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Abstract

Motivation: The development of laboratory information
management systems (LIMSs) for large scale biology re-
search projects can be a challenging problem. Many such
projects generate complex datasets via complex pro-
cedures that undergo continuous refinement. A key soft-
ware challenge is to simplify the database-development
task so that databases can be built and modified quickly
enough to keep pace with changing project-requirements.
Results: LabBase extends the facilities offered by relational
database systems to simplify the task of creating databases
for large scale biology research projects. LabBase provides
a structural object data model, similar to ACEDB, and adds
to this the concepts of Materials, Steps, and States: Materials
are objects representing the identifiable things that partici-
pate in a laboratory protocol; Steps are objects reporting the
results of a laboratory or analytical procedure; and States
are objects denoting places in a laboratory protocol. The
system provides a data definition language for succinctly
defining laboratory databases, and operations for conveni-
ently storing and retrieving data in such databases. The
system also provides support for workflow management.
LabBase is implemented in Perl5 and provides a natural
interface for laboratory application programs written in
Perl.
Availability: The software is freely available. Contact the
authors.
Contact: nat@jax.org

Introduction

The requirements for laboratory databases vary considerably
from project to project (Kerlavage et al., 1993, 1995; Clark
et al., 1994; Sargent et al., 1996). The most basic role of a
laboratory database is to store the data and analyses gener-
ated in the course of the project; such datasets vary over a
wide range of difficulty, from simple lists of independent ob-
servations to highly interdependent networks of complex ob-

jects. Many projects also use databases to monitor the prog-
ress of work flowing through the project, a task often called
sample tracking when simple and workflow management
when complex; laboratory processes may be as simple as a
single procedure or as complex as an arbitrary flowchart with
branch-points and cycles, and the difficulty of the data man-
agement task varies concomitantly. Another consideration is
the rate of change of the laboratory process and the impact
of such change on the database software; some projects are
stable and change little over their lifetimes, while others un-
dergo continuous change as laboratory personnel refine old
techniques, invent new ones, and incorporate methods devel-
oped elsewhere in the ongoing struggle to remain competi-
tive. Operational factors relating to database size, the volume
of update and retrieval activity, availability, security, and
multi-user access shape the requirements further.

No single technology can satisfy this full range of require-
ments. In simple cases, a spreadsheet running on a personal
computer (or even a laboratory notebook) may suffice. For
projects that are more complex, the appropriate technology
depends on which aspects are most pressing: projects with
stringent operational requirements will tend toward robust
commercial technology, such as relational databases (Date,
1995); projects with complex datasets may prefer ACEDB
(Durbin and Mieg, 1991), OPM (Chen and Markowitz,
1995), or commercial object-oriented databases (Cattell,
1994); projects involving complex, multi-step processes
may favor workflow management systems (WfMC, 1996);
projects facing rapid change should focus on approaches that
enable rapid software development. For projects that are
highly complex along multiple dimensions, there may be no
good choice, and the development effort will be challenging.
At the extreme of complexity along all dimensions, technical
feasibility may be in doubt.

LabBase addresses a constellation of requirements that we
have seen in large scale projects at the Whitehead Institute
Center for Genome Research and elsewhere. These projects
are complex along three dimensions. First, they give rise to
complex datasets. Second, the laboratory processes are com-
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plex, and workflow management is an essential aspect of the
problem. Third, and perhaps most striking, these projects ex-
perience a very rapid rate of change; these projects seek to be
world leaders in the rapidly moving field of genomics, a
position that can only be sustained through constant innova-
tion. On the other hand, these projects have modest oper-
ational requirements: the databases are not too big; database
activity is moderate; it is not a disaster for the system to crash
occasionally; security is not a major concern.

The key challenge in this environment is to simplify the
database-development task so that databases can be built and
modified quickly enough to keep pace with changing pro-
ject-requirements. As a general rule, complexity and change
are opposing forces. To construct a complex system takes
time and effort. As requirements change, the system be-
comes ill-suited to the demands of the project, and to bring
the system in line with the new requirements yet more time
and effort must be expended. If requirements change too
quickly, the software will constantly lag and never serve the
project effectively. In extreme cases, the system may be ob-
solete before it is finished.

LabBase attacks this challenge by implementing generic
mechanisms that solve certain fundamental problems of lab-
oratory data management and that can be quickly customized
for the specific purpose at hand. The system provides a data
definition language for succinctly defining laboratory data-
bases, and operations for conveniently storing and retrieving
data in such databases. LabBase provides support for work-
flow management and is designed to work with the LabFlow
workflow management system (Goodman et al., 1998).

The software described in this article is the latest in a series
of systems we have built to tackle these problems (Goodman
et al., 1994; Stein et al., 1994a, b; Rozen et al., 1995). We and
our colleagues have used the predecessor systems in genetic
and physical mapping of mouse (Dietrich et al., 1996;
WICGR, 1997a), genetic mapping of rat (Steen, 1997),
physical mapping of human (Hudson et al., 1995), and ge-
nomic sequencing of human and mouse (WICGR, 1997b).
The current system is just now entering service.

