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Abstract jects. Many projects also use databases to monitor the prog-
o _ _ ress of work flowing through the project, a task often called
Motivation: The development Of IabOI’atOt’y |nf0rmat|0nsamp|e tracking,vhen Simp|e anavorkflow management
management systems (LIMSs) for large scale biology r@gmen complex; laboratory processes may be as simple as a
search projects can be a challenging problem. Many suglingle procedure or as complex as an arbitrary flowchart with
projects generate complex datasets via complex préranch-points and cycles, and the difficulty of the data man-
cedures that undergo continuous refinement. A key soétgement task varies concomitantly. Another consideration is
ware challenge is to simplify the database-developmetite rate of change of the laboratory process and the impact
task so that databases can be built and modified quick®f such change on the database software; some projects are

enough to keep pace with Changing project_requirementgt_able and _Change little over their Iifetimes, while Othelts un-
ergo continuous change as laboratory personnel refine old

Results:LabBase extends the facilities offered by relationag hni . ¢ di ¢ thods devel
database systems to simplify the task of creating databas £hniques, Inventnéw ones, and Incorporateé methods devel-

for large scale biology research projects. LabBase providegpeOI elsewhere in the ongoing struggle to remain competi-

a structural object data model, similar to ACEDB, and adddve- Operational factors relating to database size, the volume

to this the concepts of Materials, Steps, and States: Materia(l)é update and retrieval activity, availability, security, and

are objects representing the identifiable things that parti(:i-mum'u.ser access shape the requirements further. .
No single technology can satisfy this full range of require-

pate in a laboratory protocol; Steps are objects reporting the ts. In simol dsheet . |
results of a laboratory or analytical procedure; and Stated"€N'S. 1N SIMPIE CaSes, a Spréadsheet running on a persona

are objects denoting places in a laboratory protocol. Th&omputer (or even a laboratory notebook) may suffice. For
system provides a data definition language for succinctlgrojectS that are more complex, the appropriate teghnology
defining laboratory databases, and operations for conven _epends on Wh'.Ch aspects are most pressing: projects with
ently storing and retrieving data in such databases. Thatringent operational requirements will tend toward robust

system also provides support for workflow manageme _ommercie_ll techn_ology, such as relational databases (Date,
LabBase is implemented in Perl5 and provides a naturgt292); Projects with complex datasets may prefer ACEDB

; oot ; . (Durbin and Mieg, 1991), OPM (Chen and Markowitz
interface for laboratory application programs written in " ! X '
Perl. Y app prog 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.
The requirements for laboratory databases vary consideralfiythe extreme of complexity along all dimensions, technical
from project to project (Kerlavags al, 1993, 1995; Clark feasibility may be in doubt.

et al, 1994; Sargerst al, 1996). The most basic role of a LabBase addresses a constellation of requirements that we
laboratory database is to store the data and analyses ger@ve seen in large scale projects at the Whitehead Institute
ated in the course of the project; such datasets vary oveCanter for Genome Research and elsewhere. These projects
wide range of difficulty, from simple lists of independent ob-are complex along three dimensions. First, they give rise to
servations to highly interdependent networks of complex okeomplex datasets. Second, the laboratory processes are com-

Availability: The software is freely available. Contact the
authors.
Contact: nat@jax.org
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plex, and workflow management is an essential aspect of thabBase is research software and is incomplete in many
problem. Third, and perhaps most striking, these projects eways. As we go, we will endeavor to point out the major
perience a very rapid rate of change; these projects seek tcepeas that need further work. A longer version of this paper
world leaders in the rapidly moving field of genomics, awith further detail, and a LabBase Reference Manual can be
position that can only be sustained through constant innovaund on the authors’ Web site (http://goodman/jax.org/).
tion. On the other hand, these projects have modest oper-
ational requirements: the databases are not too big; databag@Base Data Model
activity is moderate;, itis not a disaster for the systemto crash
occasionally; security is not a major concern. Overview
The key challenge in this environment is to simplify the ;a1 the data model has two layers. The bottom layer
database-development task so that databases can be built s a étructural object model similar to ACEDB (Durbin
modified quickly enough to keep pace with changing prog, Mieg, 1991), OPM (Chen and Markowitz, 1995), lore
ject-requirements. As a general rule, complexity and chan ﬁchugh’et al, 1’997)’ UnQL (Bunemaet al, lé96), and
are opposing forces. To ponstruct a complex system tak ny other systems; this layer supports complex data, but is
time and effort. As requirements change, the system Dgg; specific to laboratory databases per se. On top of this,
comes ill-suited to the demands of the project, and to bring,pgage adds the concepts of Materials, Steps, and States
the system in line with the new requirements yet more timg, ¢ are tailored for laboratory data managentdaterials
and effort must be expended. If requirements change Qe opjects that represent the identifiable things that partici-
quickly, the software will constantly lag and never serve thgae in a laboratory protocol, such as clones and sequences.
project effectively. In extreme cases, the system may be 08epgre objects reporting the results of a laboratory or ana-
solete before it is finished. _ , lytical procedure, such as sequencing a clone, or running
LabBase attacks this challenge by implementing generig) AST (Altschulet al, 1990) on a sequen@tatesare ob-
mechanisms that solve certain fundamental problems of lafts that represent places in a laboratory protocol, e.g. ‘ready
oratory data management and that can be quickly customizggl sequencing’ or ‘ready for BLAST analysis’. We use the
for the specific purpose at hand. The system provides a dagm Object(upper-case) to refer to an object which is not a
definition language for succinctly defining laboratory datapjaterial, Step, or State.
bases, and operations for conveniently storing and retrieving ahBase provides built-in support for two relationships
data in such databases. LabBase provides support for Wolmong Materials, Steps, and States that lie at the core of
flow management and is designed to work with the LabFlowhany |aboratory databases. One is a relationship connecting
workflow management system (Goodnedral, 1998). Steps to the Materials upon which they operate. When a Step
The software described in this article is the latest in a seri@s stored in the database, LabBase automatically links the
of systems we have built to tackle these problems (Goodm&fep to its operand Materials in a chronological history and
etal, 1994; Steietal, 1994a, b; Rozegt al, 1995). We and  provides a means to access Step-specific data directly from
our colleagues have used the predecessor systems in gengfé&e Materials; for example, one can retrieve a clone’s se-
and physical mapping of mouse (Dietrieh al, 1996; quence or a sequence’s BLAST analysis by querying the Ma-
WICGR, 1997a), genetic mapping of rat (Steen, 1997}erials that were affected by the sequencing or BLAST analy-
physical mapping of human (Hudsenal, 1995), and ge- sis Steps. The second built-in relationship connects Materials
nomic sequencing of human and mouse (WICGR, 1997l States. When a Material is created, LabBase provides a
The current system is just now entering service. means to place the Material in an initial State; then as Steps
LabBase is implemented in Perl5 (Stein, 1996; 8tadl,  operating on the Material are created, the system provides a
1996) on top of commercial relational database systems. Theeans to move the Material to the appropriate next State
system is designed to be conveniently used by Perl5 prthereby tracking its progress through the protocol. Both of
grams. The software is freely available and redistributablese relationships are many-to-many.
(see http://[goodman.jax.org for details). The system was firstit would be useful to extend the system to handle common-
developed for Sybase (McGoveran and Date, 1992), théy occurring relationships involving Materials. There are
ported to ORACLE (Date and White, 1991). (As we writemany situations in which one Material derived from
this, the ORACLE version has atrophied, but it could be reanother (e.g. when a sequence is derived from a clone), or
suscitated with little effort.) Previous incarnations of oumwhen a set of Materials are grouped together to form a new
software were implemented on ObjectStore (Laehlal, Material (e.g. when a set of samples are arrayed in a plate or
1991), an object-oriented database system. on a chip). Part/whole relationships are common also. It
This article presents a detailed look at the design and imwould be useful for the system to ‘understand’ such relation-
plementation of LabBase. Section 2 defines the LabBaships as much as it currently understands history and state
data model, and Section 3 describes the implementatiarelationships.
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LabBase is far from a full object-oriented database systemerson
(Cattell, 1994). It lacks, among things, support for inheritﬁgg‘e
ance or class hierarchies in any general sense, and databZs& 3" |

