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FOREWORD

Traffic management centers are increasing in number and are receiving significant upgrades to respond
to growing congestion in the roadway sysem. This growth in traffic management activity entails the
ingtalation of more and different types of traffic sensor and control sysems. The integration of these
systems leads to greater dependence on automation and intelligent systems to monitor and process
large quantities of data, to assst decison making and to control traffic. In turn, this growing reliance on
automation raises human factors issues on how traffic management operators share tasks with
automation and what kind of environment is necessary for their work to be effectively completed.

This document provides human factors guiddines and other information to bear on these issues. For
instance, chapters are provided for job design, the user-computer interface, workspace, controls and
displays. Sections are adso provided on the systems engineering design process. As traffic management
centers coordinate with each other to devise new strategies and to meet regiond traffic demands, new
issues and new perspectives on the role of the human in traffic management will evolve. It is anticipated
that these guiddines will form abasis for further examination of future operator requirements and thus
continue to support effective user-system design.

Michad F. Trentacoste
Director
Office of Safety Research and Devel opment

Notice

This document is disseminated under the sponsorship of the United States Department of Transportation in the
interest of information exchange. The United States Government assumes no liability for the content thereof. The
document does not constitute a standard, specification, or regulation. The United States Government does not
endorse products or manufacturers. Trade or manufacturers' names appear herein only because they are considered
essential to the object of the document.
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The Advanced Traffic Management System

The Advanced Traffic Management System (ATMS) will play apivotd rolein intelligent
trangportation systems (ITS) by efficient, red-time management of the traffic sysem. ATMS
roles include adaptive signal control, road access control, rapid incident response, adaptive
traffic rerouting, and communication with drivers through in-vehicle and externd communication
media. The ATMS isthe ingrument of effective traffic control in agiven ITS service areaand
the Traffic Management Center (TMC) isthe “brain” of that system.

In order to design such acomplex, mgor system effectively, it isimportant first to document the
mission and objectives of that system. This s often best accomplished through detailed
discussons with potentid managers and users of the new system. Based on discussons with a
large number of TMC managers, designers, and vendors, we have defined an “ided” TMC
misson as.

Facilitate the safe movement of per sons and goods, with minimum delay,
throughout the region of influence.

To support this misson, the group defined the overdl functiond objectives of anided TMC in
the following terms: 4©)

1. Maximizeroadway throughput. Thiswill be accomplished by digtributing the traffic
load over time and space to control congestion and other traffic delays. It will dso
require successfully meeting objectives 2 - 5.

2. Minimizeimpact of roadway incidents. The ATMS will accomplish thisin two ways.
by reducing the probability of incidents (accidents, sdls, debris) and by reducing
travel delay associated with incidents that do occur.

3. Assist in providing emergency services. The TMC will assgt in providing
emergency services by incident detection and verification, incident notification,
coordination of multiple responses, and modification of other dements of the ATMSto
improve emergency response. This may include emergencies near the roadway (e.g.,
gructurd fires), aswell as on the roadway.

4. Contributeto theregulation of demand. Maintenance activities, and mgor incidents
may temporarily reduce the capacity of roadway segments. Specid events may
generate traffic levelsthat greatly exceed norma roadway capacity. The TMC may
reduce the resulting congestion and travel delay by influencing demand. Using the
numerous available information channels, the TMC can encourage driversto reroute
trips, reschedule trips, or use dternative modes of transportation.

5. Create and maintain public confidence. Underlying dl these objectivesisthe
unavoidable need to maintain public confidence in the traffic control system. The TMC
must be viewed by the public as a source of accurate and usable information. System



errors that produce incorrect or untimely information lead directly to alack of
compliance.

ITS technology that supports ATMS TMC design will include — asaminimum — larger
numbers of more capable sensors, automation of routine procedures, computerized decison-
making aids, and more effective means of influencing traffic flow and driver decisons. There will
be demand for higher technology in dl areas including a powerful drive toward as much
automation as possible.

During the coming decades, ATMS TMC' s will emerge through one of two processes:
Evolution of exidting, lower technology centers through gradua modification of existing
equipment and procedures, or design and congtruction of TMC's from the ground up. Each
approach has its advantages and disadvantages.

Mogt cities now have existing, older centers for sgna control, maintenance and other lower-
technology functions. A few have pioneering TMC's, designed in the 1970's and 1980's and
ready to consder modernization and increased automation. Modernization might mean
implementing new signd controller software, amore extensve network of closed circuit
televison (CCTV) cameras, or the integration of freeway management with surface street
control networks.

The design process for upgrading exiging systems will be more chalenging in some respects
than that for replacing them. Physica limitations of the existing facilities (eg., space and
equipment interfaces) will complicate efforts at modernization. The example below describes a
typica modernization problem.

CASE STUDY: MORE CAPABILITY SHOULD NOT IMPLY MORE MONITORS AND KEYBOARDS

The signal control center in the major city was pleased with their years of experience using signal
control software and hardware from Vendor A. It drove the signal timing on half the city's major
intersections. It also drove the displays on all the graphics monitors on the TMC console as well as
the color-coded lights on the big-board map display. Managers decided to start the move toward
ITS technology by doubling the number of instrumented intersections in the network. The contract
was awarded to Vendor B who promised full software compatibility with that of Vendor A. Only after
installation was it discovered that the "B" sensors and controllers could not be made to
communicate with the "A" monitors and map display. Information on intersections in the "B"
system had to be computed and displayed on a separate computer placed against the side wall of
the control room and out of the operators' normal view, severely limiting its use. While the software
incompatibility would not seem to be a human factors problem, its primary symptoms, increased
workload requirements, certainly are.

Whether remodeling existing facilities or building anew TMC, afully successful program
requires designers to recognize the central role of the human element in the total system.
One mgor theme of this document is that user-centered design isawise dternative to design
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processes that are chiefly technology-driven. However, knowledge of the process of user-
centered design is not as firmly established astraditiona dternatives. Therefore, before moving
directly to the gpplication of the guideines contained in this document, the design team should
have athorough understanding of how the human operator isincorporated into the design
process.

Human Factors Engineeringin TM C Design

The success of ATMS operations ultimately depends on how the human operator interacts with
the system devices. The human operator isacriticad component whose capabilities and
limitations must be integrated into the design and operation of the TMC. Therefore, an
important opportunity for overal system improvement comes from user-centered design, i.e.,
design specificdly to support human performance. This document contains numerous examples
gathered during the period of research that provided the basis for the work; many examples
illustrate the cost of ignoring or misgpplying humean factors principles, others show significant
successes in their gpplication.

What is human factor s engineering?

Human factors engineering can be defined as collecting data on the physicd and menta
characterigtics, capabilities, limitations, and propengties of people and using this information to
design and evauate tools, workplaces, and other things that people use with the god of
increasing ther efficiency, comfort, and safety. More smply, it is making the job fit the
operator.

History and range of application of human factor s engineering. Human factors
engineering became firmly established as a separate discipline during the Second World War.
During thet time, the praliferation of highly complex systems (most particularly aviation systems)
sretched human capacities to thelr limitsin so many areas, and with such urgency, that anew
category of researchers and practitioners came into being.

Human factors practices and standards have become a mgor consideration in many design
aress, particularly those in which the human/system interfaceis criticd to overdl system
effectiveness, safety, and convenience. Human factors research and recommendations address
such issues as airplane cockpit displays and controls, military system design, nuclear power
plant regulation and evauation, and consumer usability issues ranging from ingructions for
videocassette recorders to the layout of automobile dashboards.

Scope of human factorsin TMC design.

The principles and methods of human factors engineering should be goplied to TMC designina
broad range of areas. The sections below list areas in which the design team should possess
knowledge and expertise. If knowledge in any of these areasis lacking in the resdent desgn



daff, consderation should be given to adding a quaified human factors design consultant to the
team. Each of these areasis the subject of a specific chapter, as summarized in Section 1.3 and
Figure 1-1.

Designing to human requirements. The desgn team must be able to apply the
methods and practices of human design to the TMC at the gppropriate pointsin the
design process. The concept of iterative, user-centered design is centra to mesting
human requirements. This process stresses tools and procedures (task analys's, flow
charting, operationa sequence analys's, function alocation, link analys's, rapid
prototyping, mockups and smulation, and test and evauation) and their systematic
application at the gppropriate points in the design process.

Analyzing functions, tasks, and human/machine systems. The desgn team must

andyze the functiona requirements of the TMC in away that focuses on the user, on

how functions are dlocated to human and machine, on how human tasks are andyzed
and described, and on how to plan the TMC to enhance human performance.