LabBase is implemented in Perl5 (Stein, 1996; Wall et al.,
1996) on top of commercial relational database systems. The
system is designed to be conveniently used by Perl5 pro-
grams. The software is freely available and redistributable
(see http://goodman.jax.org for details). The system was first
developed for Sybase (McGoveran and Date, 1992), then
ported to ORACLE (Date and White, 1991). (As we write
this, the ORACLE version has atrophied, but it could be re-
suscitated with little effort.) Previous incarnations of our
software were implemented on ObjectStore (Lamb et al.,
1991), an object-oriented database system.

This article presents a detailed look at the design and im-
plementation of LabBase. Section 2 defines the LabBase
data model, and Section 3 describes the implementation.

LabBase is research software and is incomplete in many
ways. As we go, we will endeavor to point out the major
areas that need further work. A longer version of this paper
with further detail, and a LabBase Reference Manual can be
found on the authors’ Web site (http://goodman/jax.org/).

LabBase Data Model

Overview

Logically, the data model has two layers. The bottom layer
offers a structural object model similar to ACEDB (Durbin
and Mieg, 1991), OPM (Chen and Markowitz, 1995), lore
(McHugh et al., 1997), UnQL (Buneman et al., 1996), and
many other systems; this layer supports complex data, but is
not specific to laboratory databases per se. On top of this,
LabBase adds the concepts of Materials, Steps, and States
that are tailored for laboratory data management. Materials
are objects that represent the identifiable things that partici-
pate in a laboratory protocol, such as clones and sequences.
Steps are objects reporting the results of a laboratory or ana-
lytical procedure, such as sequencing a clone, or running
BLAST (Altschul et al., 1990) on a sequence. States are ob-
jects that represent places in a laboratory protocol, e.g. ‘ready
for sequencing’ or ‘ready for BLAST analysis’. We use the
term Object (upper-case) to refer to an object which is not a
Material, Step, or State.

LabBase provides built-in support for two relationships
among Materials, Steps, and States that lie at the core of
many laboratory databases. One is a relationship connecting
Steps to the Materials upon which they operate. When a Step
is stored in the database, LabBase automatically links the
Step to its operand Materials in a chronological history and
provides a means to access Step-specific data directly from
these Materials; for example, one can retrieve a clone’s se-
quence or a sequence’s BLAST analysis by querying the Ma-
terials that were affected by the sequencing or BLAST analy-
sis Steps. The second built-in relationship connects Materials
to States. When a Material is created, LabBase provides a
means to place the Material in an initial State; then as Steps
operating on the Material are created, the system provides a
means to move the Material to the appropriate next State
thereby tracking its progress through the protocol. Both of
these relationships are many-to-many.

It would be useful to extend the system to handle common-
ly occurring relationships involving Materials. There are
many situations in which one Material is derived from
another (e.g. when a sequence is derived from a clone), or
when a set of Materials are grouped together to form a new
Material (e.g. when a set of samples are arrayed in a plate or
on a chip). Part/whole relationships are common also. It
would be useful for the system to ‘understand’ such relation-
ships as much as it currently understands history and state
relationships.



N.Goodman et al.

564

LabBase is far from a full object-oriented database system
(Cattell, 1994). It lacks, among things, support for inherit-
ance or class hierarchies in any general sense, and database
support for methods (i.e. functions) applied to objects. In
practice, these limitations haven’t yet presented major hin-
drances to the design of working laboratory management
systems.

Data structures

A LabBase object is a collection of named fields. The values
that may be stored in fields are drawn from a small universe
of defined data types which includes

� booleans, numbers (integers and floats), and time-
stamps,

� strings, nucleic acid sequences (nt_sequences) and pro-
tein sequences (aa_sequences) of arbitrary length,

� strings of limited length (short_strings), up to 255 char-
acters in the current implementation,

� sub-objects (called structs),
� lists,
� pointers to other objects (object-references).

Objects, Materials, and Steps may not be used as values of
fields, although references to them may be used. Figure 1
illustrates the schema of an example LabBase database.

Every LabBase object has a unique internal object-ident-
ifier used by the system to locate objects in the database and
to connect objects together. A LabBase object is essentially
a hierarchical record which is ‘object-like’ in that it has a
unique identifier. A LabBase object may also have an exter-
nal object-identifier which is visible to a program using the
database. An external object-identifier is similar to a primary
key in a relational database. LabBase notes the time each ob-
ject was created and who did the creation and stores this in-
formation in special fields of the object.

LabBase objects are strongly typed: the system knows the
type of every object, the fields that may appear in the object,
and the data types of the values that may be stored in each
field. Since Perl is non-typed, LabBase consults the database
schema to check the type of an object when a Perl program
creates or updates an object in the database.

A field may be mandatory or optional for a given type of
object or struct. Mandatory means the field must be present
with a non-NULL value in all objects or structs of the type;
optional means the field may be omitted or have a NULL
value in some objects or structs. A field whose value is
NULL is equivalent in all respects to a field which is omitted
from the object or struct.

Field names are global. This means if several types of ob-
jects or structs contain fields with the same field name, the
fields must have the same type throughout. (Though, it may
be mandatory in some types of objects or structs and optional
in others.) This is unlike most relational databases, where

Fig. 1. Example LabBase Schema. This figure shows the definitions
of two types of Objects (person  and zip ), two types of Materials,
(library  and clone ), and three types of Steps (pick_clone,
read_seq, and blast_seq ). A person Object has fields
-id, name, address, and dependents . As explained in
the text, -id  is a special field that hold an object’s external object
identifier. The other fields are defined in the subsequent lines of the
figure: name is a struct (sub-object) with fields first,
middle , and last; address  is a struct with fields street
and zip; dependents is a list of persons , i.e. a list of
references to person  Objects; first, middle, last , and
street are strings; when used as a field, zip  is a reference to a
zip  Object, whose definition follows.

column-names are local to each table. LabBase adopts this
unusual property to support the ability to access Step data via
Materials as mentioned in the preceding section.