support for methods (i.e. functions) applied to objects. Inirst

Object (-id, name, address, dependents)
struct (first, middle, last)

struct (street, zip)

list (person)

[ | O T B 1}

string

practice, these limitations haven't yet presented major hirpiddle string

i i st = string

drances to the design of working laboratory manageme@:reet " string

systems. .

zip = Object (-id, city, state)

city = string

Data structures state = string

Material (-id, vector)
string

ibrary

— . , 1

A LabBase object is a collection of named fields. The valueSqctor

that may be stored in fields are drawn from a small universg,

of defined data types which includes ‘
pick_clone

e  booleans, numbers (integers and floats), and time-

read_seq
stamps, sequence
strings, nucleic acid sequences (nt_sequences) and pro-, .. .4

tein sequences (aa_sequences) of arbitrary length, resuits

Material (-id, library)

t

Step (library, clone)

Step (clone, sequence)
nt_sequence

Step (clone, results)
list (struct (p_value, score))

o uon

e strings of limited length (short_strings), up to 255 char-p—value float
acters in the current implementation, score integer
e sub-objects (called structs),
. lists, Fig. 1.Example LabBase Schema. This figure shows the definitions
. pointers to other objects (object-references). of two types of Objectperson andzip ), two types of Materials,

Objects, Materials, and Steps may not be used as values%zrjlze ?nd;|%T:St)'San three)ty&es g:;f“gg%gor?:é elds
fields, although references to them may be used. Figure —sed, —S¢€d - AP )

il h h f le LabB datab -id, name, address, anddependents . As explained in
lllustrates the schema of an example LabBase database. the text, id is a special field that hold an object’s external object

_ Every LabBase object has a unidoternal object-ident-  igenifier. The other fields are defined in the subsequent lines of the
ifier used by the system to locate objects in the database afiglire: name is a struct (sub-object) with fieldsfirst,

to connect objects together. A LabBase object is essentiallyiiddle , andlast; address is a struct with fieldstreet
a hierarchical record which is ‘object-like’ in that it has aandzip; dependents is a list ofpersons , i.e. a list of
unique identifier. A LabBase object may also havexder-  references tperson Objects;first, middle, last , and

nal object-identifiewhich is visible to a program using the street  are strings; when used as a figlgh is a reference to a
database. An external object-identifier is similar to a primanZiP  Object, whose definition follows.
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. column-names are local to each table. LabBase adopts this

LabBase objects are strongly typed: the system knows thgusual property to support the ability to access Step data via

type of every object, the fields that may appear in the Objeé\/!aterials as mentioned in the preceding section.

and the data types of the values that may be stored in eacﬁields are sing[e-valued, meaning that each field contains
field. Since Perl is non-typed, LabBase consults the databaa&ingle value of its allowed type (or perhaps no value if the

schema to check the type of an object when a Perl progréi’ﬁ'd is optional). This is in contrast to the multi-valued fields
creates or updates an object in the database. of ACEDB. Lists may be used to emulate multi-valued

A field may bemandatoryor optionalfor a given type of fields.

object or struct. Mandatory means the field must be presenfCerain fields are pre-defined and used by the system for
with a non-NULL value in all objects or structs of the typeSPecial purposes. In all cases, system-defined tags are pre-

optional means the field may be omitted or have a NuL[fixed by - The bui_lt-in fi(_elds are listed below. Note that

value in some objects or structs. A field whose value €OM€ of these are virtual fields computed by the software on

