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Flow cyfomeiry has become » techsigue of paramount importance in the armamentacinm
of the scientist jo such domains a5 immunogenetics. In the PENGUIN projoct, we are
carrently developing the architecre for an expert databese sysiem to fucilitate the design
of flow-cytometry experiments. This paper describes the oore of this architecture—a metbod-
ology for l!lmxing complex biomedical information in en extended selational framework.
More slzeuﬁnlly. we axploit A semantic data mode) to enhance rolational databases with
slrut?lunng and manipulation tools that take more dosasin information inlo account and
peovide the uses with an sppropriate evel of abstraction. We present specific applications
9( the nmayral model fo dalabase schema management, data retrieval and browsiag, and
infegrity maintenance. © 1991 Acadumic Press, foc,

1. INTRODUCTION

In the Iate 1960s, a group of biomedical researchers at Stanford University
set out lo develop a means of analyzing and isolating viable cells that have
dgﬂ'erenl_oeﬂ-nwfnoe phenotypes.The idea was that those phenotypes could be
dlﬂ:eren.ualed by using vacious combinations of fluorescence-tagged monoclonal
anlibodies. This work eventually led to a flow-cytometry sorting method oamed

ﬂuonscence-a.cn'ual:d cell sortipg (FACS) (9). Since ther, the method has been
iuproved continuously, snd numerous biolagical and clinical applications have
been developed and employed. By now, an eslimated several thousand FACS
analyzers and soclers are in use; nearly all biological research institutions and
!arge numbers of clinical research laboratorics throughout the world ua FACS
instruments. The FACS technique is heavily used in the felds of immunology
and molecular and cell biology, including clinical immunology.

Because of the format and rafe of generation of raw FACS data, computer
support has bee_n an integral part of FACS analysis since the jnitial engineering
stage (16); various groups developed software that could handle dats from
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the early one- and (wo-parameler machines. The major impediment to more
widespread use of the techuology, however, involves Lhe requirement for greater
skills in reagemt selection, protocol definition, machine aperation, and data
analysis than are typically available today in basic and clinical research settings.
Developing an expert flow-cylomelry workstation that would provide 3 new
leve! of automatic analysis and control for FACS and would greatly facilitate
FACS use by reducing the need for on-site human expertise should therefore
significantly improve the polential for using this versatile methodology in bio-
medical research and clinical practice. The development of the Aow-cytometry
workstation encompasses the design of different soflware modules for assisting
in the design of experiment protocols, crealing aew experiment protocols and
editing the existing ones, controlling and operating the instrument, analyzing
and displaying FACS-experimen! results, managing and retcieving FACS dala,
and reporting 10 other programs, such as 1o slatistical packages.

Our research group is now building the expert Bow-cylomelry workstation.
In the PENGUIN praject, wefocus particularly on the area of computer-assisted
planning of FACS experiments (4). Because decision support in this domsin
requires the integration of diverse dala and imowledge sources, we are investi-
gating in PENGUIN the combined use of database, attificial intelligence, and
object-oriented techniques to design a general archilecture for expert database
Systems. In this paper, we describe the core of this architecture—a methodology
to manage immunogenetics and FACS-staining information using an extended
relational model.

In Section 2, we present an overview of the PENGUIN project. In Section
3, we introduce the semantic model that we use to extend the relational model.
In Seclion 4, we discuss the problems associaled with defining a complex
biomedical database and we describe briefly the schema rtesulting from the
design process. In Section 5, we demonstrate the application of the semantic
model for managiog the relational schema, querying the FACS database, and
browsing and updating infonnatioa. In Section 6, we address the issve of consis-
tency checkiog and integrity maintenaace. lu Section 7, we present specific

examples of the system's use, before concleding in Section 8,

2. AN ORJECT-ORIENTED ARCHITECTURE FOR EXPERT DATABASE SYSTEMS

Because the design of FACS experimental protocols is both data- and knowl-
edge-intensive, and because human expertise in the domain is scarce, providing
assistance in this process will be helpful both in achieving good FACS perfor-
mance and in structuring and formalizing the biomedical knowledge involved
in flow cytometry. Decision suppor! in this domain requires the combined use
of data- and knowledge-based methods.

2.1. The PENGUIN Project

Combining database and cxpert-sysiem lechmologies into expert database
systems (EDSs) is now an active area of research (10, 15). EDSs can be seen
a8 mediators—''software modules that exploil encoded kaowledge about some
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Fra. 1, A theee-layer framework for EDSs. The object layer medintes betwoen the relations! layer
and the knowledge-based layer, combining relational (uples into object instances, Similaly, it
Gansiates high-level roquests for infonnation iato precise relational queries.

sels or subsets of dala fo create information™ (6, 19). From our viewpoint of
assisting sciealists in developing FACS protocols, an EDS should

* Ewhance relational database management systems (DBMSs) with struc-
turing and manipulation tools that provide the user with an appropniate fevel of
absimclion

* Allow expert systems to access and handle efficiently informalion stored
in databases and to take advantage of database techn iques for dealing with
persistency.

In the PENGUIN project, we are investigaling the hypothesis that an object-
oricnted approach can serve as a unifying framework for developing such EDSs.