Fields are single-valued, meaning that each field contains
a single value of its allowed type (or perhaps no value if the
field is optional). This is in contrast to the multi-valued fields
of ACEDB. Lists may be used to emulate multi-valued
fields.

Certain fields are pre-defined and used by the system for
special purposes. In all cases, system-defined tags are pre-
fixed by ‘-’. The built-in fields are listed below. Note that
some of these are virtual fields computed by the software on
demand.

� -database_id . Contains the object’s internal ob-
ject-identifier.

� -id.  Contains the object’s external object-identifier if
the object-type has such.

� -kind.  Contains the object’s type.
� -who . Contains the object’s creator.
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� -when.  Contains the object’s creation time.
� -history_list . For Materials only, contains a list

of all Steps that have operated on the Material.
� -state_list . For Materials only, contains a list of

all States in which the Material currently resides.

A struct is a sub-object that exists as part of a surrounding
‘top-level’ object. Like the objects we have already dis-
cussed, a struct is a collection of named fields. A struct may
only exist as the value of a field in an object or other struct,
or as an element of a list (which itself may only exist as the
value of a field or an element of a list). It is not possible to
store an object-reference to a struct as the value of a field; this
ensures that the only way to access a struct is via its enclosing
top-level object, and that the structure of an object is acyclic.
Like an object, a struct has -database_id  and -kind
fields, but it does not have -id , -when , or -who  fields.

A list is an ordered collection of elements. Lists are homo-
genous, meaning that all elements of a list must be of the
same type. The only exception are history-lists, which may
contain multiple types of Steps. Lists may be defined over
any data types that may appear as values of fields (i.e.
everything except Objects, Materials, and Steps, although
one may define lists of references to such elements). A list
may contain NULL elements. A list may only exist as the
value of a field in an object or struct or as an element of
another list.

A State is a LabBase object which can be used to store status
information associated with a Material, most typically to track
the progress of a Material through a laboratory process. A State
is, in most respects, an ordinary LabBase object. LabBase pro-
vides a predefined object-type, called -state , and a State is
simply an object which is an instance of that type.

Materials and Steps are objects with some additional prop-
erties. First, they participate in the special Material/Step and Ma-
terial/State relationships described in the previous section. Sec-
ond, various LabBase operations have special behavior, de-
scribed in the next section, when applied to these elements.
Third, a Material is required to have an external object-identifier
represented (as for all objects) by a -id  tag.

Technically, Object, Material, and Step are type constructors,
not types. One uses these constructs to define types of objects,
such as ‘clone’. Having done so, one can then create actual ob-
jects (instances) of the types, e.g. an object representing a spe-
cific clone. While we say colloquially, ‘a clone is a Material’, it
is more precise to say, ‘a clone-object is an instance of the clone-
object-type, and that the clone-object-type is a type of Material’.
By contrast, a State is an actual object.

The database schema contains the information known to
LabBase about basic and constructed data types. For each
type of object or struct, the schema tells the name of the type,
the names of the fields that may appear in objects or structs
of this type, whether the field is optional or mandatory, and

whether the type has an external object-identifier (in which
case, it is mandatory and unique, meaning that all objects of
the type must have unique, non-NULL identifiers). For each
field, the schema also tells the data type of the values that
may be stored in that field. LabBase stores the schema in the
database as a collection of LabBase objects in much the same
way as a relational database stores its schema (or catalog) in
system-tables. A data definition language is provided for
users to define schemas. The data definition language is illus-
trated in Figure 1.

It is natural to draw a LabBase object as a data structure
diagram (directed graph), as in Figure 2, with one node repre-
senting the ‘top-level’ of the object and additional nodes for
each struct and list (recursively) contained in the object, and
with edges indicating which elements directly contain which
others. We have already noted, but wish to restate for empha-
sis, that LabBase objects are strictly hierarchical. This means
that the diagram of any individual LabBase object is always
a tree. We can depict a network of objects by using other
edges (drawn as dashed lines in the figure) to represent ob-
ject-references. Networks of objects may, of course, be
cyclic, as illustrated in the figure.

Operations

LabBase supports a ‘fetch-and-store’ database interface (Or-
fali et al., 1996), also known as a ‘two-level store’, similar
to most relational databases. Objects must be explicitly
stored in the database to create them and explicitly fetched
from the database to retrieve an up-to-date copy. Updates to
an object must also be explicitly stored back in the database.

LabBase provides the following operations to manipulate
objects:

� put creates objects (i.e. ‘puts’ them in the database).
� get retrieves entire objects or selected fields from

objects satisfying a condition; get can retrieve entire
structs and lists, but cannot retrieve selected fields from
a struct nor selected elements from a list.

� count returns the number of objects satisfying a
condition.

� delete  removes from the database a set of objects
satisfying a condition.

� update  changes the values of selected fields in a set
of objects identified by their object-identifiers; this
operation can also be applied to structs.

� set_states  changes the States of one or more
Materials.