NULL is equivalent in all respects to a field which is omitteci€mand.

from the object or struct. e -database id . Contains the object’s internal ob-
Field names are globdlhis means if several types of ob- ject-identifier.

jects or structs contain fields with the same field name, the  -id. Contains the object’s external object-identifier if

fields must have the same type throughout. (Though, it may the object-type has such.

be mandatory in some types of objects or structs and optioral -kind.  Contains the object’s type.

in others.) This is unlike most relational databases, whese -who . Contains the object’s creator.
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e -when. Contains the object’s creation time. whether the type has an external object-identifier (in which

e -history_list . For Materials only, contains a list case, it is mandatory and unique, meaning that all objects of
of all Steps that have operated on the Material. the type must have unique, non-NULL identifiers). For each

. -state_list . For Materials only, contains a list of field, the schema also tells the data type of the values that

all States in which the Material currently resides. ~ may be stored in that field. LabBase stores the schema in the
database as a collection of LabBase objects in much the same
A struct is a sub-object that exists as part of a surroundirway as a relational database stores its schensat@og in
‘top-level’ object. Like the objects we have already dissystem-tables. Alata definition languagés provided for
cussed, a struct is a collection of named fields. A struct majsers to define schemas. The data definition language is illus-
only exist as the value of a field in an object or other structzated in Figurel..
or as an element of a list (which itself may only exist as the |t is natural to draw a LabBase object as a data structure
value of a field or an element of a list). It is not possible teliagram (directed graph), as in Fig@revith one node repre-
store an object-reference to a struct as the value of a field; tisnting the ‘top-level’ of the object and additional nodes for
ensures that the only way to access a struct is via its enclosich struct and list (recursively) contained in the object, and
top-level object, and that the structure of an object is acycliiith edges indicating which elements directly contain which
Like an object, a struct hadatabase_id  and-kind others. We have already noted, but wish to restate for empha-
fields, but it does not have , -when , or-who fields. sis, that LabBase objects are strictly hierarchical. This means
A listis an ordered collection of elements. Listsremmo-  that the diagram of any individual LabBase object is always
genous meaning that all elements of a list must be of tha tree. We can depict a network of objects by using other
same type. The only exception are history-lists, which magdges (drawn as dashed lines in the figure) to represent ob-
contain multiple types of Steps. Lists may be defined ovgect-references. Networks of objects may, of course, be
any data types that may appear as values of fields (i€yclic, as illustrated in the figure.
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 thé2Perations

;ﬁgjtieorflgtﬂeld In-an object or struct or as an element cf_fabBase supports a ‘fetch-and-store’ database interface (Or-

; . . fali et al, 1996), also known as a ‘two-level store’, similar
A State is a LabBase object which can be used to store statfle Smost relational databases. Objects must be explicitly

information associated With a Material, most typically to traCl§tored in the database to create them and explicitly fetched
Fhe_ progress of a Material tthQh a Iaboratory process. A S@Sm the database to retrieve an up-to-date copy. Updates to
IS, in most respects, an ordinary LabBase object. LabBase PEy object must also be explicitly stored back in the database.

v@des a pred(_efined quept—typ_e, callsthte , and a State Is LabBase provides the following operations to manipulate
simply an object which is an instance of that type. objects:

Materials and Steps are objects with some additional prop-
erties. First, they participate in the special Material/Step and M&-  Put creates objects (i.e. ‘puts’ them in the database).
terial/State relationships described in the previous section. S&c- get  retrieves entire objects or selected fields from
ond, various LabBase operations have special behavior, de- Objects satisfying a conditioget ~can retrieve entire
scribed in the next section, when applied to these elements. Structs and lists, but cannot retrieve selepted fields from
Third, a Material is required to have an external object-identifier ~ @ Struct nor selected elements from a list.
represented (as for all objects) byica tag. * count returns the number of objects satisfying a

Technically, Object, Material, and Step g@e constructors condition. _
not types. One uses these constructs to define types of objetts, delete  removes from the database a set of objects
such as ‘clone’. Having done so, one can then create actual ob-  Safisfying a condition. _ _
jects (instances) of the types, e.g. an object representing a she- updat_e change_s_ the values of S_elect_ed flt_a!ds in a set
cific clone. While we say colloquially, ‘a clone is a Material’, it of objects identified by their object-identifiers; this
is more precise to say, ‘a clone-object is an instance of the clone-  OPeration can also be applied to structs.
object-type, and that the clone-object-type is a type of Materiaf, ~ Set_states  changes the States of one or more
By contrast, a State is an actual object. Materials.

The database schema contains the information known toThe ‘conditions’ that can be specified in these operations are
LabBase about basic and constructed data types. For edhsimpler than in many databases: an operation can manipu-
type of object or struct, the schema tells the name of the tydete all objects of a given type, or all Materials of a given type
the names of the fields that may appear in objects or strudtsa given State, or a single object denoted by its internal or
of this type, whether the field is optional or mandatory, andxternal object-identifieget_states can also operate on
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person = Object (-id, name, address, dependents)
name = struct (first, middle, last)
address = struct (street, zip)
dependents = list (person)
zip = Object (-id, city, state)
"""""""""""" 1
erso - = -)p bperso I ,--3 person
/ john \ /' /p mary\ ' ! chris
1
!
pame dependents name dependents ' nam.e
John / Mary — ', Chris
mary- - -+¢ johno _ _+f
Q. chris R. chris I' S.
Scientist “ 7« Engineer ~ 7 7 Engineer-
~ 7 Scientist
address \ N address / address
600 Main St. ~ 600 Mainst. ,7 77 Mass. Ave.
A Y
/
04609, .~ Se :0116_03 ., 02|139
~ -
- - *
flﬁ Z1p
04609 02139
Bar Harbor Cambridge
ME MA

Fig. 2. Data Structure Diagram. This diagram shows tiperson Objects and twaip Objects.

