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Abstract. As the demand for more sophisticated facilities increases,
the complexity of the technical and organizational challenges faced by
operational space and ground-based telescopes also increases. In many
organizations, funding tends not to be proportional to this trend, and
steps must be taken to cultivate a lean environment both in development
and operations to consistently do more with less. To facilitate this tran-
sition, an organization must be aware of how it can meet quality-related
goals, such as reducing variation, improving productivity of people and
systems, streamlining processes, ensuring compliance with requirements
(scientific, organizational, project or regulatory), and increasing user sat-
isfaction. Several organizations are already on this path. Quality-based
techniques for the efficient, effective development of new telescope facili-
ties and maintenance of existing facilities are described.

1. Introduction

Quality is an indicator of high performance, whether that performance is mea-
sured in terms of individuals, teams, products, or the entire organization. The
ISO 8402 definition of quality is the ”totality of characteristics of an entity that
bear on its ability to satisfy stated and implied needs.” This definition is sub-
stantiated by the official glossary of the American Society for Quality (ASQ),
which simultaneously notes that quality is the state of a product or service being
free from deficiencies, which can be expressed as nonfunctional requirements or
also implied. In the development of software and data management systems for
astronomy, we must contend with both stated and implied needs. The stated
need is typically to satisfy the needs of the current observer or PI on a project.
The primary implied need is to satisfy the needs of the future researcher, who has
retrieved his or her data or science data products from an archive and wishes
to achieve scientific objectives which are distinct from the original observer’s
intent.

There are many aspects of the software engineering process that aim to
build quality into software systems, or test failure modes out, prior to deploy-
ment. The requirements process, which includes identifying the customers, doc-
umenting their needs, developing product features that suit their needs, and
then establishing processes to build or generate those products is one such ex-
ample. At the same time, software engineering practices often fail to help us
operate in the most efficient environment.
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By shifting our focus from software engineering practices to quality manage-
ment that involves software development, the next wave of process innovations
for optimizing the scientific productivity of our telescopes could be realized. The
remainder of this chapter covers some fundamental concepts in the discipline of
quality management and how it can be applied to software development and
data management. The information is intended to be descriptive, not prescrip-
tive, but will provide a launching point to learn more about quality techniques
and how they may be applied.

2. Important Terms and Concepts in Quality Management

Quality is maximizing customer satisfaction at the lowest cost. But quality
can be accurately defined in many ways, including fitness for use, zero defects,
and conformance to requirements. Despite the range of definitions, the goals
underlying the pursuit of quality are the same: achieving conformity, reducing
variation, eliminating waste and rework, eliminating non-value-adding activity,
preventing human error, preventing defects, improving productivity, and increas-
ing efficiency and effectiveness (Okes & Westcott 2003). According to the official
glossary of the American Society for Quality (ASQ), quality management is de-
fined as the ”application of a quality management system to achieve maximum
customer satisfaction at the lowest overall cost to the organization.” This must,
of course, be done in a way that aligns well with the goals of the organization -
even if it’s done for free, satisfying the wrong group of customers will not add
value.

Quality management, as defined above, involves building and applying a
quality management system. A quality management system is a customized
application of guiding principles into a collection of standards, policies, method-
ologies and tools enacted to satisfy quality goals.

Several systems of guiding principles can be drawn from. Total Quality
Management (TQM), for example, is based on the principle that everyone in the
organization should be involved in continuous improvement. The criteria for the
Malcolm Baldrige National Quality Award (MBNQA) program are often used to
guide the development of a quality system. These include leadership, strategic
planning, customer focus, measurement/analysis and knowledge management,
human resource focus, and results.