The object-oriented paradigm bas emerged as a pervasive and useful concept
in maay areas of computer science. Objects undoubledly offer the appropriate
Ievel of abstraction Lo represent complex, real-world entities that are manipu-
lated by EDSs. Storiag information in the form of complex ohjects, however,
can seriously inhibit shariog and flexibility, since persistent objects bind applica-
tion-dependent kuowledge to the data (/8). A desirable compromise s 1o define
an object-based layer on top of a relational DBMS (7). This approach calls not
for storing objects explicitly in the database, but rather for generaling temporary
object instances by binding dala from base relations to predefined object tem-
plates. Those instances canlater be manipulated in various ways by anintelligent
agent.

We therefore introduce a three-ayes, domain-independent archilecture for
EDSs, where the object layer medistes between a database layer and a knowl-
edge-based layer. Such an architecture is shown in Fig. I.

A layered architecture wilh coupling of distinct components explicitly pre-
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cludes physical intcgration. We require, however, conceptual integration, in
that the layers, even though they are separate entities, should preseat a consjs-
tenl interface to the users. Conceptual integration means that we can interac(
with the system at any given level, wilhout incurting the overhead of the layers
above that one, as shown in Fig. 1. Note also that, since the architecture is
distributed and heterogeneous in nature, the knowledge layer does not actually
fall within PENGUIN's boundaries. In fact, any application can exploit the
object layer through a standard communication protocol. Hence, our emphasis
in PENGUIN is on the two lower layers.

At the core of PENGUIN is 2 semantic data model—the structural modet,
Although PENGUIN exploits the structural medel's knowledge of the database
in both the relational and the object layer, we focus here on the vse of the
structural model (o enhance relational-database operations. Bxtensive descrip-
uons of the objecl layer can be found in (I, 2, 6, 7, 20).

2.2. Development Environment

PENGUIN's archilecture fits well into the client—server model, where multi-
ple worksiations access a centralized, remote database server through a variely
of Wilored interfaces. The database server is a microVax-II computer from
Digital Equipment Corporation (DEC). The database package thal we use is
Rdb/VMS, DEC’s relational database product. Oa the server, COMMON LISP
programs handle communication with the clients and access the database
through an Rdb-to-Lisp programmatic interface.

The workstations are Apple Macintosh I personal computers. PENGUIN
integrales two different environmenls on these workslations. A standalone
application implemeants the entire object layer and various functionalities of the
relational layer. A hypertext authoring environment provides data-retcieval and
browsiag tools for the relational layer—Ilools that adhere 10 a direct-manipula-
tion style of interface (22). The standalone program is written in Object Pascal
and totals about 25,000 lines of code. The hypertext tool is HyperCard (13); its
programming language, HyperTalk, has been extended with external command-s
and functions to provide addilional capabilities such as interprocess communi-
cation.

3. Tue STRUCTURAL MODEL

The structural model is 3 **semantic data mode!* that augments the wlaﬁognl
model by representing the knowledge about the constraints and depende'nmes
among the domain relations in the database (2/). (See (8) for a detaifed discus-
sion of semaatic data models.)

3.1. Concepts and Symbols

The primitives of the model are refations, as delermined by the normaliza_lion
process, aud connections (o describe those relationships belween the relations
(12). Formally, a connection is specified by the connection type, a pair of source
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and destination relations, and their shared conaccting atiributes. Theee types
of connections are defined (hat correspond (o precise inlegrity constraiats,
define the pemissible cardinality of the relationships, and encode the relation-
ships’ semantics:

Ownership connection. A single topie in the owner relation owns many lowes-
ievel tuples of (he same type in the owned relation, which implies a one-to-
many cardinafity, This cornection embodies (he concept of dependency, where
owned tuples are specifically related to and dependent on a single owner (uple.
Aggregation hierarchies with *'has some” type links thus can be implemented
using ownership connections. Syntactic and integrily rufes for the ownership
connection are: (1) the key of the owned relation is the concatenation of the key
of the owner refation and (at least) one other attribute; (2) a new {upfe can be
inserted into the owned relstion only if there is a matching Luple in the owner
relation; (3) deletion of an owner tuple implies deletion of the owned tuples.
The graphical symbol of the ownesship comnection is .,

Reference connection. Multipfe tuples In the same referencing relation refer 1o
the same descriptive tuple of a different referenced relation; this case therefore
implics a many-to-one cardinality. The connection of two related concepts, one
being more general than the other, corresponds to an abstraction process. Rules
for the reference conneclions ace: (1) the key of the referenced relation matches
the referencing atlcibites of the source relation: (2) a destination (referenced)
ple must exist when a refecencing luple is inserted; (3) deletion of a referenced
tuple in the destinalion refation aecessitates corrective action on the matching
tuples of the source relation. The graphical symbol of the reference conneclion
is —,

Subset connection. This connection has a pattial one-to-one mapping from
onc general relation to another more specialized ome; hence, a tuple io the
general celation is linked to at most one tuple in the subset relation. Categorical
hicrarchies with *‘isa’ typelinks can be represeated vsing the subset formalism.
The rules for the subset connection are: (1) the key of the subset relation
matches the key of the general relation—that is, only the nonkey altribules
differ; (2) a general tuple must exist when a subset tuple is inserted; (3) deletion
of a general tuple implics deletion of the corresponding subset tuples. The
graphical symbol of the subsel connection is D.

The struclural connections permit modeling of all relational schema, although
complex relationships such as many-10-many connections may require combina-
tions of the three lypes (I7). Most important, the coanections provide the
structural kaowledge that is needed to overcome many limitations of the refa-
(ional model, as we shall demonstrale below.