all Materials in a given State. Beyond these conditions, thereWhen creating Materialput can place each Material into
is no general query mechanism that allows one to manipulatee or more initial States.
the objects based on arbitrary fields. Previous versions of Lab-\When creating Stepput can be provided with a list of
Base supported a general query mechanism based on datalegociatedaterials. The system links the Step to each asso-
(Ullman, 1988; Ramakrishnan and Uliman, 1995); we haveiated Material in a chronological history, and can be in-
not carried this forward to the current version, but rather exstructed to move each Material from one State to another
pect programmers to code complex data retrievals directly inA key issue witldelete s referential integrity, viz. what
Perl5. If this proves unworkable, we may implement a mort® do with references pointing to the deleted object. Our ap-
traditional query facility in a future release. proach is simple: instead of tracking down all references to
When retrieving Materials, thget operation treats all the deleted object, LabBase never re-uses an object-identifier
user-defined fields of all Steps on the Material’s history agnd guarantees that any attempt to follow a reference to a
virtual fields of the Material itself and allows these fields tadeleted object will yield NULL. The main consequence is
be retrieved exactly as if they were real fields of the Materialhat programmers must be aware that an object-reference re-
Figure3 illustrates this phenomenon. Note that fields of thérieved from the database may be ‘stale’, and that an attempt
same name may appear in many Steps, and may even appeaet the referent object may yield an empty result.
in the Material itself. By defauljet retrieves thenost-re- Every LabBase operation executes as an atomic transac-
centinstance of the field. Since field names are global, we at®n. For applications requiring more control over transac-
assured that all instances of the field have the same type, thias boundaries, the system provides the ability to execute a
preserving the strong typing of the retrieved object. In gerblock of code, generally involving many LabBase oper-
eral, different fields for the same Material will get their most-ations, as a single transaction.
recent values from different objects. In addition, when oper-
ating on Materialsget can retrieve two other virtual fields LabBase implementation
maintained by the system: the list of all Steps that have op
ated on the Material (called hsstory-lis)), and the list of all
States in which the Material currently resides (called it$he implementation includes a small number of built-in
state-lisj. tables which are independent of the particular LabBase
When retrieving Materialget can move each Material schema, and a generally larger number of tables whose exist-
to a new State. This is a convenient way to indicate that tlemce and definition are driven by the LabBase schema. Fig-
Materials are actively being processed by the client prograare 4 illustrates the representation of an example database.
and to avoid anomalies that can result from two program prd-ere are also a handful of low level ‘utility tables’, e.g. to
cessing the same Material at the same time; this techniquegsnerate unique database-ids in Sybase, which we shall not
sometimes called ‘application-level locking'. discuss further.

Data structures
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clone
pick_clone
read_seq
sequence
import_seq

clone
P123

pick clgne
00:01 23 Dec 97

read _seq
ACGT...
00:01 25 Dec 97

Material (-id, library)
Step (library, clone)

Step (clone,
nt_sequence

sequence)

Step (clone, seguence)

clone
P456

pick_clone
00:03 23 Dec 97

import sedq
CGTA...
00:02 25 Dec 97

clone
P789

pick _clone
00:05 23 Dec 97

xead seq
GTAC...

00:03 25 Dec 97
Jmport_seq
CATG...
00:05 26 Dec 97

clone
P246

pick clone
00:07 23 Dec 97

read_seq
TACG...

00:04 25 Dec 97

xead _seq
ATGC...
00:06 26 Dec 97

Fig. 3. Database lllustrating Access of Step-data via Materials. This figure extends the schema of Figure 1 with an additionpalrStegy.i
The intent is read_seq and import_seq are two different ways of obtaining the sequence of a clone. The figure illusivated/faiarials and
their history-lists. In all cases, a get operation that retrieves the sequence field of a clone will retrieve the sedueendbalaist (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 typs &f. Step thi

Given a LabBase schema, we create a relational table fexperience bears this out, the suggested denormalizations are
each type of object and struct defined in the schema; we cdle clear solution.
thesetype-tablesThe name of the type-table is the same as We considered the option of generating synthetic names for
the name of the type. The type-table containdaga- type-tables and columns rather than using the names as given
base_id column which contains its internal identifier andin the LabBase schema. The advantage of our current ap-
is the primary key of the table. An index is always created gfyoach is that the relational schema is reasonably intelligible.
this column. If the object hasial field (external database The disadvantage is that names used in LabBase schemas
identifier), the type-table includes a column of the samgyst conform to constraints imposed by the relational data-
name, and an index is created on this column. For each othgfse: in particular, names are limited to about 32 characters
field in the object or struct, the type-table will contain one ogq may not contain white space or punctuation. On balance,
more columns depending on the data type of the field (S§&,oyid probably be better to switch to synthetic names.
d_iscussion below). For types that can be represented as Rists are represented by rows in a table calist
single column, the colgmn name IS the same as the f'eiéjach row in-list  represents one list element. To tie the
name. For types requiring multiple columns, the COIuml%Iements of a given list together, the table includes a column

tnhaen}ieesl darnea?neenerated by adding suitable one-letter Sumxesv&ﬂich contains an identifier for the list, and another column

In addition to the type-tables, there is a single table, callei\'&rt"cg. |nd|(|:_aies thebort:(Ijln?I p((j)smon of ezcl: e:emer:;t]lnttlg)el
-object , which stores thewho , -when, and-kind ISt. Since TiStS can be defined over any dala ype, the table

fields for all objects (not structs). This table also has gontains columns for each different data type. We discuss the

_database._id column which is its primary key and representation of the types below. In any given row, most of
which links the rows ofobject  with their correspondents these columns are NULL. _ .