Standards are rules, requirements or frameworks. They can be adhered to
by individuals, groups, companies, industries, or governments, and are directed
towards achieving specific goals. These goals may include: establishing a basis
for communication, establishing a basis for shared meaning, ensuring conformity,
establishing social order, ensuring personal and corporate responsibility, achiev-
ing consistency and order, and prescribing behavior. Standards are often put in
place to help achieve quality goals, thus blurring the distinction between stan-
dards in general and standards specifically instituted to meet quality goals (such
as the ISO 9000 series and QS 9000 for the automotive industry). Standards
are typically characterized by slow cycles of variation, and are often changed or
augmented only through formal processes. Policies condone or enforce standards
for behavior, for conducting business, or for making decisions.
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A methodology is a system of principles, rules and approaches to solving
problems. Mature sets of guiding principles can be used as methodologies (in
fact, XP or extreme programming falls into this category). Methodologies may
promote the use of certain tools, classes of tools, or techniques, or may even
encapsulate other methodologies. Six Sigma, Lean Manufacturing, PDCA (Plan-
Do-Check-Act), and TQM are examples of methodologies.

A tool is an implement for performing or facilitating the accomplishment
of a specific task or purpose, and can be associated with or used as part of
one or more methodologies. Tague (2005) distinguishes tools from standards,
methodologies and systems in that tools generate directed action. Concepts
and standards generate no action in and of themselves; methodologies generate
much action (that is, action that can be directed towards accomplishing many
objectives.) Pareto diagrams, checksheets, control charts, failure mode effects
analysis (FMEA) and value stream maps are examples of tools.

3. Quality Goals

There are a proliferation of tools that can be applied to increase quality levels in
processes, products, and data, so it is important to consider goals when evaluat-
ing methodologies and tools. Different departments (e.g. software, electronics)
and operational processes may have distinct quality goals, so it is important to
resist establishing one or two quality goals - or all quality goals - unilaterally.

1. Achieving Conformity
According to the Random House Unabridged Dictionary, conformity is
action taken in accord with prevailing standards, attitudes and practices.
Achieving conformity is desirable when we are required to (e.g. if there are
regulatory or safety requirements that we are obligated to mee) or if we
want to meet strategic goals (e.g. adopting technical standards to achieve
interoperability).

2. Reducing Variation
Variation exists in all processes. Stable processes are subject to random
variation, unstable processes are influenced by variation that can be traced
to an assignable root cause, and structural variation emerges when there
are changes in patterns of usage. For example, random variation (noise) in
telescope raw data is caused by weather effects, and assignable variation
can be caused by different operators commanding the telescope. An exam-
ple of structural variation would be seeing a sudden influx of bug reports
associated with the software running a particular backend. If the backend
has not been used in a while, these errors are due to structural variation.
Quality objectives associated with the goal of reducing variation include
minimizing the effects of noise, identifying root causes more accurately
and/or more quickly, and appropriately factoring in or out the effects of
patterns of usage.

3. Eliminating Non-Value-Adding (NVA) Activity
In any process, steps may be performed habitually. For example, in one
software development project I was involved with, a coding standard had
emerged over time that did not seem to fit the current needs of the project.
After some prodding, I found that the standard was in place to ensure that
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users would have easy access to the tape drives that stored their data.
Since we had not used tape drives for a few years, this assumption was
invalid and the step in the process of ensuring that the code complied to
the standard could be removed. The point here is not to seek out ways
in which people are wasting their time, but to question the assumptions
underlying each step of a process to make sure it is part of that process for
the right reasons, and that those assumptions have not become invalid.

. Reducing Waste and Rework

According to Imai (1997) and English (2005), there are nine sources of
waste (which often lead to necessary rework). These are: overproduction,
holding too much inventory, handling repairs and rejects (bugs), unnec-
essary motion, too much or unnecessary processing, excessive transport,
waiting, process failure caused by defective information, and wrong or sub-
optimized decisions caused by defective information. In software and data
management, we might produce and store far more monitor data than is
ever used, transport our data using a 20-step process when a 5-step process
would suffice, or make architecture and design decisions based on faulty or
inaccurate assumptions. All of these things that be worked on to improve
quality.