3.2. Representation in a Relational Database
The structural model (SM) for a database is itself stored in relational form

and is accessible only through the DBMS. Encoding the SM in this way ensures -

persisteacy of the metadata and allows a uniform access method (o both the
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extensional dalabase and the metadatabase. A relational vepresentation aiso
offers good portability, since it can be reimplemented casily in other relational
eaviroaments. In contrast, a host-Janguage file encoding the structural model
might vary in formal across different hardware platforms and operating systems.

Our relational metadatabase consists of two relations—OONNECTED_
RELATIONS and CONNECT-ATTRIBUTES. CONNECTED_RELATIONS
encodes pairs of relations commected in the struclural model; CONNECT-
ATTRIBUTES encodes the shared attributes defining each conaection. The met-
adatabase has the following schema:

CONNECTED_REUATIONS CONNECT_ATTRIBUTES

Conneclion_Id (Key Field) Connection_Id (Key Field)
Source_Relation Source_Relstion_Attribute (Key Field)
Destination_Relation Destination_Relation _Aftribute
Connection_Type

Cardinality_Comatreint

The Connection_Type field of CONNECTED_RELATIONS contains one of
six SM connection lypes (that is, one of the three types specified in Section 3.1
or the inverse of one of the types). The Cardinality_Constrainl field contains
connection-specific information regarding the allowed cardinalities of corre-
sponding source and destination tuples. Note that there is 2 one-to-many rela-
tionship  between CONNECTED_RELATIONS and CONNECT.
ATTRIBUTES; for each Source Relafion/Destination_Relation pair
(tuple) in CONNECTED_RELATIONS, therc may be one or more tuples in
CONNECT-ATTRIBUTES. This relationship is consistent with our concept
of the structural model, in which relations are logically connecled (hrough the
values of one or more pairs of correspoading attributes,

For the structural model to be used efficientlly, we must import. it from the
relational format into a host-language data structure in main memory. This
operalion is done by a host-language routine that accesses the DBMS using an
embedded query language. The relational encoding of the structural model is
converted into an adjacency-list representation. I we think of the structural
model as a graph, with relations as the vertices and SM connections as the
edges, the infernal representation of the SM is then a modified adjacency list
for that graph.

4, THE DESIGN OF A COMPLEX B1OMEDICAL DATABASE

Using the SM, we designed a relational-database schema to encode many of
the data and much of the knowledge relevant to the FACS domain. Desigaing
the schema was an iterative and time-consuming process due to the richness of
domain knowledge. Principles of the SM facilitated the design process by defin-
ing the types of relations supported by the model and by prescribing methods
to encode certain semantic relationships.
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action i some of those rules are violated. For instance, a cycle made entirely
of ownership connections (which is not valid) will be detected; the system
will then require that one of the conaections be deleled to break that cycle.
Furthermore, since PENGUIN uses a distributed mode! of information pro-
cessing, it is crucial Lo keep the local and remote schemas (on the workstation
and on the database server, respeclively) consisiemt. The user can request at
any time that a consistency check be pecformed; if the two schemas do not
match (for instance, a refation is missing in the workslation's schema), (he
Incomsistencies have (o be resolved (for instance, a missing local relation’s
definition can be imported from the server to the workstation). This mechanism
therefore permits complele definition of a new database on the server from
the workstation-based structural model, and, symmetrically, definition of the
struclural model from the central database schema, althovgh the definition is
only partial in this direction (the designer still has to specify the comnections
among relations, since the central DBMS has no notion of the structural modef).
Fig. 3 summarizes the fuactionalitics of the schema editor for the FACS da-
tabase.

3.2. Hyperiext-Based [nformation Retrieval and Manipulation

The expert flow-cytometry workstation demaads intuitive human interfaces
that maximize the flow of information between machine and user. Accordingly,
we have applied hypertext authoring tools 10 the design of high-grade user-
interface environments for PENGUIN's refational layer. The HyperCard inter-
faces exploil simultancousty and in synergy the browsing and direct-manipula-
tion features of hypertext, the amalytical-querying and concusrent-access
features of refational DBMSs, and the structural model defined with the
ohjecl-oriented editor.

PENGUIN imposes only four related constraints on the design of HyperCard
stacks: Bach HyperCard stack must correspond 10 a particular database, each
background of a stack must correspond o a database refafion, each field of a
backgrouad must cormespond to an attribule of a relation, and each card that
shares a background must correspond to a record of a relation.

PENGUIN defines 2 hybrid interface syster for retrieving information, com-
bining the browsing capabilities of HyperCard for facile, vaderconstrained ex-
plorstion and the analytical-querying capabilities of DBMSs for selective, mulii-
criteria search. PENGUIN's search system consists therefore of a declarative
query language for downloading data from the sesver to the HyperCard stack,
and of a combination of that same query language and of navigational access
through dynamic links for searching locally in the stack.

5.2.1. Retricval from the Database

Users setcieve records from the database by manipulatiag » visual query
language. The basic idea is the folowing: For each background in the stack,
PENGUIN provides a corresponding search card, where all database-retrieval

o
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j enlation of the database schema. The schema fs dispiayed as a network
dﬁtmmmmwﬁom in the right window; Ix_uh lellli.ous and oomecﬂon's are
mause-sensitive objects, 50 the user can readily obtain more mfonmon about the domain bly
sclecling any one objecl. From fop lo battom, the paletle in t!w fight window wn!alns the loo |}
for selecting an object, for defining 2 new relation, for deﬁmn.a a mew :.ell‘-mrfreuuns n.lau?n
(corresponding to a recursive schema), and foc cannecting two emstn.:g ul-nlmns with an awnership,
a refecence, or A subsel coonection. The teft window fists the relations in aiphabelical order.

