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Abstract

We have discovered that designing a database in stages and from three perspectives simplifies the de-
velopment of genome databases.

The stages of design include analysis, prototyping, and completion of the full system.  Analysis in-
volves discovering the needs of the user and initially describing the solution. Prototyping includes devel-
opment of specific parts of the application which allows the developer to evaluate the current design,
making changes as necessary. Development of the full system includes checking for accuracy and consis-
tency within the subsystems and completing any detail design decisions which were postponed until the
end.

The three perspectives we use in designing the database are from the viewpoint of the data, the user,
and the interaction of the user with the database. From each perspective, we generate a document to de-
scribe the concepts and relationships of data in the database; how data will be displayed for the user; and
the process in which the user interacts with the database to complete a task.

By looking at each stage of design from three different perspectives, we found that we were able to
discover important information not included in the initial requirements specification, resolve potential
problems before they became too large, and improve communication between the user and developer.
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1.  Introduction

In the process of developing a database to support genome data, we have discovered that de-
signing a database in stages and viewing the development from three perspectives simplifies de-
velopment and provides a framework for producing a product which is more likely to meet user
needs.

The stages of design include analysis, prototyping, and completion of the full system. Analysis
involves discovering the needs of the user and initially describing the solution. Prototyping in-
cludes development of specific parts of the application while ignoring details necessary for the
complete system. Prototyping allows the developer to evaluate the current design, making chang-
es as necessary without affecting the design of the complete system. Development of the full sys-
tem includes checking for accuracy and consistency within the subsystems and completing any
detail design decisions which were postponed until the end.

The three perspectives we use in designing the database include the conceptual schema, user in-
terface mock-ups and dialogues. A conceptual schema describes concepts and relationships to be
stored in the database. User interface mock-ups describe how data will be displayed for the user.
Dialogues describe the process in which the user interacts with the database to complete a task.

By looking at each stage of design from three different perspectives, we found that we were
able to discover important information not included in the initial requirements specification, re-
solve potential problems before they became too large, and improve communication between the
user and developer.

2.  Three Perspectives

Rather than develop one document which captures the entire system, we have found it useful to
describe database access applications from three perspectives: the data, the user, and the dynamic
between the data and the user. These three perspectives describe: what the data is, what the data
looks like to the user and what the user does to the data.

2.1  Conceptual Schema

A conceptual schema describes the concepts and relationships in a domain. We use a graph data
model for capturing the concepts and relationships of genetics. Conceptual modeling is the pro-
cess of describing a database domain [1]. It is necessary to capture the essential concepts in a
model without making decisions about the importance of each concept. We use a graph data mod-
el [2] because we have found that graphs capture the structure of genome data best.

A conceptual model is more than a static description of the data. It should also describe the op-
erations which are to be performed on the database and the constraints which must hold on the da-
ta. We have found it useful to augment a conceptual schema with constraints and operations later
in design. Constraints include cardinality and type, and operations describe how data is stored and
accessed. It is also useful to describe queries which are likely to be asked. There is not a general
way of describing operations in a manner independent of the database management system used,
but we have found it useful to list the operations which may be performed on the data. Con-
straints, such as the restriction that some characteristic of two concepts must refer to the same data
item, may be described as text or represented on the conceptual graph.
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There are many different conceptual models which could be used to define a conceptual sche-
ma. A natural language, such as English, meets most of the requirements for a conceptual model.
Natural languages are expressive, natural and easy to use. Unfortunately, natural languages are not
easily modeled on a computer. Another data model which could be used for conceptual modeling
is an object-oriented language. Object-oriented languages appear to be too behavior-oriented for
conceptual design. We have found graphs to be useful for developing genome databases.

A graph conceptual model is a language for describing the concepts and relationships of a do-
main as a labeled, directed graph. Nodes represent concepts and arcs represent the links that con-
nect concepts to each other. Using only nodes and arcs gives the developer the freedom to capture
all concepts without getting caught making decisions about relative importance of the concepts.
Entity-relation diagrams are too tied to the relational model and require too many decisions be
made early in the design to be a good conceptual model for genome databases [3]. However, they
have been used successfully in the design of many databases [4,5]. Our graph conceptual model is
based on feature structures [6], -types [7], conceptual graphs [8], and terminological description
logics [9] which are representation formalisms used in computational linguistics. Other graph data
models include GOOD [10], G+/GraphLog [11], and Hyperlog [12]. We have geared our concep-
tual model toward representing genome data and tried to minimize the number of design decisions
which must be made in the initial description of data.