. Preventing Human Error

Substantial expertise is required to run a telescope control system, observ-
ing software, or data management system, making human error at any
stage of operations a possibility. There are many actions that can reduce
the likelihood of introducing human error into the system, which can lead
to unproductive and lengthy troubleshooting sessions. Documenting com-
monly used procedures (”Standard Operating Procedures” or SOPs), for
example, can help to reduce or prevent human error in many functional
areas. These include: conducting regression tests, managing the produc-
tion control process (where code that is ready to be deployed is promoted
to the operations environment), and establishing and auditing procedures
for operators and scientific support. Unit tests and test-first development
are among the best means to preventing human error in code, because the
developer is required to think about the objectives of each module as it is
constructed.

. Preventing Defects, Improving Accuracy, and Increasing Integrity
Software development methodologies and the discipline of software relia-
bility are strongly based upon achieving these three goals. Requirements
and design processes are intended to prevent defects before they are in-
troduced into the system. The Rayleigh Model was developed to track
the process of defect removal as the development process is underway, to
serve as the basis for continuous improvement in defect removal processes.
For an excellent survey of software reliability, which covers all of these
examples and many more, see Kan (2003).

. Improving Productivity

Productivity is all about volume, and being able to produce more designs,
more code, or more data. Both people and systems can be made more pro-
ductive. Dynamic scheduling automation is one approach to improving the
productivity of a telescope. Directly improving software performance by
leveraging computing hardware or platforms more effectively, parallelizing
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code, and utilizing modern computing resources such as the Grid are all
means of improving productivity. Productivity is typically measured in
terms of speed or throughput enhancements.

8. Increasing Efficiency and Effectiveness
Efficiency is being able to produce more (or more quickly) with fewer
inputs to the production process, in essence, productivity that considers
inputs in addition to outputs. Effectiveness is being able to produce the
results that are needed. A combination of efficiency and effectiveness is the
goal, because rapid results are useless unless they are on target. We gain
efficiency by building our skills, becoming more aware of developments
outside our workgroups, and enacting training programs, documentation
or mentorship to help new staff members become productive more quickly.

The above list of quality goals is comprehensive but not exhaustive. For
example, using quality principles to drive innovation is currently an area of active
research.

4. Quality Systems

A quality system can be implemented to help achieve one or more of the quality
goals previously described. Criteria for the Malcolm Baldrige National Quality
Award (MBNQA) program administered by NIST, and ISO 9000, are two exam-
ples of guidance for quality systems implementation. The first example provides
conceptual assistance only, while the second is an international standard for
what elements (e.g. a management policy) must be included in a quality system
for certification. Certification is often desired when one organization seeks to
ensure that a supplier has met minimum standards for achieving quality in the
production of a component product or part.

All approaches to developing a quality system share common factors: they
are driven by operational processes, they include measurement (specifically met-
rics to evaluate products and processes), and they provide a clear mechanism
for benchmarking to best practices, auditing, and continuous improvement. In
short, by committing to a quality management system, an organization also
commits to not reinventing the wheel.

5. The Process-Oriented Approach

The approach to defining requirements and specifications that technical profes-
sionals in astronomy typically follow is functionally driven, beginning with a
set of user requirements or use cases. As defined by Jacobson et al. (1999),
”use cases are the functions a system provides to add value to its users”. This
approach puts the software system at the center of the analysis activity, instead
of the outcome that the organization is trying to achieve utilizing the software.

The solution to this gap is to shift the focus from the software systems to
the operational processes that deliver value to the user, and embark on process-
oriented development. The use case approach, in the absence of process-oriented
development, will artificially limit continuous improvement efforts by masking
the root causes of inefficient processes. This is because use cases focus on the
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interactions that actors (either people or systems) have with software tools, not
the complete flow of the process itself, along with the value that process is
intended to deliver.

Members of the data management community in astronomy, with represen-
tation from both space-based and ground-based disciplines, have already started
to recognize the need for a process-driven approach. In a recent publication from
the TAU meeting in Prague, it wasnoted that the most critical challenges in data
management such as long-term curation, version control and intellectual prop-
erty standards "require a shift in focus away from technological tools towards a
suite of data management processes.” (Norris et al. 2006) This shift requires a
complete reorientation of our approach to design and development.