opemtions are specified and performed. Fig. 4 presents such a search c?nd for
the ANTIBODY background of Fig. S, which in turn conea!pond-s lo a projection
on lhe ANTIBODIES database relation, which is described in ._Appendx_x A
(Note that a background name in PENGUIN and the corresponding relation’s
t have to be identical.) .
“‘?;cd,;‘:;:";: style is a mixture of form filt-in and dil.eci manipulation. The
user first enters search conditions in the form of decl':xrauve sulnlenaems l‘of any
aumber of the search card’s fields. Using simple poml-and—cln:,k interactions,
she can then directly manipulate the quecy (for example, changing the order of
the Boolean connectives among the search conditions) befope execuling u.' 'l:he
visual query language accommodates single-relation queries as well as joins
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SELECTY Clonp-Neme Jnvestigator,Leb-er-0rigin,Dete~Cloned, Stalning-Priarity
FROM  ANTIDODIES s
WHERE o.Clane~Neme SVARTS_WITH "Anti* AND
a.lnvestigator IS NULL AND e.Slatning-Priarily ) 3 AND
(atLeb-of-Origin = "Stanford™ OR eLab-af-Qrigin CONTAINS "tach’)

®)

PFro. 4. Using the search card for ANTIBODY ¢o query the database. (a) The search card confains
the five flelds defined for the ANTIBODY background. The Scarch Stack button allows the user to
perform a search locally on the stack instead of remotely on the datsbase (Scarch Rdb butlon). The
Joln bution, when sclccied, defines queries over multiple selations. The magnifying-ghass button
gives access Lo a query log of the current sessionn. Finally, the cross-fike button terminates Lbe
session with the secver. To specily a query, the user emters a scarch clause far each astsibute by
clicking on Lhe carvespondiag field and typing the clause, which can contain literafs and opesators
(& for starling with, *** for contains, “‘emply’* for is aull, and *“>** {or greates than), Multiple
clauses for the same ficld are separated by a comma. (b) The carresponding SQL query. Nole that
the defavk logical arrungement of the ANDs aad ORs coanectors caa be changed easily throegh
the use of the Linearize and Or scasch buttons.

over multiple relations, Boolean operations, and a variety of patiern-matching
operators—thus offering a wide range of scarch options to query the database.

Letus demonstrate a single-relation query. Figure 4 fllustrales a query against
the ANTIBODY background. Once the query has been formulated deciara-
tively, PENGUINM translates it into the correct database expressions, which are
then sent 1o the database server for execilion. Afier execution, the server
transmits back 10 PENGUIN the dalabase tuples that salisfy this query. For
¢each (uple of the relation being queried, PENGUIN finally creates a new card
in the corresponding background. Figure S displays such a card that presents
one of the tuples satisfying the query of Fig. 4a.

Queries involving search oa multiple relations simulaneously—join quer-
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Ric. 5. The ANTIBODY background {or a projection oathe ANTIBODIES relation and its naviga-
Gomal capabilities. Tho Read baiton at the upper-tight comer of the card allows the user (o loggle
betwoen read and write modes. The eye-shaped bulton moves Lhe wser to the search casd (os this
backgrouzd, where she can specify alf search operations. The newly created antibody card is part
of the answer sel of the query of Fig. 4. The Prev in Set and Next in Set buttons allow the uses to
loak ! the ether casds of the answer set. ANTIBODY is connectod to PROTEINS. ani AG-A8
REACTIONS, as shown by the corresponding buttans. By sclecting To AG-AB Reactions, the uver
can direcly reisieve all AG-AB REACTIONS cands, such that Clope-Name = **AnfilgG,™ withoul

spocifying auy query expression.

ies—are also handled in a similac direct-manipulatioa style. As a result, our
hypertext interface can (acilitate the design of FACS staining pro.(ocols. For
example, Lhe relation CELL-ANTIGEN EXPRESSION caa be queried to deter-
mine the surface markers on a tacget cell of interest. A subsequent query
1o ANTIBODY-ANTIGEN RXN PATTERNS lists the antibodies that avidly
conjugate with that surface marker. A join query on lNSTANCES. and
TITRATIONS returns the fluorochromes that bind lo the selecle_d _anubody
and indicates the locations and quantities of the solutions containing (.hc.)sc
combinations. In this fashion, information vatuable in the design of staining
protocols can be obtained from the database directly through .mvesugal?rs
gueries or indirecty viaa knowledge-bascd planning system. Section 7 provides
more detailed examples of (he system’s use.

5.2.2. Browsing through the Stack
i igati h the HyperCard
PENGUIN supports varions ways of navigating throug| ard
stack, once dala If:ve been transferred from the database. _PENGl_JIN combines
Hype.lCard’s navigational access with the pattern-motching retne‘vnl capnbll;
ties of a DBMS. We have extended HyperCard with a custom-designed scarc
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engine. _As a result, the same query language is used consistently to retricve
information from the database and (o search the HyperCard stack. No matter
what the tarpet of a search (the database or the sfack) is, the resul of that search
defines a set of cards (rewly created if the largel was the database; already
present if the target was the stack). PENGUIN then enables the user to look at
the result set easily, as shown in Fig. §, by using two buttons to move back and
forth in that set,

‘['-he femanlics of the structural model plays a critical role in supporting
navigation through the stack. The structural conneclions establish dynamic
links between cards of various backgrounds. By definition, two backgrounds
related by a structural connection share some common fields; for example,
ANTIBODY and AG-AB REACTIONS share the Clone-Name field. A dynamic
{ink between cards of those backgrounds therefore cocrespoads to commondata
values for the shared fields. PENGUIN's browsing strategy follows from this
characterislic.