Designing to reduce human error. The design team should have a practica
knowledge of human error. Mistakes appearing in the human part of the system often
have ther originsin design flaws. These can have asgnificant impact on TMC
operations, and they comprise the least understood aspect of design for most managers
and engineers.

Designing to support human perfor mance. Congraints to human performance
should be formaly consdered by design teams that include a human factors engineer.
Design decisons may profoundly influence the probability of operators making correct
decisons and maintaining gppropriate human control over the sysem. Mogt active
monitoring and intervention by the operator in the TMC involves cognitive (mentdl)
functioning. The design team should understand the nature of arousd, fatigue, memory,
attention, and decision making and their interaction with design aspects of the TMC.

Applying the principles of job design To create a smoothly functioning TMC, the
design team must know and apply the methods and considerations for job design.
Effective job design reduces errors and their consequences, provides motivation to
operators, paces work appropriately, and divides work evenly across teams that
operate together.

Applying the principles of anthropometry. Anthropometry (the measurement of
human operators physca characteridtics) is a science that often isinvisible until
deficiencies gppear. Problems that result from ignoring anthropometry might include
uncomfortable, poorly-designed work chairs; inadequate leg and knee space at work
gtations; displays that cannot be seen because of poor line-of-sight from operator
positions, work-related injuries and conditions (e.g., repetitive stress disorders such as
carpd tunnd syndrome, fatigue, lower back pain) that accompany poor physica design
of furniture and accessories.



1 Applyingthe principlesand standardsfor displaysand controls. The
human/system dements of the TMC are closely concerned with displays and controls.
Poorly designed displays induce errors (because information is difficult to read and
interpret), fatigue, and inefficient system response to changing traffic conditions. Poorly
designed controls affect operator errors, communication, accuracy of output, and
operator confidence.

I Applying the principles and standards for workplace design. The design team
must apply the knowledge of anthropometry, displays and controls, and other
congderations to the physicd design of the TMC workplace. Illumination, physica
arrangement, furniture selection, temperature, noise levels, and work stations are
important factors.

I Applying the principles and standards of user interface with information
systems. As TMC's evolve, computers will become increasingly important. The user
interface, information displays on monitors and input devices such as keyboards, can be
designed in accordance with numerous exigting standards. The design team must be
able to sdlect the appropriate interface type and/or specify the characteristics of the
information systems that will channd and display information in the TMC. Poor
interfaces promote errors, delay effective traffic control actions, and create frustration
that reduces the operator's confidence in the technology of the center.

1 Applying the principles and standards of user aids. The design team must be able
to provide the required job ads for the operator. These include user manuals, online
help, quick reference guides, and mnemonic devices designed to promote accuracy,
reduce the probability of error, and make the operators confident of their ability to
intervene appropriately when human decisions and actions are required.

1 Applying the principles and standar ds of data presentation. The presentation of
datais criticd in heping the operator understand the status of the systems, the state of
traffic flow, and the range of appropriate actions. The design team must be able to
goply principles of data presentation, data fusion, and clarity and economy of display.

1.2.3 User-centered design avoids costly mistakes

All too frequently, the design of facilities such as TMC' s begins with an initid assessment of
what the available technology can do. Sales cdls and literature from vendors, viststo
exiging TMC's, and exhibits a trade shows provide exciting glimpses of the sate-of-the-art in
ITS technology. Sometimes the results of this assessment lead to very early procurement
decisonsfor the new TMC's centra system components. Only late in the process are the
actud performance requirements and operator tasks for this pecific TMC congdered in detall.
In the end, the human operator is expected to pull everything together and make the system
work.



Sometimes the attraction of new technology is so strong that designers dlow it to drive the
design process. Frequently, for example, there is atendency to see automation as the ultimate
design god of ATMS evolution. Unfortunately, this view is not supported by experience, and
can cause operationd problemswhen it is dlowed to bring undue influence on design gods.

In one operational ATMS, for example, an expert designed in an automation scheme in which
the support system would determine the “best” pattern of changeable signsto present to
motorists, and the operator would review the automatic decisions and could change them after
they were implemented. After the system was fielded, it was found that the system often could
not digtinguish between roadway maintenance equipment working in a closed lane and wrong-
way driversin the traffic lanes. The error resulted in automatic closure of alarge area of
freeway. This problem arose from afaulty allocation of functions to a higher than feasble
level of automation. This common design flaw was alowed to develop because the emphas's
was on the technology rather than on the totdl system. Ultimatdly, the design was changed to
give the support system initid responsibility to detect an anomaly but to require operator
consent before a dradtic traffic management tactic was implemented.

Technology-based approaches to design may cause very significant problemsin TMC
development:

1 Systemsare specified before requirements are under stood. Many of the
examples cited in this document result directly from specifying components before
understanding what they are supposed to do as part of the total system. In the example
below, designers over-emphasi zed technologica possibilities and under-emphasized
identifying system requirements.

A CASE STUDY IN TECHNOLOGY-ORIENTED DESIGN

Procurement officials for the new ATMS had reviewed the state-of-the-art in TMC systems and were
preparing a draft request for proposals. The team had been particularly impressed with a video wall
they had seen in a (yet unopened) TMC that could integrate, perhaps, two dozen monitors to
provide a single, large picture. The team felt that important uses might be found for such a display
and it was, therefore, specified as a central feature of the control room. Later, the team discovered
that, by concentrating on technology rather than requirements and functions, they had neglected to
define TMC information output methods for controlling congestion. The team expressed hope,
however, that a local radio station would agree to carry their congestion reports until additional
funds could be found for a VMS network. No analysis had been done on the number of operators
needed to staff the center, operator selection criteria, operator jobs, or the equipment needed to do
those specific jobs.

I Early design errorsaredifficult and costly to correct. A common and very
fundamenta design flaw that plagues TMC' s is the tendency to specify the dimensions
of work stations without congdering where information is to be displayed in other parts
of the control room. In more than one TMC now operating, personnd a work stations
are unable to see critica displays such as the banks of CCTV monitors and “ big board”



displays that show red-time traffic conditions because consol e tops and other clutter
are in the way. In dmost every case observed, the work consoles were well designed
from ahumean factors point of view for an environment in which they could be sdlf-
contained.

The human component of the system isignored. Even when many functions are
automated, the human roleis crucia. A technology-centered design processis
insengitive to these cases. Designers must keep in mind the range of Situations that
cannot yet be left to automation. These include:

T Failuresin the automated system logic due to unforeseen circumstances (for
example, the support system that interpreted maintenance activity in a closed lane
asawrong-way driver and closed the freeway).

T Circumstancesthat cannot be detected by sensor systems but demand
response (as in an airplane crash adjacent to the freeway that required freeway
closureto dl but emergency vehicles).

T Automation malfunctions that require full or partia degradation of the TMCto a
manua mode due to software “bugs’ or even a complete computer “crash.” Thisis
afrequent problem with automated systems, and requires planning to dlow the
system to “fail gracefully” rather than force a serious loss of function while operators
recognize the problem and assume manua control.

Human error isignored. Human error is afactor often ignored in technol ogy-oriented
design. It isimportant to note that even computer systems that provide reliable and
accurate information can promote system errorsiif they are difficult for humansto use.
Researchers found dmost uniformly that engineers involved in the design or
management of advanced TMC' stend to define error in machine terms— asfaulty
system output. While human error was recognized as afactor in some TMC operations,
there was little idea of how to plan for its reduction in the design process.

The TMC does not support the exercise of human judgment. In many cases, the
critical factor in responding to a crigsis the judgment of the operators. If the design of
the TMC ignores the efficiency of operator actions, or makes such actions too time-
consuming or complicated, the tota system may fail to respond gppropriately when it is
needed mogt. In technology-centered design, this problem is often unrecognized until it
appears under operational conditions.

The TMC ar chitecture does not match the traffic management problems.
Another common problem is the temptation to acquire high-technology solutions for
which problems are scarce. For example, asmall TMC that monitors a short or
relatively uncomplicated road network will gain little by ingtdlation of a dynamic “big
board.” Such displays are most useful if multiple operators or supervisors coordinate to
make decisions based on patterns too complicated to visudize without a display.