6. Integrating Quality Management into Astronomical Software Op-
erations

The essence of integrating quality management into software operations and
data management is to combine the best aspects of agility and accountability.
Agility means we can effectively respond to new information and insights about
our problem. Accountability means we can provide an audit trail for decisions
that have been made, which helps us to understand why some solutions are
chosen while others are discarded in favor of new ideas.

1. Identify and Articulate Operational Processes
There are three classes of processes common to telescope operations: man-
ufacturing raw data, producing science data products, and distributing
those data products to data curation facilities and the scientific commu-
nity. Sometimes, distribution to researchers is accomplished by way of the
data archives. Processes are often described by flowcharts, which graph-
ically illustrate the options available and decisions that are made as we
progress from one step to another. It is important to step outside the lens
of software development when describing a process. In many cases, the
process can be executed without any software at all, and automation is
only a means of making the process more efficient or effective.

2. Map Processes to Quality Goals
The reason it is first important to understand the operational processes
that constitute an end to end system is that different processes may be
associated with different quality goals. For example, it may be appropriate
to achieve conformity in technical standards but not with the customized
hands-on help that is often provided to visiting observers. It may be very
useful to eliminate waste and rework in data flow processes, but be critical
to generating new ideas to allow dead-end prototyping to occur in some
cases. After processes are identified and documented, determine which
quality goals are significant for each.

3. Map Quality Goals to Methodologies and Tools
As described above, methodologies and tools must be selected to appro-
priately support quality goals for different processes. Applying the wrong
approach can lead to waste, rework, and the insertion of non-value-adding
activities to a process, so this step is extremely important. A summary
of standards and methodologies to investigate for various quality goals is
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Duality Goals Standards and Idethodologies to Consider
Achieve Conformity [50 9000
Reduce Variation Aix Bigma for Software
Leat Manufactuting
Statistical Process Control (3PC)
Simulation
Eliminate NYVA Activity Auditing
Balanced Scorecard
Benchumarking
Kaizen
Reduce Waste & Rework Finanrial Analysis/Cost of Quality (CoCh
Kaizen
Leat Manufactuing
Prevent Human Error Design for Manufacturability T aintenance (DFND
[30 2000
Cpality Function Deployment (QFLID
Total Quality Management (TORD
Prevent Defects, Improve Accuracy, Design for Six Sigma (DF35)
Increasing Integrity POCAPlan-Do-Check-Act)Deming Cyele
Bix Bigma for Software
Improve Productivity Baldrige Criteria
Benchmarking
Business Process Reengineeting (BPE)
Kaizen
Cality Function Deployment (QFLIN
Total Productive hMaintenance (TP
Total Quality Management (T QM)
Inctease Efficiency & Effectiveness Caality Function Deployment (QFLN
DMAIC (for existing products)
DMADY (for new product development)
Kaizen
Taguchi MethodsRobust Design
Total Ouality Management (TOQLD
Dirive Intiovation TEIZ (Theory of Inventive Problem Solving)

Figure 1. A non-exhaustive list of standards and methodologies that
can be employed to satisfy quality goals.

presented in Figure 1. The tool selection process can be more extensive,
but detailed references are available to aid in selection (e.g. Tague 2005).
4. Define Data Quality Objectives
Operational processes, particularly those in software-intensive environ-
ments, often produce raw data and data products derived from raw data.
Not all data products are equal, however. Figure 2 shows a breakdown of
the different data types, which we have found to be relatively consistent
between organizations. In much the same way that different processes can
have different quality goals, unique data quality attributes will often be
critical for the various data types.
An outline of data quality attributes is presented in Figure 3. Check to
ensure that the methodologies and tools selected will also support meeting
the data quality attributes for the appropriate data type.
5. Enact a Continuous Improvement Model for Software Develop-
ment and Data Management
Our understanding of problems and solutions is emergent; as we learn
more about the problem domain and the environment of the problem, our
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Domain | Data Type NASA/EQS Terminology | Description
Instrument | Device monitoring data | N/A Produced by instrumentation, typically not preprocessed,
(Level-1) and typically not stored as part of raw data products. Useful

for preparing trending data fo defect emerging instrument
failures, and providing operational responses to other
failures to dynamically improve the potential for preducing
quality data products.