A conceptual schema may be broken up into several conceptual diagrams. A conceptual dia-
gram is a graph of concepts and links that connect them. A conceptual diagram consists of a col-
lection of concepts, a collection of links (link names), and a collection of link-labeled edges
between two concepts, D=(C,L,E) where . Each edge is annotated with the car-
dinality of the concepts it relates, e.g., one-to-one, one-to-many. The cardinality is a pair of either
any positive integer or “many”.

A conceptual schema is a collection of conceptual diagrams that define views of the domain.
Concepts and links may be shared between diagrams. A conceptual schema should include
enough diagrams to show all the links that a concept may have and the various configurations in
which the links may occur, but it is not necessary to show each state in the concept’s life cycle.
When the database is developed, there may be a view of the data which corresponds exactly to a
single (or a few) conceptual diagrams, but it is not important to capture all of the views initially.
For example, a marker allele may have a name and a frequency in a certain population, or it may
have a size and a frequency in a certain population, but alleles don’t typically have both names
and sizes.

An example diagram for a genetic marker should include the characteristics: name, marker
type, location, and alleles. This is denoted by the graph:

ψ

E L C C××⊆

marker

allele

name

locationtype

name

type location

allele *
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A marker has one name, one type, one location, and many alleles. The “many” cardinality is de-
noted by an “*”, and the “one” cardinalities are omitted. Name, marker type, location and allele
are other concepts which would be described in different diagrams.

A conceptual diagram should be annotated with constraints which must hold between the con-
cepts and links. Constraints augment the conceptual diagram by providing additional information
on the concepts and links. For example, a constraint could state that the length of each cosmid se-
quence is between 10K and 100K base pairs. Although some work has been done on graphical
representation of constraints, we have found it best to describe the constraints as text.

 Figure 3 shows a conceptual diagram for a filter hybridization experiment, a concept frequently
represented in genome databases.

2.2  UI Mock-up

The user interface is the only part of a database application that a user ever sees. User interface
mock-ups document how data may be presented to the user and operated on by the user. It is im-
portant to spend time describing how the data will be displayed for the user and how the user will
interact with the data. User interface mock-ups are a tool for communication between developer
and end-user, providing visual descriptions of potential interfaces. Using this tool, the user and
developer can explore ways of providing interfaces which best meet the user’s needs. At the same
time, the mock-ups provide documentation about user needs and expectations for the application.

It is important to capture the interface between the user and computer early in design, because
of its importance to the user and the effect it can have on the system design. It is also a good meth-
od of testing the developer’s understanding of the user’s requirements. It is sometimes difficult to
get user feedback on data abstractions, but most users will be willing to critique a bad user inter-
face. The developer should not spend too much time on the mock-ups, since the idea is to present
rough outlines of what is possible. If too much time is spent on the design, it detracts from the rest
of development, the designs starts to look forced, details are worked out which will not be needed
later, and the end user may assume this is the final design and resist when changes must later be
made. However, the mock-ups do require thought. Most end users do not have the time to critique
a long series of bad designs. Showing a few well thought out designs over the course of develop-
ment should meet the needs of the developer and user.

We have found it useful to develop pencil and paper designs at the early stages until some part
of the design solidifies, then document that, and not to use UI prototyping tools until late in the de-
sign process. By beginning with a fresh sheet of paper at each iteration, the good ideas of previous
versions are often reused, but the insignificant details are frequently changed. After a few itera-
tions, it will be difficult to think of a better alternative to some part of the design. When that oc-
curs, it is useful to document the part of the design which is solid. Another part of design can then
be worked on. The process of iterating over the design is continued until a complete design is
worked out.

User feedback should be obtained when a design is completed or when the developer gets
stuck. End users should be used to obtain feedback when the developer believes the user’s needs
have been understood and met. This corrects misunderstandings as quickly as possible and reas-
sures the users that their needs are being considered. When the developer is stuck, consulting with
the user may clear the block. For example, the user may have ideas about how they think the user
interface should look, or they may be able to clarify for the developer that the developer has over-
emphasized the importance of a part of the design.
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Working together to clarify misunderstandings builds a relationship between user and develop-
er which leads to production of a much better product. Time spent resolving misunderstandings
should be considered a valuable part of the design process and should not be taken negatively.