As illustrated in Fig. 5, a background conlains a button for every other
background to which it is connected. In the context of a specific card, the user
can now find relevant cards in another related background simply by clicking

on the appropriste button; PENGUIN determines the fields involved in the -

con?eclion, builds the query using the card's data values for those ields, and
retrieves all corresponding cards in (he second background. Note that more
than one card will be found only if the coanection being followed has a ose-to-
many _cudimﬁ(y. In that case, the same two-bulton mechanism as that used for
scanning a query’s answer set is applied (o loop through the set,

3.3. Update Operations

P'E_NGUIN supports all update operations—insert, delete, and modify—in
addition to the retrieval capabilities. The user can perform updale operations
ooly by switching from read mode Lo write mode. A different sel of bullons for
petforming updates subsequently appears on each data card.

Insertions and delelions occur in batch mode and require distinct transactions.
.New cards can be added (o the stack at any lime; those new tuples are not
mediately inserted in the database. Instead, the user has 1o request an iayer-
tion lfansaclion to add to the database all the tuples created since the Jast
insertion operation. Cards created between Iwo insertion iransactions can there-
fore be modified or even deleted without consequence to the central database.
Like\»_'ise, a deletion operation consists of two steps: (I) specification of a
sele_cnon expression, using the same query language as that employed for data
retrieval, and 2) request (o delete all the database fuples that salisfy the selection
expression. Unlike insertions and deletions, however, modifications occur on
one tuple at a time during a standard retrieval transaction, where each modified
tuple has been loaded from the database in the course of that sesston.

During every update operation, PENGUIN provides concurvency control
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over the ceniralized database; multiple workstations caa thus access the same
database through the HyperCard interface and can prolect (he consistency of
their respective (ransactions by setting and releasing locks on relations.

6. CONSISTENCY CHECKING

Ope rationale for the structurat model is that it declaratively defines semantic
integrity constraints over a database in BCNF. These constraiats encode exis-
tence dependencies among tuples in different relations and easure that the
daiabase remains semantically consistent over s active lifetime, Semantic
inconsislencies result in data instances that are not useful or are incorrect.

Each SM connection encodes & characleristic set of integrity constraints (see
Section 3.1). For example, the reference conaection requires (hat a referenced
tuple exist when a referencing tuple is inserted, and Lhat the deletion of a
referenced tuple be accompanied by correclive action on any corresponding
tuple of the referencing relation (14). Violation of this constrainl may result in
tuples that reference nonexistent data instances, that is, a reference that pro-

vides no information.

6.1. Batch-Made Versus Interactive-Mode Checking

Integrity constraints can be monitored and enforced aulomatically by consis-
tency-checking programs that compare database states against constraints im-
plied by the structural model. Such programs may opersate in interactive or
batch mode. If consistency checking occurs at updale time (interactive mode),
(he user is notified that a requested transaction will cause an integrity violation.
The user then is given the option of aborting the transaction or correcting the
errant condition—for example, he can insert a missing (uple. If consistency
checking occurs afier multiple updates (balch mode), the exisling dalabasc state
is examined and all integrity violations are reported to (he dalabase administra-
tor for subsequeat correction.

Although batch-mode corisistency checking avoids the extra computstional
cost al update lime thal is incorred with interactive-mode checking, it has
(he disadvantage of allowiag inconsistent database states between batch runs.
Inconsistent states may simply relurn incomplete data in response to queries.
More seriously, they may Jead fo subsequent database stales that appear
consistent, but contain incorrect information. Existing inconsistent states may
also be propagated across the database between balch-mode tuns, requiring
a recursive traversal of the SM graph (o uncover all integrity violations. lo
conlrast, interactive-mode consistency checking can be local (o the relation
being updated and is therefore more efficieat. In our prototype implementa-
lion, we are running batch-mode consistency checking; however, we plan to
upgrade fo interactive consislency checking. Given our amalysis of the
database and of its usage (see Section 6.2), this shouid mot introduce an
intolerable defay during (ransactions.

We illustrate the importance of maintaining semantic integrity constraints as
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OUTBRED-GENOME-LOCI d¢——-— GENOME -————— CEUS

FiG. 6. A sample SM representation Lo ifustrale inconsistent database states.

prescribed by the structural modef. Qur example uses a subset of the immunoge-
netics database (hat we have defined, The GENOME relation coalains general
attribules that are pertinent to all genome entities. The OUTBRED-GENOME-
LOC] relation describes the identity and source of each allele at a helerozygous
outbred geaome locus. The CELLS refation references the source genome of
specific cell identifiers. The structurai mode! for this subset of the daabase is
represented in Fig. 6.

In the absence of interactive consistency checking, » dalabase state might
acrise where tuples in the relation OUTBRED-GENOME-LOCI exist without
corresponding tuples in the owning rvelation GENOME. This state is a
violation of the ownership-connection integrity consiraint. The pceviously
owned tuples are mow atlributes wilhout an eality and, thecefore, are
semanlically meaningless. Furthetmore, the subsequent insertion of a GE-
NOME tuple with a key that coincidentally malches that of the orphaned
OUTBRED-GENOME-LQCI tuples results in semantically incorrect atini-
butes for the inserted genome. At this point, the daiabase is syatactically
correct wilth respect (o the SM and no consisteacy violations can be detected,
but semantically incomrect information exists. The potential for genersting
undetectable errors in the database in this maaner underscores the importance
of interactive-mode consislency checkiag.