The ‘conditions’ that can be specified in these operations are
far simpler than in many databases: an operation can manipu-
late all objects of a given type, or all Materials of a given type
in a given State, or a single object denoted by its internal or
external object-identifier; set_states  can also operate on



N.Goodman et al.

566

Fig. 2. Data Structure Diagram. This diagram shows three person  Objects and two zip  Objects.

all Materials in a given State. Beyond these conditions, there
is no general query mechanism that allows one to manipulate
the objects based on arbitrary fields. Previous versions of Lab-
Base supported a general query mechanism based on datalog
(Ullman, 1988; Ramakrishnan and Ullman, 1995); we have
not carried this forward to the current version, but rather ex-
pect programmers to code complex data retrievals directly in
Perl5. If this proves unworkable, we may implement a more
traditional query facility in a future release.

When retrieving Materials, the get  operation treats all
user-defined fields of all Steps on the Material’s history as
virtual fields of the Material itself and allows these fields to
be retrieved exactly as if they were real fields of the Material.
Figure 3 illustrates this phenomenon. Note that fields of the
same name may appear in many Steps, and may even appear
in the Material itself. By default, get retrieves the most-re-
cent instance of the field. Since field names are global, we are
assured that all instances of the field have the same type, thus
preserving the strong typing of the retrieved object. In gen-
eral, different fields for the same Material will get their most-
recent values from different objects. In addition, when oper-
ating on Materials, get  can retrieve two other virtual fields
maintained by the system: the list of all Steps that have oper-
ated on the Material (called its history-list), and the list of all
States in which the Material currently resides (called its
state-list).

When retrieving Materials, get  can move each Material
to a new State. This is a convenient way to indicate that the
Materials are actively being processed by the client program
and to avoid anomalies that can result from two program pro-
cessing the same Material at the same time; this technique is
sometimes called ‘application-level locking’.

When creating Materials, put  can place each Material into
one or more initial States.

When creating Steps, put  can be provided with a list of
associated Materials. The system links the Step to each asso-
ciated Material in a chronological history, and can be in-
structed to move each Material from one State to another

A key issue with delete  is referential integrity, viz. what
to do with references pointing to the deleted object. Our ap-
proach is simple: instead of tracking down all references to
the deleted object, LabBase never re-uses an object-identifier
and guarantees that any attempt to follow a reference to a
deleted object will yield NULL. The main consequence is
that programmers must be aware that an object-reference re-
trieved from the database may be ‘stale’, and that an attempt
to get  the referent object may yield an empty result.

Every LabBase operation executes as an atomic transac-
tion. For applications requiring more control over transac-
tion boundaries, the system provides the ability to execute a
block of code, generally involving many LabBase oper-
ations, as a single transaction.

LabBase implementation

Data structures

The implementation includes a small number of built-in
tables which are independent of the particular LabBase
schema, and a generally larger number of tables whose exist-
ence and definition are driven by the LabBase schema. Fig-
ure 4 illustrates the representation of an example database.
There are also a handful of low level ‘utility tables’, e.g. to
generate unique database-ids in Sybase, which we shall not
discuss further.
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Fig. 3. Database Illustrating Access of Step-data via Materials. This figure extends the schema of Figure 1 with an additional Step, import_seq.
The intent is read_seq and import_seq are two different ways of obtaining the sequence of a clone. The figure illustrates four clone Materials and
their history-lists. In all cases, a get operation that retrieves the sequence field of a clone will retrieve the sequence data from the last (i.e. most recent)
read_seq or import_seq Step in the clone’s history-list. The program doing the get does not have to know which type of Step this is.

Given a LabBase schema, we create a relational table for
each type of object and struct defined in the schema; we call
these type-tables. The name of the type-table is the same as
the name of the type. The type-table contains a -data-
base_id  column which contains its internal identifier and
is the primary key of the table. An index is always created on
this column. If the object has a -id  field (external database
identifier), the type-table includes a column of the same
name, and an index is created on this column. For each other
field in the object or struct, the type-table will contain one or
more columns depending on the data type of the field (see
discussion below). For types that can be represented as a
single column, the column name is the same as the field
name. For types requiring multiple columns, the column
names are generated by adding suitable one-letter suffixes to
the field name.

In addition to the type-tables, there is a single table, called
-object , which stores the -who , -when,  and -kind
fields for all objects (not structs). This table also has a
-database_id  column which is its primary key and
which links the rows of -object  with their correspondents
in the type-tables. The -kind information is redundant in
most cases, because of LabBase’s strong typing; it is only
used when retrieving the Steps contained on a Material’s his-
tory-list. This table is not truly necessary. It would work just
as well to store -who and -when  in the type-table for each
object, and to push the type information into the -history
table (see below). The current design is more normalized
hence better by conventional criteria. We have some concern
that -object will prove to be a concurrency hot spot; if

experience bears this out, the suggested denormalizations are
the clear solution.

We considered the option of generating synthetic names for
type-tables and columns rather than using the names as given
in the LabBase schema. The advantage of our current ap-
proach is that the relational schema is reasonably intelligible.
The disadvantage is that names used in LabBase schemas
must conform to constraints imposed by the relational data-
base; in particular, names are limited to about 32 characters
and may not contain white space or punctuation. On balance,
it would probably be better to switch to synthetic names.