in the type-tables. Théind  information is redundantin ~ VVe feltitimportant to optimize the case of lists containing
most cases, because of LabBase’s strong typing; it is O,@smgle element. We expect that some applications will use
used when retrieving the Steps contained on a Material’'s h#sts to emulate multi-valued fields in the style of ACEDB.
tory-list. This table is not truly necessary. It would work justn this setting, most fields are defined as ‘multi-valued’ (in-
as well to storewho and-when in the type-table for each deed, this is the default in ACEDB), although in most data
object, and to push the type information into-thistory instances, most fields contain a single value. In our terminol-
table (see below). The current design is more normalizeay, this means that most fields will contain lists of one el-
hence better by conventional criteria. We have some concezgment. To handle this case efficiently, we store the first list
that-object  will prove to be a concurrency hot spot; if element in the enclosing table, and resort teliste  table
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person
-database_id -id name address | dependents dependentsL
123 john 1 1 124 1
124 mary 2 2 123 2
125 chris 3 3 NULL NULL
name
-database_id | firstO first middle0 middle lastO last
1 John NULL Q. NULL Scientist NULL
2 Mary NULL R. NULL Engineer NULL
3 Chris NULL S. NULL Engineer- NULL
Scientist
address
-database_id street0 street zip
1 600 Main St. NULL 126
2 600 Main St. NULL 126
3 77 Mass. Ave. NULL 127
zip
-database_id -id city0 city state0 state
126 04609 Bar Harbor NULL ME NULL
127 02139 Cambridge NULL MA NULL
-object
-database_id -kind -who -when
123 person nat 00:01 01 Jan 98
124 person nat 00:02 01 Jan 98
125 person nat 00:03 01 Jan 98
126 zip nat 00:03 01 Jan 98
127 zip nat 00:04 01 Jan 98
~-list
list position val_object ...
1 1 125 NULL
2 1 125 NULL

Fig. 4.Implementation of Objects from Figure 2. This figure illustrates the database representatiorpef$areeand twaip  objects from
Figure 2. Thelist table contains additional columns, depicted.byfor other data types not used in the example.-Stigg table
is omitted since none of the strings in the example are long enough to overflow there. For string-valued fields, the bduffix ‘@itold

the first portion of the string, and the column without the suffix holds a link to the rest; these are all NULL in the Ecatigilealued 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 exceptionsstadstrings of a given string together, the table included a col-
this general rule discussed later in the section. umn which contained an identifier for the string, and another
Strings pose a complication in the design. In standard releelumn which indicated the ordinal position of each sub-
tional databases, the basic string data types, char and varckaing in the whole. As with lists, we optimized the (very
are limited to a maximum of 255 characters. Most relationa@lommon) case of strings shorter than 255 characters by stor-
database products support data types for longer strings, et the first substring in the enclosing table.
TEXT or BLOB, but different products impose different re- Experience quickly showed that this representation was
strictions on these types, and in some products, there is calreadfully slow for strings greater than about 1000 char-
siderable overhead in using these mechanisms. acters, a case which arises frequently in projects dealing with
For these reasons, we initially chose to implement stringgenomic sequences or full-length cDNAs. We soon changed
in a list-like manner. In this initial implementation, we reprethe implementation so that thstring table contains
sented a string by rows ingtring  table. Each row of this seven varchar columns, each capable of holding 255 char-
table contained a substring of up to 255 characters. To tie theters, plus one TEXT field capable of storing an arbitrary
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number of characters. The choice of seven varchar columtige fact that this table is a transposed representation of the
was driven by limitations on the maximum row size imposedata contained in a Step; in a ‘normal’ representation, the
by the underlying database system. As in the first design, veelumns of the type-table represent the fields of the Step,
optimized short strings by storing the first 255 characters iwhile in this ‘transposed’ representation, the rows represent
the enclosing table. This design provides three tiers of effthe fields. Since fields can take values from any data type,
ciency: short strings (up to 255 characters) are most efficierthis table (likellist ) contains columns for each different
because the entire string is stored in the enclosing tablgata type. In any given row, most of these columns are
strings containing 256—2040 characters are somewhat lé$b/LL.
efficient, because some characters are stored in varchar fieldés we have seen, there are several situations in which a
of the-string  table; long strings (more than 2040 char+row must contain a representation of one or more LabBase
acters) are least efficient, because they use the heavyweighata types. In particular, each rowl@t ~ must contain the
TEXT mechanism. representation of a list element, each rowtrainspose

One final annoyance in the string implementation is thanust contain the representation of a fields’s value, and each
varchar and TEXT fields truncate tailing white space! Sinceow of each type-table must contain the representations for
we spread a single LabBase string across multiple varchalf of its fields’ values. We use the same scheme to represent
fields, white space in the middle of a LabBase string cadata types in all these situations.
coincidentally land on the end of a varchar. To consider anMost data types can be naturally represented as a single
extreme case: given a string containing an ‘a’ followed bgolumn. These include boolean, integer, float, timestamp,
2039 spaces, then a ‘b’, the varchar implementation woukhort_string, object-reference, and struct. The first several
collapse the entire string to ‘ab’! Our solution is to use binargre obvious. An object-reference is represented by the inter-
instead of character data types: viz. varbinary instead of varal identifier of the referent object; there is no need to store
char, and IMAGE instead of TEXT. Even this is imperfectthe type of the referent object, because LabBase is strongly
because binary data types truncate trailing binary 0's. Stilyped and the software can infer the type from the schema.
it works well enough for our purposes. For structs, the body of the struct is stored in its own type-

The row representing an object or struct must be linked table; the enclosing table merely stores an internal identifier
the rows representing the structs, lists, and strings containgdinting to the struct; again, there is no need to store the type
therein. We have chosen as a general design principle @bthe struct since this can be inferred from the schema.
orient links ‘downward’, so that each type-table contains Strings require two columns: one is a varbinary (255) that
identifiers pointing to its constituents. The alternative desigrtontains the first (up to) 255 characters of the string; the other
in which links point upward is possible as well. The advaneontains an identifier pointing to the rest of the string in the
tage of the downward choice is that we can tell when a lindstring table. In many cases, the second column is
is NULL without having to access the table representing thidULL. The nt_sequence and aa_sequence data types use the
constituent; this is an important benefit since we expect mamsgring implementation.
such links to be NULL, especially for strings and lists. For lists, the enclosing table contains one or two columns