6.2. Performance of Consistency-Checking Operations

Consistency-checking at update time introduces an additional computational
cost to each transaction. The amount of this cost depends on several factors:

1. The connectedness of the structural model for the database, that is, how
many other relations, on average, must be checked for semantic consistency
with the updated relation

2. The average cardinality of the extensions of the dalabase, that is, how
many tuples of the connected relations musl be checked for existence depend-
encies

3, The extent of indexing on the keys of connected relations, that is, the
cost of searching connecled relations for comesponding tuples

4, The frequency of update transactions on the database, that is, how often
consistency checking will be required

5. The general performance characterislic of the DBMS and of the hardware
platform; that is how quickly the system can cxecute a given operation.
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TABLE |

AVERAGE TIME (IN SECONDS) REQUIAED T0 VERIFY THE EXISTENCE OF A OORRESPOND NG
TurLs t A CONNECTED RELATION

e ——
Number of join attributes
l ' 2 3 .
Tuples In

connecied Not Not Nov Not
relation  Indexed indexed lIndexed indexed Indexed indexed Indexed indexed

100 0.17 .30 02§ .39 032 045 0.40 0.52

1000 0.17 42 025 1.83 0.32 12 e 2.03

10000 6.17 13.96 0.5 15.85 032 NA 0.4 NA

Clearly, Lhe larger, more conneciod, and less indexed a database is, the greater
the performance degradation of consistency checking at vpdate time will be. If
vpdate transactions are frequent, interaclive consisiency checking may increase
the total operational load of the system significantly. The benefits of coasistency
checking with respect (0 dainbase integrity must then be weighed against the
operational costs of consistency checking with respect o users’ needs.

We anticipate a minor performance degradation on implementation of inter-
active consistency checking for the immunogenetics database. With the excep-
tion of laboratory-specific data, the database encodes relatively static knowl-
edge in the FACS staining domain; therefore, updales will be infrequent follow-
ing the initial dats entry. Moreover, although the SM is richly connecled, the
cardinalities of the database extension will be relatively small, aad most key
fields will be indexed. .

We performed benchmark testing of our prototype consistency-checking
module (0 determine the time reguired to search a connected relation for the
existence of tuple. (The hardware platform and relalional database that we
used are described in Section 2.2.) The consistency-checking algorithms we
implemented access the database via query statements embedded in a host
tanguage. To investigate the effects of various database parameters on the
performance cost of consistency checking, we varied the cardinalities of data-
base relalions, the number of join attributes connecling relations, and the extent
of indexing on the join aitributes. The results, listed in Table 1, indicate thal
iadexing of join attributes is critical in maintaining acceptable performance
when inleraclive-mode consistency checking is performed.

7. PENGUIN N IMMUNOGENETICS RESEARCH

Several sample queries follow that demonstrale the usefulness of
PENGUIN's databese and its hypertext interface to imrunogenetics laboratory
rescarchers. The relations and attributes appearing in the queries are pact of (he
sample database scheme in Appendix A.
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1. Suppose an invesligator has a sample of B cells and wishes (0 sort the
CD5 + cells from the CD5 — ones. The fequired query retuns a set of surface
determinants specific to the CDS + portion of the B-cell populstion. Although
this is a straightforward concept, il requires a fairly complex query including
several nested subqueries, as shown by the correspoading SQL expression:

SELECT Profcin-Name
FROM  Cell-Antigen-Expression X, Celis C
WHERE (X.Celt-ld# = C.Cell-Id#¥)
AND (Cell-Type = “'B-Cell’")
AND (X.Celi-ID# IN (SELECT Cell-1d#
FROM  Cell-Antigen-Expression
WHERE (Protein-Name = **CDS'"))
AND (Protein-Name NOT IN
(SELECT Protein-Name
FROM  Cell-Antigen-Expression X, Cells C
WHERE (X.Cell-ld# = C.Cell-Id#)
AND (Cell-Type = **B-Cell”)
AND (X.Cell-1d# NOT IN
(SELECT CeM-l1d#
FROM  Cell-Antigen-
Expression
WHERE (Protein-Name
= “CD¥))

From an end-user perspeclive, this query is quite cumbersome, so we define it
instead as a relational view on the database. Such views can then be handled
by PENGUIN"s HyperCard interface.

2. Suppose that the surface antigen MAC-1 is among the retrieved proleins
specific lo the target population (CDS+ B cells). The investigator now wanis
to select an antibody seacting with the MAC-{ surface determinant that she can
use for sorting the CDS + B cells. The following query returns a set of antibodies
that bind to MAC-1 with high alfinily and are available in a form conjugated to
the fluorescent dye "*fluorescein’';

SELECT Clone-Name, Batch#, (nstance#
FROM Antibody-Antigen-Rxn-Patterns A, lastances |
WHERE (A.Protein-Name = “*MAC-1"")

AND (A .Rxn-Strength = “HIGH")

AND (I.Fluor-Label = *‘fluorescein™)

AND (A .Clone-Name = 1.Protein-Name)