Lists are represented by rows in a table called -list.
Each row in -list  represents one list element. To tie the
elements of a given list together, the table includes a column
which contains an identifier for the list, and another column
which indicates the ordinal position of each element in the
list. Since lists can be defined over any data type, the table
contains columns for each different data type. We discuss the
representation of the types below. In any given row, most of
these columns are NULL.

We felt it important to optimize the case of lists containing
a single element. We expect that some applications will use
lists to emulate multi-valued fields in the style of ACEDB.
In this setting, most fields are defined as ‘multi-valued’ (in-
deed, this is the default in ACEDB), although in most data
instances, most fields contain a single value. In our terminol-
ogy, this means that most fields will contain lists of one el-
ement. To handle this case efficiently, we store the first list
element in the enclosing table, and resort to the -list  table
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Fig. 4. Implementation of Objects from Figure 2. This figure illustrates the database representation of three person  and two zip  objects from
Figure 2. The -list  table contains additional columns, depicted by …, for other data types not used in the example. The -string  table
is omitted since none of the strings in the example are long enough to overflow there. For string-valued fields, the column with suffix ‘0’ hold
the first portion of the string, and the column without the suffix holds a link to the rest; these are all NULL in the example. For list-valued fields,
the column without the suffix holds the first element of the list, and the column with suffix ‘L’ holds a link to the rest.

only for subsequent elements. There are some exceptions to
this general rule discussed later in the section.

Strings pose a complication in the design. In standard rela-
tional databases, the basic string data types, char and varchar,
are limited to a maximum of 255 characters. Most relational
database products support data types for longer strings, e.g.
TEXT or BLOB, but different products impose different re-
strictions on these types, and in some products, there is con-
siderable overhead in using these mechanisms.

For these reasons, we initially chose to implement strings
in a list-like manner. In this initial implementation, we repre-
sented a string by rows in a -string  table. Each row of this
table contained a substring of up to 255 characters. To tie the

substrings of a given string together, the table included a col-
umn which contained an identifier for the string, and another
column which indicated the ordinal position of each sub-
string in the whole. As with lists, we optimized the (very
common) case of strings shorter than 255 characters by stor-
ing the first substring in the enclosing table.

Experience quickly showed that this representation was
dreadfully slow for strings greater than about 1000 char-
acters, a case which arises frequently in projects dealing with
genomic sequences or full-length cDNAs. We soon changed
the implementation so that the -string  table contains
seven varchar columns, each capable of holding 255 char-
acters, plus one TEXT field capable of storing an arbitrary
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number of characters. The choice of seven varchar columns
was driven by limitations on the maximum row size imposed
by the underlying database system. As in the first design, we
optimized short strings by storing the first 255 characters in
the enclosing table. This design provides three tiers of effi-
ciency: short strings (up to 255 characters) are most efficient,
because the entire string is stored in the enclosing table;
strings containing 256–2040 characters are somewhat less
efficient, because some characters are stored in varchar fields
of the -string  table; long strings (more than 2040 char-
acters) are least efficient, because they use the heavyweight
TEXT mechanism.

One final annoyance in the string implementation is that
varchar and TEXT fields truncate tailing white space! Since
we spread a single LabBase string across multiple varchar
fields, white space in the middle of a LabBase string can
coincidentally land on the end of a varchar. To consider an
extreme case: given a string containing an ‘a’ followed by
2039 spaces, then a ‘b’, the varchar implementation would
collapse the entire string to ‘ab’! Our solution is to use binary
instead of character data types: viz. varbinary instead of var-
char, and IMAGE instead of TEXT. Even this is imperfect,
because binary data types truncate trailing binary 0’s. Still,
it works well enough for our purposes.

The row representing an object or struct must be linked to
the rows representing the structs, lists, and strings contained
therein. We have chosen as a general design principle to
orient links ‘downward’, so that each type-table contains
identifiers pointing to its constituents. The alternative design,
in which links point upward is possible as well. The advan-
tage of the downward choice is that we can tell when a link
is NULL without having to access the table representing the
constituent; this is an important benefit since we expect many
such links to be NULL, especially for strings and lists.

The two built-in relationships that LabBase supports over
Materials, States, and Steps are each implemented by a
linking table in the usual way. We have a table called
-state_rel  with two columns, one containing internal
identifiers of Materials and the other containing internal
identifiers of States. A row in this table indicates that a given
Material is in a given State. We have a similar table called
-history with one column containing internal identifiers
of Materials and a second containing internal identifiers of
Steps. A row in this table indicates that a given Material is
associated with a given Step. The -history table does
not directly represent the chronological order of the history-
list; to sort the history, one must join -history  with -ob-
ject  to get the -when field of each Step.

To support access to Step-data via Materials, we store
Step-data redundantly in a table called -transpose.
Each row of -transpose  contains a field-name, the value
of the field and the internal identifier of the Step from whence
this information comes. The name ‘-transpose’  reflects

the fact that this table is a transposed representation of the
data contained in a Step; in a ‘normal’ representation, the
columns of the type-table represent the fields of the Step,
while in this ‘transposed’ representation, the rows represent
the fields. Since fields can take values from any data type,
this table (like -list ) contains columns for each different
data type. In any given row, most of these columns are
NULL.