1.2.4 Human factorsand user-centered design

In spite of the drive toward full automation, the operator will remain “in the loop” and akey
player in the tota system until such time as automated systems can sense, interpret, and control
al the myriad of variablesin the environment that influence traffic flow. @ While routine
operations such as posting congestion warnings can proceed now on the basis of automation,
the worth of a TMC will often rest on the ability of the operator to intervene successfully in
response to specid requirements such as amgor incident. This ability will rest on whether the
total system has been designed with the user's needs in the foreground. Here are the mgjor
elements of user-centered design:

Thedesign focusis on the operator, not the designer. Thisiseasy to illudrate.
Congder the revolution in documentation for computer software. In the 1970's and
1980's, the “user” of an application, whether aword processing system or agraphics
program, was ill-defined. User manuas, where they existed at dl, were difficult to use,
crammed with jargon and abstruse computer concepts. Usudly, the writer wrote from
the perspective of the designer rather than from the viewpoint of the user who would
actualy have to decipher the instructions before using the programs. The reason was
that software developers are often too close to the underlying processes of writing
programs to see the world as the user seesit.

Development of user-centered interfaces and user-friendly documentation emerged asa
tool for developing a competitive edge. Many manuas for popular contemporary
goplications are very carefully executed and are the result of user-centered design. If
they were not, the customers would tend to buy another application.

The TMC is faced with a different competitive environment, but one just as vitd.
Efficient operation of traffic management depends on operator effectiveness aswell as
technology, and most of dl on that part of the system in which the human and machine
components must operate together. The TMC' s primary “customer” isthe driving
public, and a TMC designed without the operator in mind will create the same sort of
response in the driver as poor documentation creates in the computer user.

The selection and acquisition of configuration itemsis based on validated
functional requirements. A “vdidated requirement” is afunctiond capability (e.g.,
identify sensor locations at which occupancy exceeds 30 percent during arunning 2
min. period) that has been formally stated and objectively evauated. There are many
kinds of “unvaidated” requirements, the most common being traditiond practices and
presumptions that are carried over from one design evolution to the next.

The processisiterative. Systems are best devel oped through an iterative process,
inwhich designistested and vdidated in a series of stages. Thisis particularly important
in asysem like the TMC, where design iterations will often uncover problems— and
opportunities — that are not gpparent until they are viewed in the context of the tota



system. However much some designers might like to consder human factors
engineering to be the rigorous application of common sense, the fact is that common
senseisaways clearest in hindsight. Iterative design dlows for the shortest and least
panful hindsght.

The process extends throughout the TMC life cycle. Thefact that anew TMC
has been built and put into operation does not suggest thet it is“complete” ASTMC
managers and operators are aware, changing traffic conditions, amended
respongbilities, improved technology and lessons learned have away of obliging the
TMC to evolve. User-centered design should continue throughout the life of the TMC.

ANOTHER CASE STuDY IN TMC DESIGN

User-centered design, despite its obvious advantages, has not been the rule in control room
development in general, or in the TMC in particular. A discouraging example of this unevenness is
documented in descriptions of a European traffic signal facility of some complexity. During the data
collection phase of this program, observers visited a new "ground up" facility and the older system
it was to replace. The older center had evolved through a user-centered approach, with many
excellent design features and procedures put in place by the operators or at the operators' request.
The new center, however, showed little evidence of retaining these user-designed features and
procedures in its development. In the analysts' view, important lessons were lost. (75)

Advantages of user-centered design. While user-centered design techniques may seem
complex and codtly in time and effort compared to the Smpler approach of buying a package
and entrudting its integration and ultimate satisfactory operation to a vendor, experience amply
demondtrates that the time and effort are well spent. User-centered design offers very clear
advantages like those listed below:

I Task and function allocation are based on total system. Technology-based
approaches focus on the purchase of the most sophisticated systems, not the most
appropriate ones. A TMC produced by designers who have not given appropriate
attention to the system as awhole — which means, in most cases, applying appropriate
emphasis to human factors issues— will not perform as desired. The user-centered
approach will be more likely to identify the problems and opportunities that surface
when the interactions of system components are viewed as awhole.

System deficiencies areidentified early in the process. Asagenerd rule, the later
in the development process that a problem isidentified, the greater the cost (in dollars
and delay) required to solve it. Iterative user-centered design reduces the likelihood of
a problem going unrecognized beyond the point in design a which it could be easly
corrected. Without this focus, the work that should have been done early in the process
will have to be done later and at added cost in resources, frustration, and loss of
confidence in the system.



Best use made of human resour ces. Aswe discuss a length in later chapters, some
functions are bet |eft to automation, while others are best dlocated to the human in the
loop. When the traffic system is stressed, the human contribution transcends routine
monitoring and becomes crucid to traffic management. To leave the operator asthe
wesek link in the system isto invite disaster. User-centered design isintended to counter
this problem.

1.3 Human Factors Guiddine Contents

This document contains the following kinds of informeation:

Expostory information and background. Each chapter includes information that
provides for an understanding of specific guidelines. Some may seem overly complex or
academic, othersmay seem to be recitations of “common sense.” The more complex
sections address background that cannot be ignored without a demonstrated risk of
misapplying aguiddine (The examples that remain were often the result of intense
discussions by the writers, editors, and reviewers).

Guiddines and reference materials. Most of the chapters provide a number of
specific desgn guiddines that can be used to identify important design issues and to
asss in making design decisons. Many of the guiddines are accompanied by
explanatory information to provide their rationale and to support their goplication.

Glossary of terms. Unfamiliar terms are defined as required when they first gppear.
However, becauseit is unlikely that a user will read the document from cover to cover,
we have included a glossary of termsto allow reference when atechnica word or
phrase is encountered.

Other availablereferences. Following the last chapter, and cited in the text as
required, there are references to information sources. These references may provide
ingghts to topics that have not been explored in sufficient detal for satifactory
gpplication to a particular problem.

The document is organized in thirteen chapters, each addressing a distinct topic area. As
summarized in Figure 1-1, the information content of the chapters includes the following:

Chapter 2 provides a step-by-step summary of the user-centered TMC design process. It
darts with defining the misson and functions of a proposed TMC, proceeds through the
workplace and job design, and ends with methods of test and eva uation to evauate dternative
solutions and to ensure that the desired performance is atained.

Chapter 3 provides more detail on the initial andys's process used to define system functions,
operator rolesin those functions, and specific operator tasks.



Chapters 4, 5, and 7 summarize mentd and physica characterigtics, capabilities, and limitations
of human operators that should be taken into account during detailed design of the TMC and
the jobsto be performed init.

Chapter 6 describes how TMC jobs (e.g., task assgnments and work schedules) should be
designed to take these human characterigtics, cgpabilities and limitations into account.

Finaly, Chapters 8 - 13 provide details of human factors design guidelines and
recommendations for the TMC environment and equipment. These may be used in designing
TMC configuration items (e.g., procedure manuals or custom visud display software) or in
evauating vendor proposed items (e.g., computer monitors or operator Seeting).
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The Audience and the Scope

One of the most important decisions made in the development of this document was the
definition of the user. There are many existing modes for possible guiddine syles dready in
exisgence and serving avariety of audiences. Some are intended for use as references by human
factors engineers, some as evauation tools for ingpectors, some as guidelines for system
specification. Some emphasize legd requirements, some provide wording for specification of
system attributes, and some are virtualy encyclopedias of human factors knowledge. None of
these models proved entirely satisfactory for the TMC design environment because the
intended audiences were not appropriate.

Intended for the TM C design team

No single person will design a TMC. The compostion of adesign team will vary, but will
generaly be drawn from these sources.

State and locd DOT engineers developing procurement specifications.

Generd contractors responsible for designing and building anew TMC or renovating
an older one.

TMC hardware and software developers and vendors.

TMC managers and engineers designing TMC upgrades.

TMC operators who serve as subject matter experts.

Human factors engineers who are members of the design team.

Assumes limited team knowledge of human factors

We presume that most members of the TMC design team will have only sketchy knowledge of
the benefits, processes, and practices in human factors. Most users will have a strong
background in other engineering fields such as civil engineering, traffic engineering, architecture,
and computer science. However, it is strongly recommended that a qudified human factors
engineer be included on the design team.

Intended for use with minimal reliance on other sources

Our surveys of exising TMC' s suggest that human factors references generaly applicable to
control room and related designs are neither present nor readily avalable to TMC design
teams. This document is intended to provide stand-a one support wherever possible,



1.4.4 Intended for existing and evolving TMC'’s

New TMC's are under development and many existing TMC' s are in the process of evolving
into ATMS-evd fadilities. This document is intended to serve the needs of dl leves of
development: legacy TMC's, migrating TMC's, and ATMS TMC's.

I Legacy. TMC sinclude facilities that are equipped and configured in the style of the
1970's and 1980's— essentidly, first generation TMC' s with relatively low
automation, limited scope of operations, aging systems, and no immediate plans for
extensve modernization. This document can be used by these facilities to get the most
out of thelr exigting resources while waiting for the next developmentd step.