The two built-in relationships that LabBase supports oveo represent the first element of the list, plus an additional
Materials, States, and Steps are each implemented byc@umn that contains an identifier pointing to the rest of the
linking table in the usual way. We have a table calledistinthe-list table. In particular, a list of strings requires
-state_rel with two columns, one containing internal three columns: one for the first 255 characters of the first
identifiers of Materials and the other containing internaklement of the list, a second for the remaining characters of
identifiers of States. A row in this table indicates that a givethe first element of the list, and a third for the rest of the list.
Material is in a given State. We have a similar table calleldsts of lists are an exception to the general rule, because in
-history with one column containing internal identifiers a deeply nested list, the first element is itself a list of lists. (For
of Materials and a second containing internal identifiers afxample in a list of lists of integers, the first element is a list
Steps. A row in this table indicates that a given Material isf integers.) We felt it unwarranted to invest effort in handl-
associated with a given Step. THméstory table does ing this special case efficiently, and we simply store all el-
not directly represent the chronological order of the historyements in theist  table. Lists of structs containing two or

list; to sort the history, one must joeinistory  with -ob- more elements are also an exception: in this case we store all
ject to get thewhen field of each Step. elements inlist  so that the list and its elements can be

To support access to Step-data via Materials, we storetrieved in single SQL statement that joiig ~ with the
Step-data redundantly in a table calldédhnspose. struct’s type-table.

Each row oftranspose  contains a field-name, the value A limitation of our software is that we offer no means for
of the field and the internal identifier of the Step from whencéhe database designer to tune the database representation. For
this information comes. The narviganspose’ reflects  structs, it would be useful to let the designer choose an alter-
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person
-database_id -id first0 first | middle0 | middle last0
123 john John NULL Q. NULL Scientist
124 mary Mary NULL R. NULL Engineer
125 chris Chris NULL S. NULL Engineer-
Scientist
person (cont.)
last street0 street zip dependents dependentsL
NULL 600 Main St. NULL 126 124 1
NULL 600 Main St. NULL 126 123 2
NULL 77 Mass. Ave. NULL 127 NULL NULL

Fig. 5. Alternative Implementation gferson 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’ intdDperations
the type-table of the enclosing object or struct as illustrated

in Figure5; this would reduce the number of tables to b
accessed when retrieving an object and would be especi
useful if applied recursively to deeply nested structures.
did not adopt this as the default implementation, becaus
can lead to excessively wide tables (which may exceed t
limits of the relational database system), and because it 0
works for hierarchical schemas.

0 put an object into the database, the software must create
s in several tablesobject |, the type-table for the ob-
&ct and each struct it (recursively) contaising  for
'ﬁy strings longer than 255 charactdisf  for any list
th more than one element and lists of lists, -iaohs-
bse and-history  for Steps that are associated with Ma-
terials. In addition, for Materials and Steps, the operation
ay have to create, update, or delete rowstate rel

- e operation involves any state changes. Figutkis-
offers some advantages over the conventional represenfasas the procedure.

tion. It is arguably the most natural way to represent PerlS e first step is to obtain a unique internal identifier for the
objects (which are essentially key/value pairs). It allows NeWhiject and insert a row intobject.  The internal ident-
fields to be added to an object-instance or object-type at asy is simply a unique sequence number; in Sybase we ob-
time and easily supports non-typed fields. Italso provides thgi, this number by using identity columns: in

field, a feature one also finds in ACEDB. We chose not tg sequence type.

adopt the transposed design for all objects, because we werghe next, and more substantial task, is to construct the
concerned about the extra space needed to store objects, @g@hbase representation of the value of each field in the ob-
the extra time needed to reconstruct them. In our current dgct. For many data types, viz. boolean, integer, float, time-
sign, we only pay this price for the top level of Steps. If w&tamp, and short_string, this is a straightforward format con-
were to fully adopt this design, we would have to pay thgersion task in which the Perl5 input format is translated into
price for the entire database. Sadly, we never did any expefire corresponding database format; for example, for boolean
ments to assess the tradeoff between the functional advayta, Perl5 ‘true’ values are translated to 1 and Perl5 ‘false’
tages of the transposed design vs. the performance penaliyiues to 0. For the remaining data types, viz. object-refer-
This is not as easy as it might sound, because to do thesges, strings, lists, and structs, we generally need to access
experiments, we would have had to fully implement both desr update the database to construct the representation.
signs. In retrospect, it might have been better to adopt theFor object-references, the input format may contain either
transposed design for all objects at the outset, with the optian external or internal object identifier. If it contains an inter-
of adding the standard design later if warranted. This wouldal identifier, we assume the identifier is valid and simply use
have been less work (because we had to implement the traitsas the identifier of the referent object. This is obviously
posed design for Steps anyway), and it would have yieldeiky, but is justified on the grounds that programs are only
a system with more capabilities. But, given the pressure gupposed to obtain internal object identifiers from the data-
produce software that could be used in real laboratory prbase; so long as programs follow this rule, the identifier is
jects, we were unwilling to pursue such a radical course. guaranteed to be valid. If the reference does not contain an
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person = Object (-id, name, address, dependents)
name = struct (first, middle, last)
address = struct (street, zip)
dependents = list (person)
zip = Object (-id, city, state)
put john object
insert into -object ut person
put name put a&dress put dependents
put first put last put street get mary’s
-database_id
v
put middle get 04609’s get chris’s
-database_id -database_id
put excessin | put excessin  put excess in put all but
-string -string -string firstin -1list
v

put excess in
-string

Fig. 6. Procedure foputting  aperson Object. This figure shows the series of database operations requited ttee 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 intédentifier of the struct. For purposes of the row we are now
nal identifier of the referent object given its external identifierconstructing, the representation of the struct is simply its inter-

For strings longer than 255 characters, we put the excasal identifier.
into the-string  table. The function that puts data into After creating the representations for the values of each
-string returns the string identifier. The databasdfield, we combine these into a row, and insert the row into the
representation of the string consists of two parts: a substritgpe-table for the object. The net effect is to store the object
containing the first 255 characters, and the identifier pointingottom-up. The last row stored in the database is the one repre-
to the rest. senting the top-level of the object.