As we have seen, there are several situations in which a
row must contain a representation of one or more LabBase
data types. In particular, each row of -list  must contain the
representation of a list element, each row of -transpose
must contain the representation of a fields’s value, and each
row of each type-table must contain the representations for
all of its fields’ values. We use the same scheme to represent
data types in all these situations.

Most data types can be naturally represented as a single
column. These include boolean, integer, float, timestamp,
short_string, object-reference, and struct. The first several
are obvious. An object-reference is represented by the inter-
nal identifier of the referent object; there is no need to store
the type of the referent object, because LabBase is strongly
typed and the software can infer the type from the schema.
For structs, the body of the struct is stored in its own type-
table; the enclosing table merely stores an internal identifier
pointing to the struct; again, there is no need to store the type
of the struct since this can be inferred from the schema.

Strings require two columns: one is a varbinary (255) that
contains the first (up to) 255 characters of the string; the other
contains an identifier pointing to the rest of the string in the
-string  table. In many cases, the second column is
NULL. The nt_sequence and aa_sequence data types use the
string implementation.

For lists, the enclosing table contains one or two columns
to represent the first element of the list, plus an additional
column that contains an identifier pointing to the rest of the
list in the -list  table. In particular, a list of strings requires
three columns: one for the first 255 characters of the first
element of the list, a second for the remaining characters of
the first element of the list, and a third for the rest of the list.
Lists of lists are an exception to the general rule, because in
a deeply nested list, the first element is itself a list of lists. (For
example in a list of lists of integers, the first element is a list
of integers.) We felt it unwarranted to invest effort in handl-
ing this special case efficiently, and we simply store all el-
ements in the -list  table. Lists of structs containing two or
more elements are also an exception: in this case we store all
elements in -list  so that the list and its elements can be
retrieved in single SQL statement that joins -list  with the
struct’s type-table.

A limitation of our software is that we offer no means for
the database designer to tune the database representation. For
structs, it would be useful to let the designer choose an alter-
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Fig. 5. Alternative Implementation of person  Objects from Figure 2. This figure illustrates an alternative implementation of objects in which
structs are stored in the same table as the ‘top-level’ object.

native implementation in which the struct is ‘expanded’ into
the type-table of the enclosing object or struct as illustrated
in Figure 5; this would reduce the number of tables to be
accessed when retrieving an object and would be especially
useful if applied recursively to deeply nested structures. We
did not adopt this as the default implementation, because it
can lead to excessively wide tables (which may exceed the
limits of the relational database system), and because it only
works for hierarchical schemas.

It is worth noting that the transposed representation used
for Steps is capable of representing all types of objects and
offers some advantages over the conventional representa-
tion. It is arguably the most natural way to represent Perl5
objects (which are essentially key/value pairs). It allows new
fields to be added to an object-instance or object-type at any
time and easily supports non-typed fields. It also provides the
ability to efficiently find all objects that contain a specific
field, a feature one also finds in ACEDB. We chose not to
adopt the transposed design for all objects, because we were
concerned about the extra space needed to store objects, and
the extra time needed to reconstruct them. In our current de-
sign, we only pay this price for the top level of Steps. If we
were to fully adopt this design, we would have to pay the
price for the entire database. Sadly, we never did any experi-
ments to assess the tradeoff between the functional advan-
tages of the transposed design vs. the performance penalty.
This is not as easy as it might sound, because to do these
experiments, we would have had to fully implement both de-
signs. In retrospect, it might have been better to adopt the
transposed design for all objects at the outset, with the option
of adding the standard design later if warranted. This would
have been less work (because we had to implement the trans-
posed design for Steps anyway), and it would have yielded
a system with more capabilities. But, given the pressure to
produce software that could be used in real laboratory pro-
jects, we were unwilling to pursue such a radical course.

Operations

To put an object into the database, the software must create
rows in several tables: -object , the type-table for the ob-
ject and each struct it (recursively) contains, -string  for
any strings longer than 255 characters, -list  for any list
with more than one element and lists of lists, and -trans-
pose  and -history  for Steps that are associated with Ma-
terials. In addition, for Materials and Steps, the operation
may have to create, update, or delete rows in -state_rel
if the operation involves any state changes. Figure 6 illus-
trates the procedure.

The first step is to obtain a unique internal identifier for the
object and insert a row into -object.  The internal ident-
ifier is simply a unique sequence number; in Sybase we ob-
tain this number by using identity  columns; in
ORACLE, we use a trigger to peel successive integers from
a sequence  type.

The next, and more substantial task, is to construct the
database representation of the value of each field in the ob-
ject. For many data types, viz. boolean, integer, float, time-
stamp, and short_string, this is a straightforward format con-
version task in which the Perl5 input format is translated into
the corresponding database format; for example, for boolean
data, Perl5 ‘true’ values are translated to 1 and Perl5 ‘false’
values to 0. For the remaining data types, viz. object-refer-
ences, strings, lists, and structs, we generally need to access
or update the database to construct the representation.

For object-references, the input format may contain either
an external or internal object identifier. If it contains an inter-
nal identifier, we assume the identifier is valid and simply use
it as the identifier of the referent object. This is obviously
risky, but is justified on the grounds that programs are only
supposed to obtain internal object identifiers from the data-
base; so long as programs follow this rule, the identifier is
guaranteed to be valid. If the reference does not contain an
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Fig. 6. Procedure for putting  a person  Object. This figure shows the series of database operations required to put  the john person object
of Figure 2 into the database. The figure assumes that all objects referenced by john are already in the database.

internal identifier, we access the database to lookup the inter-
nal identifier of the referent object given its external identifier.