I Migrating. TMC's are those presently in the process of modernization from earlier
missions, sandards, and equipment toward the goa of ATMS capability. The
guiddinesin this document provide materid for modifying equipment and procedures
with frequent reference to the experiences of TMC' sin the migratory process. Many
current TMC’ swere built for surface street operations. New ATMS facilities will
combine dreets, highways, and intermoda I TS functions. This document will assst
those TMC designers that are expanding their activities to cover new functions.

I TheATMS. TMCisdill evolving and developing. Widely accepted standards and
architectura conventions for the ATM Sfacility have not yet solidified, and it islikely
that the experiences of design teams that use the firgt edition of this document will be
among the richest sources for the learning processes that will inform developers of later
editions as well as the next accepted definition of an Advanced Traffic Management
System. A sdlection of lessons learned isincluded in the document o thet the
development of later facilities will avoid rediscovery of others mistakes and successes.

1.5 How the Guidelines were Prepared

Preparation of thiswork required the efforts of a number of experienced human factors
engineers and traffic management experts. It will help the user of this document in understanding
why it is organized and written in the present form if we review the process that guided its
development.

1.5.1 Definition of requirements

To help define the TMC designer’ s needs for human factors guiddines, the requirements
andysisincluded an extensve survey of anumber of information sources. It should be
emphasized that the design of the guiddines document was user-centered in its philosophy and
process. To define the user requirements, we:
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I Visited existing TMC’s. Members of the team inspected Stesin the United States,
Canada and Europe, conducting interviews on TMC design methods and operations,
collecting lessons learned, and observing operations.

I Surveyed existing human factor s guidelines. The resources included works on
human factors engineering such as textbooks, the Human Factors Design Handbook,
Department of Defense handbooks and Military Standards, National Aeronautics and
Space Adminigration (NASA) and International Standards Organization (1SO)
dandards, nuclear regulations, and private sector guidelines.

I Conducted formal surveysof human factor sinformation needs. This collection
included questionnaires and formal persona interviews with managers and operators at
multiple Stes.

I Coordinated with a user group of TMC managers. Early in the desgn process, we
designated a user working group composed of managers and engineers from selected
representative stes. This group has met and corresponded regularly, and has reviewed
the document in its various drafts, providing a user perspective.

1.5.2 Sourcesof information and guidelines

The principa sources that provide the guidelines and background information to meet these
defined requirements for this document include:

I TMC experience and practice. Thisinformation was gethered during the
requirements anadys's phase (and continues to be generated). Many of the common
guiddines for human factors engineers are e oquently stated in these practicd indghts,
and have been added as guidelines where they expand or clarify more generdly-
accepted standards and rules of thumb.

1 Lessonslearned during design and operation. The wise designer learns from the
mistakes and successes of others. The requirements andyss yielded awedlth of
examples of practices and design aids that will be helpful to any TMC design team.

1 Observationsfrom sitevisitsto TM C’s. Human factors engineers often detect
lessons and opportunities that the TMC managers and operators would miss. TMC
gtaff members become accustomed to minor annoyances and problem workarounds.
Frequently they are unable to attribute an identified problem to its ultimate source.
Outsde observers prepared to eva uate activities and facilities from a human factors
perspective often identify important human factors issues and design deficits that
ingders never notice.
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Research ina TMC simulator. A series of human factors experiments was
conducted in a high-fiddity smulator of a generic advanced traffic management center.
The smulator provided up to four operator workstations, CCTV monitors and
controls, alarge-screen projection display, graphics computer monitors and keyboards
providing access to various automated support systems, voice communication systems,
and smulated cdlular telephone calls. Experiments covered design questions that
surfaced during vidts to existing TMC's and discussions with their operators and
managers.

Existing refer ences. Many of the guiddines are adapted from human factors
references in wide use. TMC control rooms share many common features with other
facilities that have smilar roles (e.g., air traffic control centers, military command podts,
nuclear plant control rooms). Some human factors guiddines are virtualy universd in
their gpplication. In addition, we surveyed the current literature available in textbooks,
corporate guiddines (e.g., work station standards used by Internationd Business
Machines), and the journds of scientific research in the fidd.

How to Use the Guidelines

This document is organized for systemétic reference and use. While design guiddines sarve as
the foundation of the document, asmple list of guiddines can lead to misgpplication of the
information and suggestions unless the designer understands the rationale and technical context.
This book is much more than a compendium of guidelines. To make this a useable document,
guiddines are accompanied by didactic materia intended to provide context, rationae, and
implementation guidance.

Also, the usefulness of the document will be gnificantly increased if it is employed with the
guidance and review of a human factors engineer, a least a criticd pointsin the design process
(See Chapter 2 for suggestions on the critica points of user-centered design). It does provide
the information necessary to guide designersto the key issues, and to assure that designs make
the best use of human resources and avoid common mistakes. But it is best used as an adjunct
to professona knowledge.

Mogt, but not dl, chapters contain specific design guideines. These design guiddines are
embedded in the explanatory text but are easy to identify because they appear in adistinct
typeface and are marked by a reference number. Guidelines are referenced by the chapter in
which they are cited and by their numeric sequence in that chapter. Guideline 8/25, for
example, isthe 25th listed guiddine in Chapter 8 (Display Devices).

There are three generd categories of guiddinesin this document, principles,

recommendations, and observations. These guideline classes are based on ther origin, their
criticality to operation, and their Satus in genera regulatory and human factors practice.
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I Principles. These are taken, often verbatim, from widely used and accepted standards
— military handbooks and standards, NASA Standards, Nuclear Regulations, and
commonly used texts and general handbooks of human factors engineering. Some of
these andards, at least in their origina context, have what amounts to the force of law
behind them — particularly those in such crucia aress as nuclear and occupationa
safety and hedlth. In dl cases they represent common approved practice.

8/34 Warning Light Visibility (Principle; 125)

Warning lights should be visible from the widest possible viewing
angle.

Warning or alert lights should not be recessed in panels; a recessed light will
be hard to see except from directly in front of the display.

Thisisasmple statement of a commonly-accepted principle for the design of pand
displays that include warning lights. If the light is recessed, it may be visble only to an
observer seated directly to the front of the display. Since warning lights must be easily
noticed to be effective, it makes sense to design them so they are visble from awide
area. This practiceis reflected in anumber of sources, the wording used hereis taken
from, Human Factors Design Handbook, by Woodson, Tillman and Tillman
(Second Edition, 1992). @2 |t is dso found in one form or another in MIL-STD
1472D, Human Engineering Design Criteria for Military Systems, Equipment,
and Facilities and other handbooks, standards, and regulations. @

In this guiddine, asin mogt, explanatory text has been added to increase the
guideline's usefulness. The added discussion isidentifiable because it is not rendered
in boldface like the guiddine itsdlf, but isin adistinct sans-sexif typeface.

I Recommendations based on research. Asardatively new discipline, the body of
knowledge in human factors engineering is rapidly changing and expanding. There are
countless cases in which peer-reviewed and published research results suggest new
design recommendations and guidelines. Thisis particularly true in such areas as
information systems and their associated humar/system interface. In such cases, the
most reliable published research and other peer-reviewed recommendations were
gathered and crafted into appropriate guidelines for the TMC.

This was not an easy process. Many published experimenta results had not been
available long enough for replication and vdidation. In fact, such guiddines were
added only when they addressed an important design issue that was not covered by
more seasoned standards.



This example from Chapter 11, illustrates areference to recent research:

11/50 Selection of Verbs (Recommendation; 51)

Select action verbs as command names.

For example, "save" is considered a better command name than "file" for
specifying the action of retaining work for later use. One reason for this is
that "file" is both a noun and a verb and users typically think of the noun first.
"Save" is less ambiguous.

The parentheticad (Recommendation) on the guiddine title indicates thet thisisa
provisona guiddine based on recent research and that it has not undergone the
rigorous review and testing required to makeit aprinciple.

Suggested practices based on observation and TM C experience/ lessons
lear ned. Quite afew very topica guiddines emerged from the Ste vistsand
interviews, many were too good to pass up even if they are not derived directly from
experimenta data.

Thisguiddine, from Chapter 8, is of the “observation” variety:

8/1 Amount of Detail on Display (Observation, 125)

Avoid excessive detail on the large map or status board.

Leave the detail to operator displays. Packing in detail usually requires
reduction in size of individual characters and symbols, which are hard to
discriminate in a TMC control room environment. This is particularly true for
video-projection displays, which at present have an inherently limited
resolution.