Instrument | Raw data Level 0 Produced by instrumentation. May be subject to limited
preprocessing in firmware (for exsmp[e, autocorrelation
spectrometers).

Instrument | Calibrated data Level 1 Produced by removing instrumental and environmental
effects. EOS breaks this down into Levels 1A (raw deta
Eppended with annotations and calibration information)
and Level 1B (raw data processed to calibrated data).

Science Derived data Level 2 Produced by combining calibreted data with other calibrated
&cﬂa, or with other derived cfcmz, ucccr&ing to processes,
!E:hniques, or a]goriﬂwms. Scientific nnalysis can take piuce
af this level or any higher level.

Science Assimilated data Level 3 Produced by gridding, resampling, and/or changing the
frame of reference for derived data.
g
Science Model data level 4 Produced by upp!ying one or more mathematical, ph)rsicnl, <
or sfochasfic models to collections of assimilated and ]
derived data products. ©

Figure 2.  Summary and description of scientific data types, from
Radziwill (2006).

perspective on the solution space will evolve as well. Many of us have recog-
nized the shortcomings of the traditional requirements-test-design-deploy
waterfall model, and have attempted to integrate prototyping techniques or
agile methods (such as pair programming) into our work. (Note, however
that s strongly prescriptive requirements and specification process may
still be necessary to ensure that contractual or regulatory obligations are
satisfied.) The major implication of adopting a continuous improvement
model is that an organization will become more cognizant - and tolerant -
of the natural process of requirements evolution and solution discovery.

The Capability Maturity Model for Integration (CMMI) is the most recog-
nized continuous improvement model being applied today, but much like
ISO 9000 quality systems, the approach falls short when the role of contin-
uous improvement is considered. Defining and adhering to processes alone
is the order of business until Level 5, the pinnacle of maturity, is reached.
Alistair Cockburn, one of the creators of the Agile movement, recognized
that traditional approaches to software engineering were not able to explain
why some projects succeed and others fail, or what factors are critical to
project success, and they were also unable to provide prescriptive guidance
and advice. Through his explorations, he has come to view software devel-
opment as a ”series of resource-limited, goal-directed cooperative games
of invention and communication.” A game is defined as an activity that
consists of moves towards or away from a target, can be finite or infinite,
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Data Models

* Clarity of definfion—unambigusus labels, distinetive and reprasantative naming of shjzehs, attibutss, and relatians,

+ Comprehensiveness—switahiliry of medal for usa by current applications, and adaptability of medsl fo future uses.,

. Huxlvblﬂrr—ulnihir of data model 1o ke adupied o huture UstIge SEENarics.

+ Robustness—eass of udﬂphfieﬂ of the medel o future usage scenarios,

+ Essontialness—not incruding axtmnsous infarmation; inc|uding fundamental informatian trom which other quantities can be

easily darived.

Attribute granulariy—sslscting the apprapriate numbsr of ohjscts te represent a cencapt.

Pracision of Domains—allecat ng apprepriabe precision ez, data hypas, sizes) to a daota attribute,

Homogenaity—net hiding business nulas ar the simplikying assumptions used by applications in the data,

+ MNaturalness—not ”av\erlwding' data valuss with mekadata ar supp|¢me|1hu| delcrip}iw charactar slics.

Identifiabllitly—ensuring that thers is a way te distinguish between similar enfifies [ex. using primary keys|.

+ Obtainability—is it lsgal, feasibls, and/ar apprepriats to callel, persist, and uss a particular data valust

+ Relovanca—ars all the sered aftributes usabul I:r;r upp|iwﬁcm, ar are there p|uns to use tham®

*+ Simpliclty—the medal dass net snceurage complizations in the applicatians that will use the data.