Lists are more complicated. First, we have to construct theWhen putting a Material in the database, if the put operation
database representation of each list element, and then cepecifies one or more initial States for the Material, we must
struct the representation of the list itself. The former entailsiasert rows intestate_rel to place the Material in these
recursive application of the procedure we are describing heBtates.
for each list element. For example, to construct a list of strings,When putting a Step in the database, there are several
we have to take each string in turn and follow the procedufarther tasks. For each field in the Step, a row must be inserted
above; namely, if the string is longer than 255 characters, starto -transpose . For each Material associated with the
the excess ipstring , and represent the string as a wholeStep, a row must be inserted iAtdstory ~ to connect the
by its initial substring together with the identifier pointing toMaterial to the Step. Also, for each such Material, ifpthie
the rest. Once the elements are constructed, if the list does operation specifies a state change, it is necessary to insert, de-
fit in the enclosing table (i.e. it has more than one element tate, or modify rows ofstate_rel to effect the change;
is a lists of lists), we put the extra elements into the database accomplish this by invoking tset_states  operation.
as rows of thelist  table. The function that puts data into Let us turn now to thget operation. We will only de-

-list returns the list identifier. The database representaticstribe the case of getting all tags of an object given its internal
of the list consists of two parts: the representation of its firgibject identifier; other cases are similar.
element, and the identifier pointing to the rest. First, we acces®bject  and the object’s type-table to

For structs, we recursively apply the procedure describegbt the one row from each table corresponding to the object.
for objects, except that no row is inserted iotgect . The  Thisis accomplished by a single SQL statement that joins the
function that performs this procedure returns the intern&vo tables onrdatabase id and selects for the desired
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material -id step -kind tag -when
238 P789 239 pick_clone library 00:05 23 Dec 97
238 P789 239 pick_clone clone 00:05 23 Dec 97
238 P789 244 read-seq clone 00:03 25 Dec 97
238 P789 244 read-seq sequence 00:03 25 Dec 97
238 P789 246 import_seq clone 00:05 26 Dec 97
238 P789 246 import_seqg sequence 00:05 26 Dec 97

Fig. 7. Retrieving Step-data for one Material from Figure 3. This figure shows the most relevant fields produced by joloirey théistory
-transpose , and-object  tables as needed to retrieve the most-recent value of each faddethéor P789. From this data, we see that the most
recent value ofbrary ~ comes from step 239, while the most recent valueloé andsequence come from step 246.

value of-database_id. The result is a row containing schemas that are acyclic and would probably improve per-
the database representation for each field of the object. formance. The same idea should not be used to retrieve all
Next, we convert the database representation of each fidists contained in an object, because the multiplicity of such
into its Perl5 representation and combine these into a Peibments can lead to a combinatorial explosion; for example,
HASH. For many data types, viz. boolean, integer, float, an@l an object contains two lists with 10 elements each, an
short_string, the conversion is trivial because the databaggter-join that retrieves both lists will produce 100x(10)
format is essentially identical to the Perl5 representation; fegws.
example, for boolean data, the database represents ‘true’ byvhen getting a Material from the database, we must also
1 and “false’ by 0, which are valid representations of thesget the most recent value of each field from its history-list;
values in Perl5. Timestamps and object-references are slighost-recent’ is defined with respect to tiehen field of
ly harder. For timestamps, the value in the database mustf@ step that created each field. The basic plan for doing this
fed into a Timestamp constructor (which is just a S'mp|¢stojoin-history (which links Materials and Steps) with
Perl5 function) to obtain a Perl5 Timestamp object. For Obtranspose (which links Steps to fields) witlobject
ject-references, the value in the database is the internal ide(\‘/F/hich contains thewhen field of each Step), and restrict

ifier of the referent object; the software must consult thgy yhe jntemnal identifier of the Material of interest. Figiire
schema to discover the type of the referent Obje(_:t’ th‘?!‘ COfemonstrates the procedure. In principle, we could use SQL
struct a Perl HASH containing the type and the identifier.

S ) ; . to select the most recent value of each field from this result,

For the rﬁmamlgg data_types, VIZ.j’[I‘II’]?S, I'Stﬁ’ %nd Skt)rUCtﬁ'ut the SQL statement for doing so is impressively opaque.

\év:ngﬁziﬁh)é gieswtgr retrieve more data from the data asev(% found it to be more effective to retrieve the entire result
J (ééa all values for each field on the Material’s history-list),

For strings longer than 255 characters, we must acce nd select the most-recent value in the LabBase software
-string to obtain the tail of the string, and concatenate thé . o o
One consequence of this implementation is that it is