This particular point came from awidely used reference (125 — Human factors
Design Handbook) as well as from our observations of display formatsin severa
TMC's. However, it is so generd that it is not usable as a guideline without other,
more specific, information (in this case, precise principles for character sze and
reedability, which are referenced). The principa difficulty isthat “too much detall” is
hard to define as agenerd rule; it depends on the leve of training and experience of
the operator, the style and purpose of the display, the task loading, and other
variables. The explanatory text is added in this case to place this rather vague design
principle in the context of the TMC “big board.”
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A TMC Design Scenario

An overview of the process by which afictionad TMC might be developed is used in this section
to provide an example of the requirements oriented, user-centered design process. In this
overview, important points at which involvement by human factors engineering specidists
should be used are indicated. The reader is a0 referred to the specific sections of the
document in which methods used by the human factors engineering consultants are found.

The following sections describe one specific design scenario for acity with unique traffic
problems, unique objectives, and unique evauation criteria. Other ATM S gpplications and
objectives may easily lead to different design gpproaches and decisions.

Defining the Environment

Baysdeisafictitious smdl city of amillion or so population in the Midwest. An interdtate
highway runs north-south through the city just west of the prospering downtown area. A mgjor,
divided gtate highway crosses Bayside west to east runs just south of the downtown and
terminates a the lakefront. A large universty in the center of town, southwest of the interchange
between the interstate and the divided Sate route, isamgor traffic generator, epecidly during
specia sports events and concerts. A second traffic generator is a beach resort areaand
amusement park on the eastern edge of the city that attracts both local and vacation traffic. A
regiona arport 19.3 km (12 mi) north of the city center isnot amgor factor in the traffic flow.

The layout of arterid sreets and highwaysis basicaly a grid with on-off ramps to the interstate
and divided gtate route gpproximately every mile. Morning rush traffic creates congestion in the
southbound interstate lanes and the eastbound divided state route lanes as commuters gpproach
the downtown and university areas. Evening rush hours are reversed with northbound and
westbound congestion. Rush hours experience an average of five minor incidents (one lane
blocked) and one mgjor incident (two or more lanes blocked).

Magjor events at the university create substantia congestion around parking lots, surface Streets
and frequently spilling back onto the interstate. Fine summer weekends frequently produce
backups as much as 4.8 km (3 mi) long on the divided state route as it nears the lake shore
area

Wesgther is a dgnificant factor in traffic flow. During the summer, frequent heavy thunderstorms
create accidents and congestion. During the winter, fog, ice, and snow are common and creste
incidents and congestion. Inclement wegther can easily triple the number of incidents
experienced.
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City and gtate trangportation officias have determined that certain elements of an advanced
traffic management system would likely be effective in reducing some of the traffic problems. A
combination of sensors, communication devices, and control devices, dl operating through an
advanced traffic management center is envisioned.

Numerous steps are required in the design of the ATMS. The steps in a requirements-oriented,
user-centered design process are detailed in Chapter 2. The process described generdly
follows the flow of activities shown in Figure 2-1. Some of these activities can be performed by
the traffic engineer, civil engineer, or architect without need for human factors engineering
guidance; in other steps, employment of a human factors engineer can pay long-term dividends.

It should be noted that this design process is an iterative process of design, review, testing, and
refinement at each step. The earlier in the design process that corrections and adjustments are
identified and made, the smdler the cost in money and time to make the changes.

Advanced Traffic Management System Mission Analysis

Theinitid step in the misson andyssisto document the system objectives and requirements.
The objectives of the Baysde ATMS are defined in terms of solving identified traffic
management problems. System requirements then are defined to describe, without defining
specific hardware, the steps by which the objectives should be met. These can be defined by
locd traffic engineers or by traffic engineering consultants. Expertise in human factors
engineering is not a prerequidite for this step.

System objectives for Bayside, based on aligting of typical traffic management problem
scenarios, would include, but not necessarily be limited to the following:

Minimize inbound rush hour congestion.

Minimize outbound rush hour congestion.

Reduce the impact of incidents on traffic flow.

Reduce effects of summer thunderstorms on congestion and incidents.

Reduce effects of snow and ice on congestion and incidents.

Reduce congestion rlated to inbound and outbound university stadium specid  events
traffic.

I Reduce congestion related to inbound beach traffic.
I Coordinate maintenance of ATMS infrastructure.

For each of these objectives, requirements for information collection, information processing,
response selection, and decision execution are then derived. For Bayside's identified objectives,
these might indlude:

Minimize inbound rush hour congestion.
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Measure traffic speed and volume.
Detect traffic congestion.

Predict traffic congestion.

Evduate traffic Stuation.

Evduate management drategies.
Select appropriate Strategy.
Execute selected Strategy.

Minimize outbound rush hour congestion.

Measure traffic speed and volume.
Detect traffic congestion.

Predict traffic congestion.

Evduate traffic Stuation.

Evduate management drategies.
Select appropriate strategy.
Execute selected Strategy.

Reduce the impact of incidents on traffic flow.

Detect incidents.

Evauate need for intervention.

Alert drivers to congestion ahead.
Encourage driversto divert.

Encourage driversto change lanes.
Encourage driversto delay travel.
Coordinate with emergency responders.

Reduce effects of summer thunderstorms on congestion and incidents.

Detect boundaries and movement of thunderstorm cells.
Evauate potentid traffic effects of sorm.

Evauate need for intervention.

Alert drivers to westher ahead.

Encourage driversto divert.

Encourage driversto delay travel.

Reduce effects of snow and ice on congestion and incidents.

Detect snow/ice on roadway.

Evauate need for intervention.
Coordinate plowing/sanding/sdting.
Alert drivers to road conditions ahead.
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I Encourage driversto divert.
1 Encourage driversto delay travel.

Reduce congestion related to inbound and outbound university specid eventstraffic.

Obtain schedule of specid events.

Plan responses to specia event contingencies.
Check status of surface streetsin area.
Evauate need for intervention.

Coordinate traffic with onsite personndl.
Recommend parking locations to drivers.
Recommend exit routes to drivers.

Contral traffic on mgor exit routes.

Reduce congestion related to inbound beach traffic.

Measure traffic speed and volume.
Evauate need for intervention.
Sdlect intervention Strategies.
Encourage driversto divert.
Contral traffic on mgor arterias.

Coordinate maintenance of ATMS infrastructure.

Become aware of maintenance need.
Track maintenance resources.

Determine response to maintenance need.
Execute response to maintenance need.

Develop a Preliminary Design Concept

The next mgor step in Baysides TMC design processis to develop and refine a preliminary
design concept for the ATMS. This process identifies candidate approaches for meeting al of
the operationa requirements developed under the mission anays's, explores tradeoffs between
the approaches, and determines how the gpproaches can be combined into awell-integrated
ATMS.

Inthe ATMS design and development process, there are numerous points a which the project
might be handed off to a contractor team. Thisis one such point. The preiminary design
concept can be developed by locd and State engineers, by contractor teams during the Request
for Proposals process, or as an engineering contract.



The advantage of obtaining sgnificant contractor and vendor inputs at thisrdatively early point
isthat amore innovative design concept may result. New, more effective technologies and
goproaches for meeting the identified requirements may be offered by the vendors. The
disadvantage is that some control over the design concept may be lost. Engineersfor the
Baysde ATMS decided to develop the preliminary design concept in-house but to include a
number of independent outside consultants on the design team. These consultants included a
human factors engineering company recommended by a human factors researcher from a
nearby universty.

An important step, that is often skipped, is the gppointment of an independent design review
team (Section 2.2.2). Thisteam should consst of agroup of consultants who have no other
relationship to the project. The review team should meet frequently (at least monthly) with the
design team to consider design decisions from an outside perspective. Baysde sdlected
managers of two TMC'sin theregion, and an architect, atraffic engineer, and a human factors
engineer from the locd universty.

In the preliminary design concept, each operationa requirement must be defined in detall
induding:

Operationa scenarios that generate this requirement.

Prerequisite functions for meeting the operationa requiremen.
Candidate technologies and approaches.

Advantages, disadvantages, costs and benefits for each approach.
Potentia levels of automation for each gpproach.

Operator roles and requirements for the selected approach.
Projected operator tasks and workloads.

As an example, one operationa requirement that gppearsin severa objectives and scenariosis
that of “Measure Traffic Speed and Volume.” There are numerous ways that this can be done
including cellular phone cals from probe vehicles, reports of observers, loop detectorsin the
pavement, closed circuit televison cameras, image processing camera systems, acoustic Sgna
processing and radar — to name but afew. Table 1-1 lists severa potentia information sensors
that would be considered and describes the four potentid levels of automation for each
gpproach (described in Section 2.2.3) for collecting on-site traffic flow information and sending
it back to the TMC.
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Table 1-1. Candidate technologies and operator rolesfor the function measure traffic speed and volume.