* Semantic conslstency —ersurs that the meanings and names of ubia-ch within a dataset are consistent, that ene term, nat sevaral,
ara used fe reler to the same ph}mieu| sanceph,

* Structural consistency—ensurs that ideas are uniFon'nb« refarsnced, inc|uding uss of sandard units.

Data Yalues

. A.ccun:tr—rhs level to which stered data agres with utxepl’ed sourees of “comact’ information.

» MNull values —ihs absence of infsrmation ean prmrida veluabks inlighl inta ebfaiml:i“fy,lrmhmnw pmHamL
+ Com p|msi—1wow wall the axpactation that cartain fields will be upprcpriuh|y pupu|uhd is met,

* Consistency—data valuss in ene sel being legically consistent with thase in another related sat.

+ Currency, Timeliness —dagnae to which information reprasants the up-krduh shate of what is b-sing medeled.

Information Domains

+ Enterprise agreemant of usage—ecommunicating in kerms of nemenclaturs to which all have confarmad.
+ Stewardship —snsuring theat laapnnail:-i|i1y for maintaining irfegrity and currency of attributes is maignad.
+ Ubiquity—encouraging al'n:lring of data rescurces and standardization of datn use across upp|im s,

Data Presentation

. Apprnprmms—Fmv weall the fermat and content of data satishies the users’ nesds.

+ Correct 1n!&rprnrutron—|-.w :ornpnahansiua the prwided inbormatian is, sa thot vsers can maks accurats infarences.

. ﬂleh][ﬂy‘—udupfabﬂﬂy of syshem fo e|1cmgea n repmm‘ad information or requirements for the use of that infermatian,

* Format preclsion—ensvring that the stered, displayed, and leveraged data instances cortain the recuired granularity ef infsrmation
fer the upp|icuﬁun fer which l|va}r are used,

. Pbrlnh"]hr—hw well the mpubim}f ber e app|imﬁona from ens planorm te anathar has been pr\eaan’ad.

+ Representation tﬂm!ihne‘f—wheﬂ'ler instanzes of data a”u‘h'\-a};f implarnanﬁha consistency demanded I)'y the madsl.

+ Representation of null values— reprasenting all null ar missing valuss squivakntly.

» Use of storage— ensuring thett the stornga of the data nFFacﬁwhf uses the madia upen which it resides.

Information Pelicy

L ﬂimﬁstblilw— dagme of aase of acesss, and breadth of necess, e information,

* Metadata—enwring that metadata are not enly defired but alse mest required dimensions of data qualiry.

+ Privacy and security—ensuring that an uppmch i in p|uce ] disp|u}rin fermaticn ae|ed'me:|)r, and alse te pradect the infegrity
of the data and meladata themsslves.

. lﬂdlmdﬂl‘l:y—b-sing cegnizant of whers and w+1}' repetifive data are usehul, and managing the inflow of data uccordingbf.

+ Unit mﬂ—undenfanding the costs associated with fpersishng and rrtintaining infermaticn, and l:oing parsimonious whers
pessible, se that the total cost of ewnarship of data is reducad or minimized.

Figure 3. Summary and description of scientific data types, adapted
from Loshin (2001).

G200 450



10 Radziwill

competitive or cooperative, and can be terminated either arbitrarily or by
achieving a goal, such as completing a mission.

Refactoring (the process of continually refining code) is also an important
tool for continuous improvement, but should be used in the context of a
continuous improvement model so that the act of refactoring is tied to
higher level goals.

7. Conclusions

Using quality management techniques as the basis for software and data man-
agement in astronomy is a promising avenue for improvements in a resource-
constrained environment where challenges are ever increasing. A process for
integrating quality management into operations is to identify and articulate op-
erational processes, map those processes to one or more quality goals, define
data quality objectives for the information products produced by each process,
ensure that the data quality objectives align with the quality goals of the pro-
cess, and select methodologies and tools for each process that fit the goals. The
addition of a continuous improvement approach to iteratively revisit the oper-
ational processes, which can be applied symmetrically to new development and
operations, provides the feedback to make the model for a quality management
system complete.
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