3. Finally, the investigator needs o list of the currently available titrations
for the selected anlibody-dye combination. Suppose that, from Query 2, she
chooses the combination represented by Prolein-Name = “‘antiMAC-1*' and
Fluor-Label = “*fluorescein.” In addition, she is only interested in titrations
that were derived from antibody-dye instances prepared after January 1. The
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following query returns this information, sorted by Batch#, Instanced, ang
Titration#:
SELECT F.Baich#, F.Instance#, Tiration#, Date-Titrated, Defauit-Amt-(o-
Use
FROM FACS-Tilrations F, Instances !
WHERE ([.Protein-Name = “amtiMAC-1")
AND (I.Fluor-Label = *‘fluorescein’’)
AND (I.Date-Created > *‘Jan-1-1991")
AND (1.Protein-Name = F.Protein-Name)
AND (I.Batch# = F.Baich#)
AND (1L.Instance# = F.Instance#)
AND (L. Titration# = F.Titration#)
ORDER BY F.Batch#, F.Instance#, Titration#

Allthree queries can be issued directly via the DBMS query interpreter. Alterna-
tively, the investigator can use PENGUIN'’s hypertext interface, which gener-
ales the query expressions antomatically, Query [ would then be issved from
a search card similar to the one shown in Fig. 4; on the other hand, Quexies 2
sad 3, which ace join queries, would be specified using the join editor, as
described in (9).

We used n test database to benchmark those three quenies. The schema
corresponds to that described in Appendix A, and the extensions of the relations
involved are as follows:

PROTEINS: 200 tuples. 25% of the proteins are an(ibodies; these
same antibodics also appear in reagent preparations (INSTANCES and
TITRATIONS).

ANTIBODY-ANTIGEN-RXN-PATTERNS: 150 tuples. Each of the 50
antibodies binds to an average of three antigens, each with varying affinily.

CELLS: 200 tuples. 25% are B-cells; 20% of these express the antigen CD5
@i.e., 5% of all cells). The same 20% cxpress the antigen MAC-1 (again 5% of
all cells).

CE)LL-ANTIGEN-EXPRES SION: 670 tuples. Each cell expresses au av-
erage of three “‘rondom’* proteias. In addition, 50 cell types express IgM, 10
express CD5, and 10 express MAC-). ‘ )

INSTANCES: 1000 tuples. This number is based on 50 reagent proleins,
two batches per protein, and 10 Auorochrome conjugations per batch.

TITRATIONS: 5000 tuples. There are five titrations per instance.

In PENGUIN’s client-server eavironment (described in Section 2.2), the cost

 of exccuting a query can be broken down into five components: (1) translation

from the HyperCard representation to the database query language, (2) transmis-
sioa of the query to the server, (3) query execution by the DBMS, ) llﬂﬂ“:";‘
sion of query cesults back to the client, and (5) resuit processing in HY?“‘Q -
Our experience indicates that the query-execution and result-processing times
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nsually exceed the overhead associated with the transiation and iransmission
steps (Components 1, 2, and 4). Performance figures for Component 3—execu-
tion of the sample queries on the databasc scrver—appear below:

Quaryl  Query2  Queryd

Elupsed time 02:10.96  ©00:02.87 00:02.66
CPU time 02:06.56  00:0073  00:00.82

Not surprisingly, the complexily of Query { results in a substanlial load on the
database server; Queries 2 and 3, on the other band, perform well, even though
both involve multiple relations. ’

Finally, once the data satisfying a request has been transmitted to a client
workstalion, it is processed in HyperCard (Component 5). This formatting step
takes on the order of 1.5 to 2 sec per record im (he answer set on a basic
Macintosh II runaing HyperCaed 1.1. In the context of ad hoc probing and
browsing operations such as the ones presented here, we belicve that
PENGUIN's enhanced capabilities owtweigh the pecformance penally that Hyp-
erCard imposes. In addilion, more recent hardware and sofiware eavironments
topether with optimization of the result-processing code should significantly
decrease the run time of this component, which, at the moment, represents the
main operalional bot(leneck.

8. DiscussSION AND CONCLUSION

The PENGUIN system is driven by the semaalics of the structural model.
The structural model adds to the relational model the concept of coanections
between pairs of refations. The three connection Lypes (ownership, reference,
and subsct) describe semanlic relationships among entities, embody formal
structural consleaints, and specify coasistency rules i the face of update opera-
tions on the database. The versatility of the structural model has proved essential
in our work, as we have exploited the semaalics of the connections in various
ways:

* Database design. The three Lypes of connection have the expressive
power to mode] the structure of any database and to represent complex refation-
ships. The structural model for the flow-cytometry database iltustrates nontrivial
relationships among immuanologic eatities. In addition, the structural model
supports the integration of mulliple user views into a consistent, comprehensive
schema, which, in (urn, can serve multiple objectives.

» Schema exploralion. Becsuse the relational mode! is machine-oriented
rather than user-orienied, schemas for relational dalabases tend to be opaque
and difficolt to understand. This is particulacly true for large databases that can
comprisc hundreds of relations. By expressing the schema in a more easily
undersiandable, graphic format, the structural model alleviates this problem.
Through the use of an object-oriented structural-model editor, the user can
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now employ direcl-manipulation (ools to define, manipulate, and explore the
database easily.

s Data relrieval and browsing. Relational query languages, such as SQL
offer sophisticated ad hoc retrieval capabilities. Yet, they are complex 1o nse
and demand a detailed knowledge of the database schema. The semantics of
the structural model can facilitate the processes of formulating a query and
of manipulating the body of daa returned by this query. We presented
PBNGUIN’s hypertext interface thal incorporates such features as a join editor
which can build a join query from just the relations involved (that is, i derives
fhe specification of the join attributes from the structural model), and a browser
which establishes dynamic links along the structural connections to alfow facile
navigation in the data sef. .