Operator Role

Information Source

Direct Performer

Manual Control

Supervisory Control

Executive Control

Probe Vehicle

Verbal speed and
density reports by phone
or radio to TMC.

Speed and density
keyed into computer and
radioed to TMC.

Speed and density
automatically
determined. Driver can
edit or append data
before it is sent to TMC.

Speed and density
automatically measured
and sent to TMC.

On-Site Observer

Verbal speed and
density reports by phone
or radio to TMC.

Speed and density
keyed into computer and
radioed to TMC.

Closed-Circuit Television

Operator views a number
of CCTV monitors to
obtain a general
awareness of the traffic
density.

Image processing
system counts passing
vehicles and displays
numbers at each site.
Operator may correct the
numbers if they appear
incorrect.

Image processing
system counts passing
vehicles at each site and
displays the count.

Inductive Loops

Operator views raw data
from sensors and keys it
into the traffic flow data
base.

Operator reviews raw
data from sensors and
consents to its transfer
into the traffic flow data
base.

Data from the loop
detectors is sent directly
to the traffic flow data
base.

Image Processing

Operator views raw data
from sensors and keys it
into the traffic flow data
base.

Operator reviews raw
data from sensors and
consents to its transfer
into the traffic flow data
base.

Data from the loop
detectors is sent directly
to the traffic flow data
base.
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In this step, expertise in traffic management technology, and in human factors engineering is
crucid in identifying and eva uating potential machine and operator roles. Some potentia
gpproaches may require computer technologies that are not yet sufficiently reliable. Automated
speech understanding of incoming cellular phone callsis one example. Other candidate
gpproaches may require operator performance that is near or beyond the capabilities of the
expected operators. Detecting errors in large quantities of aphanumeric datais an example.
Such problems need to be identified as early as possible in the design process.

Section 2.2.3 describes severa gpproaches that might be used by the design team's human
factors engineers to define the roles of computers and operators in the partialy automated
system. These include using the dlassc “Fitts List” gpproach, evauation matrices, time-line
analyses, operator role assessment, and forma tradeoff studies.

After evauating each of the dternatives, Bayside sdected a fully automated image processing
system, with cameras placed every haf mile. Trade studies indicated that this gpproach
provides data that is not quite as accurate as an inductive loop detector but that the cost of
ingalation, including the inconvenience of dosing lanes and cutting pavement for loop
detectors, outweighed the insignificant reduction in accuracy of the image processors. The
automated system will collect data on the speed and density of traffic in each lane and transmit
the summarized datato the TMC. The operators role will be to check the veracity of abnormal

appearing data points.

After this evauation process is repeated for every defined operationd requirement, a complete
ligt of proposed machine and human functions will be made available to the design team. This
list is then reviewed for inconsgstencies and completeness by the design team and then the
design review team and revised as needed.

The human functions and automated machine functions may then be plotted by the human
factors engineer in an information flow chart or amore formal operationa sequence diagram
(OSD). Figure 2-11 provides a high-level OSD for monitoring traffic. The OSD identifies
information and decisions needed to meet the operationd requirement, and ensures that these
have been accounted for in the selected functions and function dlocation. Usudly, the design
team and design review team will require severd iteraions of this step before dl of the “holes’
in the requirements are identified and filled.

Perform Operator Task Analysis

After the tentative sdlection of technologies and operator roles has been completed and
approved, the next step for the human factors engineersisto carefully define the tasks that the
operators will be required to perform. The god isto create a document describing and
andyzing every action the operators will take and every decison they will make during arange
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of plausible scenarios including normd traffic, congested traffic, pecid events, various kinds of
incidents, and various kinds of inclement wesether.

Task analyses generdly include conducting detailed interviews with identified subject matter
experts. In order to conduct these interviews for the Bayside TMC, human factors engineers
would interview experienced TMC managers and operators from another location with smilar
problems, operationa requirements, and goals.

Procedures that might be used by the human factors engineers for the task andyss are detailed
in Sections 2.2.4 - 2.2.6. Some guidedlines are provided in Section 3.2.5.

For each task in the Bayside TMC, information or estimates are documented for the areas
summarized in Table 1-2. 9

The task andysis document will be used to help define:

I Thenumber of operators needed (and accordingly, the number and size of
workgations, and the size of the control room needed to house them.

The kinds of skills and knowledge people need to serve as operators.

The design requirements for user-system interfaces.

The content of operator training courses.

The content of job aids.

Design Jobs

The operators job design brings together al the defined operator tasks for a given job
classfication. The task andysis and job design steps, therefore, are closdly related; changesin
job design will require the andyst and designer to revist and modify the task andysis.

Job design combines pencil-and-paper analyss with performance evduation of live human
operators performing the identified Baysde scenarios.

The number of operators needed for each shift islargely defined by the expected peaks of
workload during the shift. Time line analyses can be performed on the identified scenarios to
estimate peak workloads and find points at which several smultaneous operator tasks may be
needed.

To answer some design questions, the scenario tasks may be smulated on a prototype
computer interface or TMC workstation mockup. Human subjects typical of those likely to
serve as operators will perform smulations of the defined jobs. The operator's level of
workload and frudtration at points in the scenarios can be determined by a questionnaires. If the



workload appears to be too high, the task must be redesigned or the staff sizeincreased. If it
appears too low, additiona duties may be assigned during dow periods.

Table 1-2. Data obtained in task analyses.

Informeation Requirements
What information is required?
What information is available?
How do operators evauate the information?
How do operators decide what response is made?
What errorsin information handling and decison making are likely?

Action Requirements
What action do operators take?
What movements are required by the action?
How often must the action be taken?
How precise mugt the action be?
How quickly must the action be taken?
Wheat response errors are likely?
What feedback do the operators get about their action?

Workspace Reguirements
How much workspace is required by the action?
How much workspace is available for the action?
What configuration items (e.g., monitors, keyboards) are needed?
What job aids are needed?

Saffing Requirements
How many operators are required?
How will the operatorsinteract?

Training Reguirements
What isthe required levd of skill and knowledge?
What isthe expected entry leve of skill and knowledge?

What skill and knowledge must be trained?

Environmental condderations
What is the nature of the work environment?
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The Bayside design staff determined that, during pesk traffic hours and specia events, four
operators would be required for effective traffic management. During mid-day and evening
hours, astaff of one or two would be sufficient.

In this design step, operator performance and errors are also explored. Operator performanceis
largely a function of operator interface design, motivation, and workload. Likely sources of
operator error or increased workload are noted from the task analysis and from studies with the
control room mode. Ways of addressing these with the job design are explored. For those that
can't be addressed directly, the potentia problems are noted for future exploration when
workstation and user-system interface design is done.

Design the Environment

Desgning the environment is largely the responghility of an architect who is experienced in the
design of control centers like the TMC. The TMC environment that includes lighting, acoustics,
and air quality, has an effect on the performance and motivation of operators and there are
established standards and building codes that address these effects.

TMC designers are making ever greater use of computer aided design (CAD) software to assst
in designing the environment. A three-dimensiond CAD software package alows the architect
and desgner to change asmple flat floorplan into arotatable, three dimensond image to dlow
viewing the control center from anumber of different positions and angles.

The layout of the workgtaions in the center is aso an important environmenta factor. A link
anayss, based on the task andlyss data, can be used to approximate the optimal design for the
control room layout. In addition, centers frequently provide their existing operators, or
consultants, with cardboard or foam models of the candidate building layout. The operators are
alowed to experiment with aternate layouts and provide inputs to the design process based on
their preferences.

It isaso important for designersto explore lessons learned during design and operation of
amilar facilities. Baysde design team leaders visited a number of newer TMC' sto explore their
technology, design, and lessons learned. The following is among the lessons they learned in their
discussons.
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1.7.8

WORKING IN A FISHBOWL

Many modern TMC's are designed with a conference room or observation deck
overviewing the main control room. Visitors, especially VIP’s, may sit in these areas and
observe the operators working. Interviews with numerous operators in several cities
invariably indicated that operators were uncomfortable with this arrangement. In fact, this
was cited as one cause of lowered morale and a high turnover rate. One design solution
was to position a screen so that observers in the "balcony" could see only the wall-
mounted displays but could not see the actions of individual operators.

The Bayside design team wanted to provide such an observation balcony but decided to address
this“fishbowl” problem by locating the operators workstations directly under the bacony and
providing repester displays in the observation area.

