
1-level TA Mgt. 229 4866 | — | 468 | — [0.096 | — 9% |— 154
2-level TA Mgt. 197 3288 |1946 | 33 | 24 |0.010]0.012| 0 2 | 147

Fig.10: Multi~user performance of the DASDBS kernel
The CPU was the throughput-limiting factor for both the single-level and the 2-level strate-
gy, so data contention was not really the bottleneck. This accounts for the disappointing
throughput of the 2-level strategy, for we have not yet paid sufficient attention to its CPU
overhead (see Section 3.4.5). It is interesting to note, though, that the 2-level strategy
achieved much better results with regard to the page lock wait probability (# L0 Lock Waits / #
L0 Lock Requests) and the frequency of deadlocks.

Note that the presented results are only initial figures, obtained from a rather unstable ver-
sion of our multi-level transaction manager. We are planning to port the DASDBS kernel to a
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Sequent Symmetry shared-memory multiprocessor and make a more serious attempt to
break the 2 TAs/sec mark. In addition, we think that debit/credit is too simple as a benchmark
(especially our toy version), and are looking into more complex applications that demand
high concurrency, such as electronic stock trading.

6. Future Prospects

Building a next-generation database system is, of course, a neverending project by definition.
While we are still in the process of further evaluating the DASDBS kernel and fully imple-
menting the planned application-oriented frontends, it is quite intriguing to design already
the next system architecture. The main directions that we would like to pursue towards better
application support and improved performance are the following:

e Nested relations in their pure form have successfully served as a model for storage struc-
tures. Encouraged by the strong similarities with nested relational concepts discovered in
our analysis of existing semantic data models and knowledge representation techniques
from Al, we pursue an evolutionary approach towards a richer data (or object) model that
is useful as a conceptual data model. Infact, many researchers working on descriptive lan-
guages for their OODB models realized that if they try to carry over relational operations,
they turn out to be more like nested relational than flat relational ones [30, 19, 9]. In a
recent project called COCOON (recursive acronym for COcoon...Complex-Object-
Orientation based on Nested relations), we are developing a new approach that incorpo-
rates recursive type definitions and thus the ability to model network structures [63]. The
emphasis in this project lies on extensibility (the idea of a “starter” data model as a com-
mon backbone of DASDBS frontends), query optimization, and physical database design.

e To further evaluate the kernel architecture, we are building a Document AOM, that is, the
application—specific frontend of an office information system [81], in a joint project with
Mannesmann Kienzle. The underlying office data model includes objects such as docu-
ments, folders, keywords, user-defined attributes, text, and file cabinets, as well as differ-
ent hierarchical and non-hierarchical relationships. We study different mappings of the
office objects to complex record structures in order to evaluate different physical designs.
Our office filing & retrieval system supports powerful retrieval operations on attributes
and document contents using signatures as a special access method {16]. Furthermore, we
are investigating the management of archives by optical disks. The next step will be extend-
ing the model and the system to capture hypermedia documents and providing suitable
operations on them.

e Ourobject buffer concept and the EDT support in the kernel are steps towards a smoother
coupling of application(-oriented) programs and database systems. As we see the necessity
for and the prevalence of highly tailored data structures and specific programming envi-
ronments in many application domains, we are not convinced that the persistent program-
ming language direction [1] with its “seamlessness” paradigm will become a viable solu-
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tion. After all, we will have to live with several programming languages (including
FORTRAN) for another 30 years. Variety persists forever.

Object copying and translation, especially pointer conversions, are a main source of unsat-
isfactory performance. One way of addressing this issue could be utilizing the emerging
concept of mapped files [69, 53]. This means that disk-resident data can be mapped direct-
ly into the virtual address space of the application. Such an approach has been pursued
successfully in the Bubba project [11], based on a single-level store architecture. On the
other hand, there is quite some controversy about whether large databases fit entirely into
a 32-bit address space, whether longer addresses are the right direction to go, and if a sing-
le-level store is feasible in a distributed system (e.g., [46]). This suggests that mapped ob-
jects should be provided as an optional feature.

Since the run-time interpretation of storage structures is one of the performance problems
in the current DASDBS kernel, we are considering if it is worthwhile to compile operations
on complex objects directly to the machine-instruction level (actually using C as an inter-
mediate target language). Such an approach would probably involve redesigning the un-
derlying storage structures so as to allow as much compile-time optimization as possible.
As an ultimate goal, one could envisage that schema information and knowledge of data
constraints could be exploited for generating object-specific code, e.g., code for retrieving
the set of employee numbers in a particular department. This basically aims at replacing
the generic kernel code by compiled (access) methods. In contrast, state—of-the-art rela-
tional database systems compile only to a level of RSS-like generic access operations.

Finally, we are thinking of better ways to benefit from recent and expected technological
advances. Like others, we plan to investigate the impact of large memory and disk—~arrays
[48] on the architecture of file systems and database systems. Moreover, with the advent of
shared-memory multi-processors, hardly anybody can ignore the big issue of parallelism.
It is interesting to note that the multi-level transaction approach already includes all the
necessary synchronization mechanism for intra-transaction parallelism. This is because
low-level subtransactions are treated uniformly, regardless of whether two subtransaction
belong to the same transaction or to different ones. We plan to take multi-level transac-
tions as one of several building blocks for future work on parallelism.
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