» Infegrity maintenance. Relational DBMSs have integrity-maintenance
capabilities that are usually fimited to the definition of local cestrictions on the
domain of altvibutes. The stcuctural model, on the other hand, has the sufficient
descriptive knowledge of a database lo suppori dynamic enforcement of global
database consistency. When applied to a specific schema, the domain-indepen-
denl rules associated with each type of conneclion define complex relationships
spanning different parts of the dalabase. As a result, an update transaclion on
a single relation can trigger a2 number of corrective actions to.guarantee the
integrity of the database as a whole. Alternatively, the transaction can be simply
rejected.

o Object generation. As we discussed briefly in Section 2, the structural
model provides the foundational semantics for generating and manipulating
dynamically ohjects in the object layer.

Note, finally, that, because of its simplicity, the structural model can be
slored in a relational database. We therefore have a cohereal representational
framework for both extensional information (the raw data) and intensional
information (the refational schema extended with the structural modei).

APPENDIX A: IMMUNOGENETICS DATARASE SCHEMA

A relevant subset of the immunogenetics database schema that we designed
is described in this appendix. Bach refation assumes the form:

RELATION-NAME (Description of relation contents)
Key Altributes:>

Dependent Attributes
For a listing of the complete database schema, please contact the authors.

PROTEINS (All prolein structures appearing in database)
Pratein-Name:>

Protein-Species, Protein-Class, Supergene-Family,

Bib-Reference, Molecular-Wt, Isoelectric-Pt., Engincered?. '
ANTIBODIES (Information regarding proteins that are antibodies)
Clone-Name:>
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Immunogen, Pareat, Cell-Type, Protocol, Hybridization-Process, Rusion-
Partner, Drug-Labeling, Date-Cloned, Lab-of-Origin, levestigator, Mainte-
aance-Chars, Staining-Priority.
ANTIBODY-ANTIGEN-RXN-PATTERNS (Description of renction be-
lween antibody and antigen proteias)
Clone-Name, Protein-Name:>
Rxo-Strength, Affinity, Comments, Refcrences.
ANTIBODY-IMMUNOGLOBULIN-RXN-PATTERNS (Description of re-
action between antibody and immusoblobulin)
Antibody-Clone-Name, Target-Clone-Name:>
Rxn-Chain, Rxn-Type, References. .
BATCHES (Stock solution of aa anlibody)

[y
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Protein-Name, Balch#:> »
Procedure, Parenl-Batch#, Produced-By, Managed-By, Date-Created ,Lo-
calion, Total-Amt-Produced, Amt-Remaining, Target-Amt, Mg-per-MlI-
Flag

INSTANCES (Stock solution of aatibody conjugated with fluorachrome)
Prolein-Name, Batch#, Instance#:>
Fluor-Label, Label/Protein-Ratio, Brightness, Fluor/Molecule, High-
Background?, High-Background-Source, Managed-By, Date-Created, Lo-
cation, Total-Ami-Produced, Ami-Remaining, Targel-Amt, Mg-per-MI-
Flag, Stock-Cone.
TITRATIONS (Antibody-fluorochrome titrated for specific experiment)
Protein-Name, Batch#, Instance#, Titmation#:>
Dale-Tilraled, Titraicd-By, Default-Amt-t0-Use, Default-Vol-to-Use, Tar-
get-Celi-Type, AmU/Cell-to-Use,
GENOME (Genenal description of all genomes in database)
Genome-Id#:>
Specics-Name, Genome-Name, Gcenome-Type, Source, Obtained-By,
Transgene-Preseat?.
INBRED-GENOME-LOC1 (Homozygous alele ateach inbred genome [ocus)
Genome-id#:>
Allele.
OUTBRED-GENOME-LOCI (Maternal or paternal source for each outbred
genome locus)
Genome-Id#, Locus:>
Allele-1, Allele-2, Allele-1-Source, Allele-2-Source.
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The evolulion of activities and cducational directions of » department of iostruction in
medical computes technology in a school of medicine are reviewed. Dusing the 18 years
covered, the saciely at large has undergone marked change in avaifability and use of computs-
tion in every aspect of medical care. IL is argued that a depariment of instruclion should be
clinical and develop revepue sources based on palient care, perform technical services for
the institution with a deocntralized strcture, and perform both health services and scientific
reseacch. Distinclion shonld be drawn between utilization of computing in medical specisl-
ties, library function, and Instruction in compuler science, The last is th= proper arena for
the academic contens of instruction and is best Jabelled as the philosophical basis of medical
knowledge, in particular, ils episicmofogy. Contemporary pressures (or teaching introduc-
tory computer skills are probably temporary. © 199! Acxdealc Press, lac.

INTRODUCTION

The report of the American Association of Medical Colleges (AAMC) on the
General and Professional Education of Physicians (GPEP) (2) recommends,
among other things, the establishment of an academic focus for computer sci-
ence in the medical school. A compendium of compuler activities in medical
education in 198S lists such activities in various medical schools but omits (his
institution (2). At George Washington Universily we are, however, compleling
the second decade of an experiment to foster and establish instruclion and care
support in information and engineering technofogy relevant to medical care. A

review of the hisfory (1973-1989) of this effort may be useful (o those interesied
or involved in responding to the AAMC analysis. A catechism may serve as the
sppropriate vehicle for discussion of the educational rofe of the Department of
Computer Medicine at George Washington Universily and consequent perspec-
tives oa the role of medical information sciences in medical education and
medical practice.

¢ With graleful thanks for assistanoe from Victor Fernandez, MD.
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