Design the Workstation

The workstation design is based heavily on the operator task andysis and job design.
Workdtations (including auxiliary equipment such as facsmile machines, copiers, and wall-
mounted displays) must be designed to support every defined task that is part of the operators
job. Again, link analysis can be used to optimize locations of the workstation € ements and
minimize the need to walk between machines, reach long distances for knobs, or view displays
outsde the normal visud field (e.g., behind the operator). Computer-aided design and rapid
prototyping are dso effective in designing and evauating the workstation layout.

Baysdeinvited vendors of workstation consoles, chairs and other furniture, information displays,
communication systems, and office equipment to submit recommendations for workstation
equipment. They discovered that nearly every item was described as “ergonomic.” These clams
were presented to the human factors engineers on the design staff for evauation. They
concluded that only afew of the items were well desgned from an ergonomic viewpoint (i.e,
they met recognized principles).

Design and Specify Controls and Displays

Design of the user-system interface dso is based largely on the results of the task and job design
andyses. The usar-system interface design includes the specific controls and informetion displays
the operator uses to interact with the system.

For off-the-shdf configuration items (e.g., facamile machines) design of the controls and displays
are established by the manufacturer. Thus, adequacy of the controls, displays, and operating
procedures should be part of the trade studies under which the specific brand and model are
selected. Initid ingpection and evauation by human factors engineers became part of the basis
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for Baysde's procurement decision for these items. For criticd items, initid testing of candidate
machines to evaluate operators performance, learning rate, and error rate while performing a
sample of identified tasks may be indicated.

Mogt of the operators information in the Bayside TMC will be derived from computer monitors
and closed-circuit televison monitors. The task andlysis provides a detailed ligting of the
information needed by the operator but does not specify the format in which it will be presented.
Figure 11-1 provides a summary of the process sdected by Bayside for designing controls and
display screens. Some guidelines for control and screen design are contained in Chapters 9, 11,
and 13. The most important steps, though, involved continued testing and refinement of the
candidate interfaces using workstation mockups and rapid prototyping of display screens. The
tests used actua operators and subjects with the same demographics (e.g., age, education,
intelligence) as the anticipated operators performing tasks in the previoudy defined Bayside
traffic scenarios,

The key to the successful Bayside TMC design project was the continuous and repetitive testing
and refinement of candidate design options. The philosophies and procedures of section 2.3
were used from the beginning by designers who made decisions based on smdl experiments
using CAD and rapid prototyping systems, modeds and mockups. All design decisons were
examined by the independent design review team. The result was an ATMS and a TMC that
were able to meet the origindly defined objectives with a high level of operator morde and
performance.

What Now?

After completing Chapter 1, the following steps are recommended before beginning to use the
document in the design process.

I Taketimeto become familiar with the organization of the document and the
sequence of the chapters and topics. Thereis no set sequence in which subjects
will be treated in the design of aTMC. A good understanding of the document’s
arrangement will be adequate to support generd design discussions.

I Taketimetoread and understand Chapter 2 (Principles and Methods of
Human Design), then use other sectionsasrequired. The process of user-
centered design, and how this document supports user-centered design, is
conddered in detall in the next chapter. Chapter 2 aso shows how the succeeding
chapters can best be used.
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2.1 User-Centered Design Considersthe End User

Theterm user-centered design refersto a desgn philosophy in which the user isviewed asa
critical system component whose characteristics, cgpabilities and limitations need to be defined
and congdered during TMC requirements analyss and design. The fundamenta principle of
user-centered design can be stated as follows. Involve the user at the earliest stages of
design and continue this involvement throughout the design and test/acceptance process.

Contrary to this philosophy, TMC design programs frequently adhereto a

technol ogy-centered design agpproach in which procurement of advanced hardware and
softwareisthe focus. Issues concerning human users— in particular, how these users will
interact with the technology — may not be considered until after the system is designed.

The god of this chapter isto introduce TM C designers to the process and techniques of
user-centered design. In this chapter a series of activities and decisions that comprise this



2.2

design approach are summarized. This introductory materid is presented for genera guidance
and should be applied with the support of an experienced human factors specididt.

Figure 2-1 shows the generd sequence of activities associated with user-centered design.
These processes are described in Section 2.2. Guidelines for each of these ectivitiesare
contained in the referenced chapters.

The process, though, is not as linear as the design activity list suggests, and most activities are
iterative (done repestedly). Iterative design enables system elements and proceduresto be
defined, refined, and evaluated in a series of cycles. As each critica dement is added to the
system design, the design team will, whenever possible, evauate its adequacy and itsimpact on
the remainder of the system. Test and evaluation methods appropriate for the TMC are
presented in Section 2.3.

Software design packages (e.g., rapid prototyping tools and computer- aided design (CAD)
tools), dong with traditiona modeling and smulation techniques, can improve the cost
effectiveness and timeliness of iterative design approaches.

The User-Centered Design Process Consists of a Series of Steps

In this section, the steps to be gpplied in any user-centered design process are described.
Eleven mgor steps are included in this process:

Conduct amisson andyss.

Prepare a design concept.

Conduct function analysis and allocation procedures.
Conduct an operator task anayss.

| dentify sources of human operator error.
I dentify human performance congraints.
Design jobs.

Design the work environment.

Design and specify workstations.

Design and specify controls and displays.
Design and specify user interfaces.

The description of each design step includes four eements: (1) reasons for completing the step,
(2) information that will support the step’s completion, (3) procedures for completing the step,
and (4) methods and tools that will assst desgnersin completing the step.
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Figure2-1. Activitiesin the user-centered design of a TM C: chapter reference (Matrix
indicates primary distribution of design activities among chapters).

The sequentia aspect of system design “steps’ can be misunderstood and over-applied. The
steps to be described in this section have no rigid ordering scheme nor are they independent. A
function dlocation srategy, for example, may depend on the level of engineering expertise
required of operators (ajob design issue). Job design, however, depends on the function
allocation process. Consequently, a reasonable approach is to perform both stepsin parald.

Congder the problem of arranging wall displays (e.g., closed circuit television monitors,
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dynamic map displays) within a TMC. The arrangement for such displays will depend on the
arrangement and configuration of operator workstations. Workstation operators will require
visud accessto wal digplays. (Console height, for example, must not interfere with display
vighility.) Workstation configuration depends on the nature of operator tasks, and the nature of
operator tasks hel ps to determine the best arrangement of workstation controls and displays.
Characterigtics of workgtation digplays interact with illumination levels, and illumination levels
impact the design of wal displays.

This does not suggest that designers ignore a sequentia ordering of design steps. Instead,
designers are reminded that no step can be congdered in isolation. In performing iterative,
user-centered design, the most dangerous error isto view the set of design steps as a sevies of
checkligt items, where completion of a given step implies that it can be * checked off” and
forgotten.

Conduct a misson analysis

Thefirgt step isto identify the operationd capabilities required of the new or modernized TMC.
Thisisthe most essentia single activity in the design process. Fundamentd errors at this point,
most frequently underestimates of total system requirements, can negatively impact an otherwise
organized design effort.

Why should designers conduct a TM C mission analysis? Any design effort should begin
with an intended degtination — the functiona mission of the design product. Many designers,
however, can remember design programs that ignored this rule and consequently terminated in
aminimaly useful product. In some cases, destinations change because of decisions reached by
authorities externa to the design team. In other cases, real-world conditions change. New
technologies that show obvious application and promisein traffic management may be
developed. Project funding may be reduced. Misson requirements may be extended as aresult
of changes in philosophy or traffic burden.

A more serious error in etablishing the TMC mission can result from what is otherwise
congdered to be a strength of any well-founded design team: rea-world traffic management
experience. Too much experience, and too little critical evauation of that experience, may
(perhaps inadvertently) bias designers againgt new ideas. Basing a new design on previous
successes is areasonable gpproach only when earlier desgn contexts match the existing design
context. By applying ideas and principles that have worked before, designers may actudly
perpetuate inappropriate design solutions.

In establishing aredisic TMC mission, the design team must consider traffic management
conditions that will arise during the entire life-cycle of the proposed TMC, not only on existing
conditions, or on those that have occurred previoudy. By establishing such a mission statement,
desgnerswill, in effect, anticipate future TMC responsbilities, and thus visudize a TMC that
can adjust to changes in red-world conditions.

Several sources of information support development of the TM C mission statement.
Projected traffic management needs for the United States are currently being examined, and a



picture of the futureis gradudly coming into focus. The emerging emphasisis summarized in the
Strategic Plan for Intelligent Transportation Systems in the United States, Federal ITS
Program Plan and in other reports published periodicaly by the USDOT and ITS America

Proceduresfor analyzing the TMC’s mission are available. A procedure for defining the
TMC mission is presented in Figure 2-2. An assessment of outside sources of experience and
information is critica to this gpproach. Thisincludes relevant research literature, practices a
other TMC's (given that these TMC' s have missons Smilar to the one being defined) and — in
particular — recent experience with newer design strategies and technology. Reasons for
proceeding in this manner are summarized below:

Using only locd experience can needlesdy limit a TMC's mission definition. By relying
solely upon local experience, designers run the risk of inadvertently perpetuating design
concepts and practices merely because they are familiar. A conservative bias of this
type can cause the design team to miss opportunities to enhance the mission definition
of the TMC.