One useful strategy is to develop a series of many throw-away mock-ups over the course of de-
sign. Even when a reasonable user interface is developed, it may not meet all the needs of the user.
At that point, it is important to balance the inconvenience to the user with the extra development
time required to meet them.

When documenting a mock-up, it is useful to give a narrative description of the complete pro-
cess which uses that interface. The narrative should include descriptions of alternative paths
through the system. For one system being used at Baylor College of Medicine, the user needs to
create hybridization experiments between a cosmid and a filter containing cDNAs. The system
has a Create Cosmid->cDNA Experiment window which is displayed for the user after the appro-
priate option is selected. An early mock-up of that design is:.

Each item in the window is described in the documentation:
• Round is a selectable display of rounds which have cosmids which have been marked as

probes.
• Cosmid Probes is a list of cosmids which have been marked as probes for the selected

round.
• cDNA Filters is a read-only display of the filter set which can be used for the experiment.

This display changes as each round is selected to display the name of the set.
• Create Experiment is a button for storing the probe and filter information and creating an

experiment based on this information
• Create All Experiments associates the target filter will all probes as individual experiments.
• Cancel kills the window without saving any current changes, Exit saves the current changes

and then kills the window.
The user interaction with the interface is also documented:

1. The user selects a round, cosmid probe and clicks on create experiment.
2. By selecting Create All Experiments, the user creates a series of experiments based on the
same target filters and all probes in the probe list.
3. Creation of experiments (step 1 or 2) continues until exit or cancel ends the use-case.

Cosmid Probes

19A14
19A19
19A20

27G35
125H54

Round

P1A
P2B
H3C
H4D

cDNA Filter Set

Create Experiment

H4D

Cancel

Exit
19A21 Create All Experiments
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2.3  Dialogues

Dialogues describe the purposeful communication between the end user and database. They de-
scribe the tasks that an application must support and form the basis for implementing the code to
perform those tasks. They also document the tasks to be performed and their subtasks.

Dialogues are descriptions of the interaction between the database application and user. Each
dialogue describes a task specified in the requirements or discovered during design. The collection
of dialogues completely describes the functionality of the application.

Dialogues consist of step-wise descriptions of the interaction between user and database appli-
cation. The descriptions should be complete in that they describe the necessary interactions such
as data to be passed, errors for which to check, and expected responses. Dialogues should not sug-
gest a means of communication such as mouse selection from a list, but should describe interac-
tions in terms of notifying, informing, or passing information between the two members involved
in the dialogue.

A dialogue should completely describe a single task. Within a dialogue, complex subtasks
should be broken out and described in their own dialogues. The decision to create a subtask dia-
logue should be made based on the amount of information needed to implement the subtask. For
example, sorting elements in a list may not necessary need to be a subtask but if the type of sort or
sort criteria is complex and important to the application, a separate dialogue to describe this would
be appropriate.

The use of dialogues in the design process is not new. It has been used in computational linguis-
tics, database design and software engineering. In computational linguistics, they describe the in-
teraction between individuals and are sometimes called scripts, MOPs, dialogue schemata or
protocols. In database design, they occur at a detailed level and describe the transactions which
occur between a user and a database system.

In object-oriented software engineering, objects are discovered from use cases, which are step-
wise descriptions of system interactions. For example, a typical database application must have
protections built into the system to prevent accidental loss of data before it is committed. Use cas-
es can be used to decide if the user should be expected to “accept” the data to commit or the appli-
cation should commit the data as it is entered.

In the Fusion software engineering methodology, Coleman [13] uses scenarios to describe the
interaction between the system and a user or other systems. Scenarios are descriptions of sequenc-
es of events which occur between agents and the system for a purpose. Agents are not just users in
this format, but may be other subsystems or applications. While this is a good general process of
describing the system, they are not as descriptive as Jacobsen’s use cases.

In Objectory, Jacobsen [14] introduces use cases, extensive descriptions of each possible inter-
action between user and system. Each use case describes the complete process that a user would
follow from entry into the application until an exit occurs. Each subsystem of the application is
also described using an individual set of use cases. Jacobsen introduces a complex notation which
we have not found necessary to use. In addition, we have found it useful to document the tasks in
a hierarchy to show the shared subtasks.The hierarchy of dialogues consists of tasks initiated by
the user, performed by the database and responded to by the user.