For strings longer than 255 characters, we put the excess
into the -string  table. The function that puts data into
-string  returns the string identifier. The database
representation of the string consists of two parts: a substring
containing the first 255 characters, and the identifier pointing
to the rest.

Lists are more complicated. First, we have to construct the
database representation of each list element, and then con-
struct the representation of the list itself. The former entails a
recursive application of the procedure we are describing here
for each list element. For example, to construct a list of strings,
we have to take each string in turn and follow the procedure
above; namely, if the string is longer than 255 characters, store
the excess in -string , and represent the string as a whole
by its initial substring together with the identifier pointing to
the rest. Once the elements are constructed, if the list does not
fit in the enclosing table (i.e. it has more than one element or
is a lists of lists), we put the extra elements into the database
as rows of the -list  table. The function that puts data into
-list returns the list identifier. The database representation
of the list consists of two parts: the representation of its first
element, and the identifier pointing to the rest.

For structs, we recursively apply the procedure described
for objects, except that no row is inserted into -object . The
function that performs this procedure returns the internal

identifier of the struct. For purposes of the row we are now
constructing, the representation of the struct is simply its inter-
nal identifier.

After creating the representations for the values of each
field, we combine these into a row, and insert the row into the
type-table for the object. The net effect is to store the object
bottom-up. The last row stored in the database is the one repre-
senting the top-level of the object.

When putting a Material in the database, if the put operation
specifies one or more initial States for the Material, we must
insert rows into -state_rel  to place the Material in these
States.

When putting a Step in the database, there are several
further tasks. For each field in the Step, a row must be inserted
into -transpose . For each Material associated with the
Step, a row must be inserted into -history  to connect the
Material to the Step. Also, for each such Material, if the put
operation specifies a state change, it is necessary to insert, de-
lete, or modify rows of -state_rel  to effect the change;
we accomplish this by invoking the set_states  operation.

Let us turn now to the get  operation. We will only de-
scribe the case of getting all tags of an object given its internal
object identifier; other cases are similar.

First, we access -object and the object’s type-table to
get the one row from each table corresponding to the object.
This is accomplished by a single SQL statement that joins the
two tables on -database_id and selects for the desired
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Fig. 7. Retrieving Step-data for one Material from Figure 3. This figure shows the most relevant fields produced by joining the clone , -history ,
-transpose , and -object tables as needed to retrieve the most-recent value of each field for clone  P789. From this data, we see that the most
recent value of library  comes from step 239, while the most recent values of clone  and sequence  come from step 246.

value of -database_id.  The result is a row containing
the database representation for each field of the object.

Next, we convert the database representation of each field
into its Perl5 representation and combine these into a Perl
HASH. For many data types, viz. boolean, integer, float, and
short_string, the conversion is trivial because the database
format is essentially identical to the Perl5 representation; for
example, for boolean data, the database represents ‘true’ by
1 and ‘false’ by 0, which are valid representations of these
values in Perl5. Timestamps and object-references are slight-
ly harder. For timestamps, the value in the database must be
fed into a Timestamp constructor (which is just a simple
Perl5 function) to obtain a Perl5 Timestamp object. For ob-
ject-references, the value in the database is the internal ident-
ifier of the referent object; the software must consult the
schema to discover the type of the referent object, then con-
struct a Perl HASH containing the type and the identifier.

For the remaining data types, viz. strings, lists, and structs,
we generally need to retrieve more data from the database to
construct the answer.

For strings longer than 255 characters, we must access
-string to obtain the tail of the string, and concatenate the
result with the head of the string stored in the top level row.

For lists that do not fit in the top level row, we have to
access -list  to get the remaining elements, combine these
with the first element stored in the top level row, construct the
Perl5 representation of each list element, and combine the
results into a Perl5 ARRAY. The construction of each list
element entails a recursive application of the procedure we
are describing here and may involve more database accesses.

For structs, we recursively apply the procedure described
for objects, except that no row is retrieved from -object .

The net effect is to retrieve the object top-down. The first
row retrieved from the database is the one representing the
top-level of the object. As the process recurses, rows are re-
trieved representing the structs and other elements that are
more deeply embedded in the object. An alternative design
would be to use outer-joins to retrieve the top-level row and
all structs that it (recursively) contains in a single SQL state-
ment. (Outer-join, rather that normal join, is needed to handle
structs that are missing.) This could be made to work for

schemas that are acyclic and would probably improve per-
formance. The same idea should not be used to retrieve all
lists contained in an object, because the multiplicity of such
elements can lead to a combinatorial explosion; for example,
if an object contains two lists with 10 elements each, an
outer-join that retrieves both lists will produce 100 (10×10)
rows.

When getting a Material from the database, we must also
get the most recent value of each field from its history-list;
‘most-recent’ is defined with respect to the -when  field of
the Step that created each field. The basic plan for doing this
is to join -history  (which links Materials and Steps) with
-transpose (which links Steps to fields) with -object
(which contains the -when  field of each Step), and restrict
by the internal identifier of the Material of interest. Figure 7
demonstrates the procedure. In principle, we could use SQL
to select the most recent value of each field from this result,
but the SQL statement for doing so is impressively opaque.
We found it to be more effective to retrieve the entire result
(i.e. all values for each field on the Material’s history-list),
and select the most-recent value in the LabBase software.