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 toequaIIy efficient to retrieve the entire list of values for each

accesslist  to get the remaining elements, combine thesge,"ld’ rgther thaf‘.j“St its most rece’?t value. We e>'<perimented
with the first element stored in the top level row, construct th¥ith this capability and found that it was not terribly useful,
Perl5 representation of each list element, and combine tR§CaUse one usually wants to correlate values across fields;
results into a Perl5 ARRAY. The construction of each lis€9- there is little point in getting lists of left-primers and
element entails a recursive application of the procedure WiINt-primers for an STS without knowing which pairs of
are describing here and may involve more database acces8ners work together! More useful would be the ability to
For structs, we recursively apply the procedure describeilP_eC'fy a set of fields and retrleve_ a list vyhose element§ con-
for objects, except that no row is retrieved frasbject .  tain values extracted from the history-list for all specified
The net effect is to retrieve the object top-down. The firsields.
row retrieved from the database is the one representing thé/Ve thought about extending the history-list idea to all ob-
top-level of the object. As the process recurses, rows are fcts (essentially doing away with the distinction between Ma-
trieved representing the structs and other elements that ##als and other types of objects). We chose not to allow this,
more deeply embedded in the object. An alternative desidiecause it complicates the process of getting field-values from
would be to use outer-joins to retrieve the top-level row anan object’s history-list. Suppose Steps were allowed to have
all structs that it (recursively) contains in a single SQL statdiistories, too; then when looking for the most-recent value of
ment. (Outer-join, rather that normal join, is needed to handkefield, we would have to look at fields on the Step’s history-
structs that are missing.) This could be made to work fdist, tooad infinutum This seemed too complex.
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When getting a Material, thget operation can also re- database content midway through the process, and (ii) to en-
trieve its history-list and state-list. The former is obtained bgure that if the system were to crash before the operation
joining -history with -object  and restricting by the completes, the partial results would be rolled back.
internal identifier of the Material. The latter is obtained by
joining -state_rel with -state  and restricting by the
internal identifier of the Material. ) _

Theget operation can also move the Material to a neWiPISCUSSIon
State. This is accomplished by invoking 8 _states

operation. The facilities provided by LabBase make it easier to create
Thecount operation is much simpler thget , because 3 |aboratory database that conform to our model by automat-
it cares about the existence of objects and not their conteftlg commonly occurring database design tasks. Since Steps
We can, for example, count the number of Materials of are automatically connected to Materials, the database de-
given type in a given state by joining the type-table for theigner need not be concerned with how these links are main-
desired type withstate , restricting by the internal ident- tained. Since Steps are automatically preserved in a chrono-
ifier of the desired State, and counting the number of rows ingical history, the designer need not be concerned with pre-
the result. This can be accomplished by a single SQL statgenting updates from overwriting previous data. Since
ment. Since the conditions that can be specifiegbimt Step-data can be queried via Materials, the designer need not
are so limited, there is never a need to descend into the rolasconcerned with storing laboratory results inside Materials,
that represent the constituents of the object. nor with providing views for this purpose. The structural ob-
Thedelete operation retrieves the rows that represenjects of LabBase let the designer model complex data con-
the object in a top-down fashion, liget , then deletes these taining arbitrarily long strings, lists, and sub-objects without
rows bottom-up, analogous tput. In addition, for having to worry about the implementation details.
Materials, all rows referring to the Material are deleted from The software has numerous limitations. Most notably, the

-state_rel and -history . For Steps, all rows System is not easily extensible, it lacks many useful object-
referring to the Step are deleted frofmistory and oriented features, and the query language is weak. We were
-transpose . The system guarantees that internal€luctantto correctthese flaws until the system went into pro-

identifiers for deleted objects are never re-used. duction, and we could see which features were most important
Theupdate operation is simpler, because it can only upjn real laboratories. Now that the system is entering service,

date fields directly contained in an object o struct. The opel/€ have started to extend the software in some of these areas.

ation gets the row representing the object or struct. Then, for’ mgthodolzgical ((:joncefm ils that the E’ju'k of the imple-
each field being updated, if the old value is a string, list, entation is devoted to fairly generic data management

struct, the old value is deleted. Finally, for each field bein netions, such as support for structural objects, in contrast

updated, the new value is constructed as in put, and the features that are specific to laboratory data management,

semble submitted to the database as a SQL update statem@at the Mate_zrlal, Step, and State constructs. An alternative
. ! Implementation strategy would have been to develop Lab-
Theset _states  operation can be used directly by ap-

licati but is al dint I dget 1o ef Base on top of an object-oriented database system. We pur-
fp |cta;r|10n§£ tu '; aso utshe interna ymyt_b"l’mf geTho et tsued this approach in the past and believe it to be technically
ectthe state changes Ihey are reSponsibie Tor. The operatigiy . oy put we were pushed down the relational path by the

can be used to move a Material from one State to another, g« re of potential users. We found it difficult to convince
to remove the Material from a State without placing it in @)otential users, other than our close collaborators, to try a
new one, or to put the Material in a new State without remoVson_relational solution, because projects whose database
ing it from the old. Additionallyset_states  can be in-  yroplems were hard enough to need LabBase were unwilling
structed to heed or ignore various anomalous conditions; f@§ antrust their data to a non-standard solution.
example, when moving a Material from one State to another,The LabBase approach is attractive from a functional
an anomalous condition arises if either State does not exigfandpoim_ Given the current technology choices, LabBase
or if the Material is not in the source State, or the Material igffers a useful middle ground in which application devel-
already in the target State. In some castsstate  scan  opers gain some of the strengths of object-oriented data
accomplish the requested work through a single SQL updatgodeling while retaining the robust, efficient, and well-sup-
statement applied tetate_rel  ; often, however, the pro- ported storage management facilities of today’s relational
gram must issue a series of deletes and inserts. products. It is reasonable to speculate that the newly emerg-
We execute each LabBase operation as a database trangag-generation of object-relational database products will
tion so that (i) no concurrent LabBase application can see tegentually gain widespread acceptance. If and when this
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happens, it will time to consider a reimplementation of LabKerlavage,A.R., Adams,M.D., Kelley,J.C., Dubnick,M., Powell,J.,

Base using this technology. Shanmugam,P., Venter,J.C. and Fields,C. (1993). Analysis and
management of data from high throughput sequence tag projects.
Proceedings of the 26th Annual Hawaii International Conference on
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