When all dialogues are combined, a complete description of the application exists. It is impor-
tant to confirm that the application meets the requirements in the specification and the user’s gen-
eral expectations. Dialogues can be given to the user as a tool for communicating the tasks to be
performed by the system. At this point in the development process, comments from the user can
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correct misunderstandings which could be more costly to correct later in the development process.
Any changes should be made before the next stage of design.

An example dialogue is recording a hybridization between a clone on a filter and a clone as
probe:

1. The user tells the application which filter and probe should be used.
2. The application checks for validity of the filter and probe. If the filter and probe are

not valid, the application informs the user and the user can request another probe or
filter.

3. The application informs the user of the clone contents of the filter.
4. The user notifies the application of the desired clone.
5. The user tells the applications what to record as the hybridization result for the two

clones. This is restricted to being positive, negative or questionable.
6. The application sends the hybridization information to the database to be stored.
7. The application informs the user of the fact that the data has been stored.

3.  Three Stages of Design

Design progresses in three stages: analysis (discover what needs to be done), prototyping (do a
little of it) and final design (do the rest of it). It may be necessary to backtrack.

Our goal for design is to create design documents which describes the system well enough to
separate programming decisions from design decisions. The design documents includes: a con-
ceptual schema of the data to be stored in the database, a set of user interface mock-ups and a set
of dialogues which describe the interaction between data and user. Conceptual schemas serve as a
medium for communication between the developer and domain expert. UI Mock-ups make con-
crete the discussion between the developer and end user. Dialogues document the user’s and de-
veloper’s expectations for the system.

3.1  Analysis

Analysis is the stage of design in which a developer tries to answer the question “What does the
user really want from this database and what should be built to meet those needs?” Understanding
the data requirements, the user interface requirements, and the interaction between the user and
the data provides a means for answering that question. These are captured in the conceptual sche-
ma, UI mock-up and dialogue documents.

We have found that a non-linear approach focused on the design documents strikes a useful bal-
ance between capturing the needs of the user and meeting the needs of the developer. A nonlinear
approach avoids developing a forced design which though logically correct, is overly complicat-
ed. Our goal in nonlinear design is to develop a system which is simple to understand and use, not
simple to design. By focusing on creating a design document, this limits the scope of our mean-
derings and brings the result of each iteration to bear on the design.

We incorporate the three design documents in our design process. We select an area of the
project to work on and design as much of it as we can focusing on one of the three perspectives,
based on the information we currently possess. When we come to a question which we can not an-
swer or which has multiple reasonable solutions, we move on to a different area and perspective.

This approach to database design is different from one in which the documents are worked on
together and different from one in which they are worked on in isolation. When they are worked
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on in isolation, one perspective does not influence the other perspectives enough. When they are
worked on together, they influence each other to much and do not lead to a balanced design.

During analysis, we develop a conceptual schema which is used as a tool for communication
between developer and domain expert. We start from the initial user requirements and create a
schema which captures the concepts and relationships specified. Using this schema as a baseline
for discussion, the domain expert can then modify the schema to more accurately represent the
data to be stored in the database. Often during discussion, information about how the data will be
used and how the user wants to interact with the data comes out. This information is used to de-
velop dialogues and user interface mock-ups as well as improve the schema.

User interface mock-ups are used as a communications tool between the developer and end us-
er. We initially drew up simple diagrams on paper to show to the users and get their reactions. By
providing a concrete example of how the user-interface would act, users were then able to see pos-
sible problems, advantages, and disadvantages of our design. This provided good information for
creating a useful user-interface while adding to our knowledge of how the user perceived the data-
base.

Dialogues describe the interaction between the user and the database and provide a written de-
scription of what the user and developer expect from the database. They also provide a means of
discovering parts of the design which were not initially defined in the requirements. We created
dialogues based on the requirements specification and used them during discussion with the do-
main expert about the conceptual schema. We also used dialogues to provide a framework for ex-
plaining how the database would interact with a user. Dialogues also provide an initial set of test
cases for the implemented database.

During analysis, concentrating on information obtained from only one source, either data, user,
or interaction, yields a database which will not meet the real requirements of the project. Finding
a means of incorporating all perspectives during analysis yields a much more complete product
which is less likely to need major change in future development cycles.

3.2  Prototype

A prototype is a functional system which performs some, but not all, of the tasks required for
the final system [15]. After completion of the analysis stage of each phase of development, a pro-
totype should be built which implements the functionality defined during analysis. Prototyping
does not implement everything in the system but provides minimum functionality for testing and
evaluating the current design. Prototyping a system involves selecting a subset of the system de-
fined during analysis and completing design and implementation. This produces a functional sys-
tem which performs some of the major tasks of the final product but ignores details. An advantage
to building prototypes within the development cycle is that design decisions can be evaluated rap-
idly and major changes can be kept to a minimum. Prototyping makes the important parts of the
system concrete while minimizing the attention necessary for details.