One consequence of this implementation is that it is
equally efficient to retrieve the entire list of values for each
field, rather than just its most recent value. We experimented
with this capability and found that it was not terribly useful,
because one usually wants to correlate values across fields;
e.g. there is little point in getting lists of left-primers and
right-primers for an STS without knowing which pairs of
primers work together! More useful would be the ability to
specify a set of fields and retrieve a list whose elements con-
tain values extracted from the history-list for all specified
fields.

We thought about extending the history-list idea to all ob-
jects (essentially doing away with the distinction between Ma-
terials and other types of objects). We chose not to allow this,
because it complicates the process of getting field-values from
an object’s history-list. Suppose Steps were allowed to have
histories, too; then when looking for the most-recent value of
a field, we would have to look at fields on the Step’s history-
list, too ad infinutum. This seemed too complex.
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When getting a Material, the get  operation can also re-
trieve its history-list and state-list. The former is obtained by
joining -history with -object  and restricting by the
internal identifier of the Material. The latter is obtained by
joining -state_rel  with -state  and restricting by the
internal identifier of the Material.

The get  operation can also move the Material to a new
State. This is accomplished by invoking the set_states
operation.

The count  operation is much simpler than get , because
it cares about the existence of objects and not their content.
We can, for example, count the number of Materials of a
given type in a given state by joining the type-table for the
desired type with -state , restricting by the internal ident-
ifier of the desired State, and counting the number of rows in
the result. This can be accomplished by a single SQL state-
ment. Since the conditions that can be specified in count
are so limited, there is never a need to descend into the rows
that represent the constituents of the object.

The delete  operation retrieves the rows that represent
the object in a top-down fashion, like get , then deletes these
rows bottom-up, analogous to put.  In addition, for
Materials, all rows referring to the Material are deleted from
-state_rel  and -history . For Steps, all rows
referring to the Step are deleted from -history  and
-transpose . The system guarantees that internal
identifiers for deleted objects are never re-used.

The update  operation is simpler, because it can only up-
date fields directly contained in an object or struct. The oper-
ation gets the row representing the object or struct. Then, for
each field being updated, if the old value is a string, list, or
struct, the old value is deleted. Finally, for each field being
updated, the new value is constructed as in put, and the en-
semble submitted to the database as a SQL update statement.

The set_states  operation can be used directly by ap-
plications, but is also used internally by put  and get  to ef-
fect the State changes they are responsible for. The operation
can be used to move a Material from one State to another, or
to remove the Material from a State without placing it in a
new one, or to put the Material in a new State without remov-
ing it from the old. Additionally, set_states  can be in-
structed to heed or ignore various anomalous conditions; for
example, when moving a Material from one State to another,
an anomalous condition arises if either State does not exist,
or if the Material is not in the source State, or the Material is
already in the target State. In some cases, set_state s can
accomplish the requested work through a single SQL update
statement applied to -state_rel ; often, however, the pro-
gram must issue a series of deletes and inserts.

We execute each LabBase operation as a database transac-
tion so that (i) no concurrent LabBase application can see the

database content midway through the process, and (ii) to en-
sure that if the system were to crash before the operation
completes, the partial results would be rolled back.

Discussion

The facilities provided by LabBase make it easier to create
a laboratory database that conform to our model by automat-
ing commonly occurring database design tasks. Since Steps
are automatically connected to Materials, the database de-
signer need not be concerned with how these links are main-
tained. Since Steps are automatically preserved in a chrono-
logical history, the designer need not be concerned with pre-
venting updates from overwriting previous data. Since
Step-data can be queried via Materials, the designer need not
be concerned with storing laboratory results inside Materials,
nor with providing views for this purpose. The structural ob-
jects of LabBase let the designer model complex data con-
taining arbitrarily long strings, lists, and sub-objects without
having to worry about the implementation details.

The software has numerous limitations. Most notably, the
system is not easily extensible, it lacks many useful object-
oriented features, and the query language is weak. We were
reluctant to correct these flaws until the system went into pro-
duction, and we could see which features were most important
in real laboratories. Now that the system is entering service,
we have started to extend the software in some of these areas.

A methodological concern is that the bulk of the imple-
mentation is devoted to fairly generic data management
functions, such as support for structural objects, in contrast
to features that are specific to laboratory data management,
viz. the Material, Step, and State constructs. An alternative
implementation strategy would have been to develop Lab-
Base on top of an object-oriented database system. We pur-
sued this approach in the past and believe it to be technically
superior, but we were pushed down the relational path by the
pressure of potential users. We found it difficult to convince
potential users, other than our close collaborators, to try a
non-relational solution, because projects whose database
problems were hard enough to need LabBase were unwilling
to entrust their data to a non-standard solution.

The LabBase approach is attractive from a functional
standpoint. Given the current technology choices, LabBase
offers a useful middle ground in which application devel-
opers gain some of the strengths of object-oriented data
modeling while retaining the robust, efficient, and well-sup-
ported storage management facilities of today’s relational
products. It is reasonable to speculate that the newly emerg-
ing generation of object-relational database products will
eventually gain widespread acceptance. If and when this
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happens, it will time to consider a reimplementation of Lab-
Base using this technology.
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