 Prototype design of conceptual schemas involves adding constraints and operations to the con-
cepts and relationships represented in the schema. The part of the schema to be prototyped in the
current cycle is designed in detail. This includes documenting the specific operations which are
appropriate for each object in the schema and defining any constraints to be placed on the objects.

Dialogues which describe the subset of tasks which were selected for the current design cycle
are expanded during prototyping. Each task should be described completely, giving a step-wise
description of how the database and user will interact to complete the task.
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Prototyping the user-interface includes creating detailed mock-ups which completely describe
how each task would be completed by the user. From the mock-ups, a user-interface design should
be completed in detail to support all tasks from this phase of the development cycle.

Prototyping provides a means of evaluating design decisions rapidly, minimizing the need to
throw away large parts of a system, discarding many person-hours of work. The difficulty with
prototyping is remembering to stop design and implementation at the appropriate time and evalu-
ate the current product. It is difficult for a developer to remember that the product does not need to
meet every requirement perfectly but should capture the essence of the final product instead.

After a prototype has been developed, a decision should be made whether to extend it to a com-
plete system or throw it away. Appropriate design time and other resources should be allocated to
allow for either possibility. The decision to use the prototype as part of the full system should only
come after an evaluation of the design and implementation.

3.3  Full System

After completion of analysis and prototyping of all subsystems, developing the full system de-
sign consists of adding final details to the design and confirming the consistency of all three docu-
ments created during design.

After final details are added to the conceptual schemas, they should be checked against the ini-
tial requirements documentation for completeness and by the domain expert for accuracy. They
should also be checked by the designer for consistency.

The collection of User Interface mock-ups created during design should be made consistent and
complete based on the dialogues and documented completely. They should then be shown to the
user and the feedback obtained should be used to correct any problems.

Completing the design of dialogues consists of confirming that all tasks necessary within the
system are represented and that all subtasks are defined completely. Any redundancies should be
eliminated and inconsistencies resolved. The dialogues should be evaluated against the require-
ments specification, comments made by the domain expert, and needs voiced by the end-user dur-
ing analysis.

4.  The Next Stage -- Building a System

After design is completed, the three design documents drive the implementation. The conceptu-
al schema is turned into a logical schema for the database and into an domain object schema for
the application. The constraints and operations describe the procedures which must be implement-
ed on the domain objects. UI mock-ups should be implemented with as little change as necessary,
possibly using a GUI builder. Dialogues describe the transactions which must be supported by the
application and describe the steps which are necessary for each kind of user interaction.

Implementation of the system is based on the design documents. The documents should com-
pletely describe all functionality which is to be implemented. No design decisions should be made
during the implementation process. If problems are found during implementation, it is necessary
to stop implementing and return to the design phase. A complete redesign is seldom necessary, but
this restriction prevents tweaking of the code which soon leads to an unmaintainable system. The
restriction is compatible with the spiral design approach of software engineering [16].

The conceptual schema is used to create a logical schema for the database based on the data-
base management system to be used. It is also used to develop the domain object schema for the
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application. Operations and constraints defined in the document are used to develop the proce-
dures on each domain object.

The user-interface mock-ups should be implemented with as little change as possible. Using a
graphical user interface builder may aid in the implementation. It is important to not allow the
user interface development to become a distraction. Often, developers spend a disproportionate
amount of time working on the user interface. By implementing only the functionality and look of
the mock-up, this problem can be controlled.

The dialogues are used to implement the interaction between the database and user-interface
along with any computational functionality which is necessary for completion of a task. Well writ-
ten dialogues provide a straightforward means of implementing interactions and provide a way to
collect code into procedures, methods, or inheritance hierarchies as appropriate for the implemen-
tation language.

5.  Conclusion

We have investigated methodologies for designing genome databases and found that:
• Building a database in stages reduces the amount of work to be performed at each stage and

restricts it to the work which is appropriate.
• Documenting the database from three perspectives focuses attention separately to the vital

aspects of the system.
• Designing a database in stages from multiple perspectives simplifies the overall design by

decomposing the problem into tasks that support each other and the overall design.
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