Stevigts are preferable to remote data collection methods (e.g., surveys, telephone
interviews). By directly observing the effects of innovative design gpproaches,
designers can obtain an intuitive understanding of such design gpproaches. Additiondly,
the benefits of implementing innovative design techniques are readily apparent.

Forma working groups that represent TMC and human factors communities will
provide a more extengve range of TMC misson knowledge than working groups that
represent only designers and architects.

Scenarios and mission profiles (described below) encourage designers to assessthe
TMC' s misson within the context of potentialy occurring traffic management events.
They dso provide a mechanism for assessing possible deficiencies in software tools that
are currently being marketed to the traffic management community.



2-2.1

FORM WORKING
GROUP

The numbers to the upper right of
activities are unique identifiers. For
example 2-2.2 refers to figure 2-2
and the 2nd activity.

2-2.2 2-2.4

GENERATE

CONDUCT
' INTERVIEWS & yy » SC'I\EAII\IéASFTg)'\?&

SITE VISITS PROEILES
2-2.3 vy 225

N SEARCH VALIDATE
LITERATURE REQUIREMENTS

2-3.3

a

:

REQUIREMENTS
ANALYSIS
REPORT

YES

APPROVE?

Chapter
reference

Activity

Output to or
input from

another process

Q Decision

Document

Figure 2-2. Recommended procedurefor TMC requirements analysis.




Methods and tools for completinga TMC mission analysis are available. Y ears of
practice have established a number of gpproachesthat are useful in the conduct of mission
requirements andyses. The two most effective — mission profile devel opment and scenario
development — are applicableto the ATMS TMC.

I Mission profile development. A mission profile is adetailed description of norma
system operations that occur during a given system activity or over agiven period of
time. Each TMC will have adightly different misson profile because of unique traffic
conditions and TMC gods. The profile developed at this stage of system development
will be somewnhat tentative since the misson definition will be refined iterdively. The
mission profileisauseful precursor to atask andyss, function alocation procedure,
and task dlocation procedure. It also contributes to job design, selection, and training
activities.

The profile consgts of alist of functions to be performed by the total TMC system. The
list includes smultaneoudy-performed activities (e.g., automated tasks performed by
system hardware, operator assessments, operator decisions). Activities are described
a afarly high level and no atempt is made to define the roles of operators or
automated systemsin performing them. This technique provides an organized, high-leve
framework of system requirements that will support subsequent, detailed design
andyds.

Scenario development. Descriptions of specific scenarios — non-routine but typica
gtuations that would challenge the capabilities of the TMC — are sometimes useful in
providing an understanding of the TMC's mission. Scenarios might describe freeway
incidents, conditions surrounding mgor traffic stressors (e.g., large ahletic events,
inclement westher), or strategic planning episodes (e.g., hurricane evacuation).
Reference (46) includes severd examples of TMC scenarios.

2.2.2 Prepareadesign concept

The remaining 10 steps of user-centered design address the development of aTMC
configuration. This configuration is based on the misson andyssintroduced in Section 2.2.1
and described in Chapter 3. Once the mission requirements have been consdered, the design
team should cregte a preliminary design concept for the ATMS TMC. Initid design idess
represent a*“ stravman” concept that will change over time, but the “ strawvman” will provide a
working structure for the design team.

While creating a design concept might seem premature at such an early stage in the design
process, having a“srawman” TMC will help designers organize ideas and informetion that
develop and arrive from multiple sources. As work toward the final design concept proceeds
incrementaly, the preliminary concept will provide aframework for initial assessment, and —
more importantly — impose a structure that prevents design ideas from being evauated
independently of the total system, in particular, the user. The find desgn may havelittiein
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common with the origina concept, but experience suggests that modifying an exigting plan,
rather than correcting a design that has been implemented, is an effective use of design time.

Several sources of information can help in developing an initial design concept. The
preliminary design concept will be developed from a number of models and existing structures.
These include professional experience, experiencesin other TMC's, experiencesin other
control room environments, and human factors engineering.

I Professional experience. The design team should place a high vaue on the judgment
of experienced traffic managers. The experience of individud members of the desgn
team should aso be consdered. The main advantage of relying upon previous design
experiences is amore efficient use of design time (i.e., avoiding the unnecessary
rediscovery of standard (as well as poor) design practices). One disadvantage of
relying only upon previous experience is an inevitable bias toward known design
approaches.

I Experiencesin other TMC’s. Sitevigtsand literature reviews can provide fresh
perspectives. New perspectives are especidly important during trangtions from
traditional TMC'sto ATMS-level TMC's. Existing TMC’ s represent a range of
developmenta stages. They have dso had many opportunities to experience successes
and failures. An active exchange of ideas will, a the very least, expose the design team
to lessons learned from other TMC design efforts.

I Experiencesin other control room environments. TMC's and other types of
control rooms have many characteristicsin common. Air traffic control centers, military
command and control centers, and broadcast studios, for example, perform activities
that are smilar to those of the TMC. In addition, technologies found in other control
room environments will also be found in the TMC. Reference (73) provides
descriptions of TMC eements and conditions at comparable facilities.

I Human factor s engineering. The design team should include human factors
engineers. At aminimum, human factors engineers should review progress and be
asked to make recommendations at critical pointsin the design process. If formal test
and evduation is being consdered, a human factors review is essentia. The testing and
evauation of desgns that include roles for human operators should be planned by
human factors specidists.

Proceduresfor preparing a TM C design concept are available. The procedure
represented in Figure 2-3 — while it may seem cumbersome to execute s early in the design
program — provides important advantages. The pardld efforts of adesgn team and areview
pand will supply independent reviews of the concept befor e extensive development has been
completed. The design team is subject to the inherent tendency of any small, independent team.
Members of such groups typicaly bring ideas that may go unchallenged — even if individual
members recognize their error — because of problemsin human interactions. A review paned,
however, eva uates from a perspective that is outside the closed environment of the design

1-8



team. This perspective will help in aleviating a number of preudices.

Establish the design team. Thisteam need not include the same individuds who
defined the TMC mission, dthough an overlap islikely. The actua composition of the
team will be driven by the requirements of the TMC. Design requirements for anew
TMC fadlity will differ from those for an exiding facility that is to be modified so thet it
can meet new demands and incorporate newly-devel oped technologies. The application
of user-centered design implies that end users (e.g., experienced TMC operators and
managers) will beincluded on the design team.

Again, it is recommended that a qualified human factors engineer be included. Such experts
are available on a conaulting basis. In addition, many universities offer programs in human
factors engineering. These programs may reside in engineering departments (typically
indudtriad engineering) or in psychology departments.

Establish a review panel. Because the role of the review pand isto offer an outside
perspective, it should work independently of the design team. Members of the review
pand should not participate as members of the design team. The review pand might
include traffic managers from other TMC' s, experts from other operationa areas
requiring control room facilities, academic researchers, professionas from government
and industry, and treffic engineers.

Develop the draft preliminary concept. Theinitia concept isa prdiminary design.
This preliminary concept may not be recognizable in the find TMC, but it providesa
flexible foundation around which the design effort evolves. What agencies will resdein
the TMC? With whom will they communicate? What ATMS resources will be located
on the roadways and how might they be monitored/controlled? The concept may be
composed of sketches, desgn guidelines, design objectives, and dements of a Srategic
plan. The drategic plan should guide the program management effort from beginning to
end: schedules, resources, task dependencies, and critica paths.

Validate the draft preliminary concept. At this point, the review pane should
examine the draft preiminary concept and strategic plan. Asindicated earlier, the
review pand will provide a fresh perspective, and it may identify ingppropriate
assumptions made by the design team.

Preparethe preiminary concept. The preiminary design concept should include

concept sketches and line drawings, preliminary estimates of saffing and automation
requirements, and key design chalenges identified by the design team and review pandl.
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Methods and toolsfor preparing a design concept are available. A variety of posshble
techniques to support the preparation of a preliminary design concept are available. They
include braingtorming, the Dephi method, questionnaires and interviews, and Site vists.

Brainstorming. Thistechnique — typically used early in the process — progresses
from ardatively unsructured distribution of idess to amore detailed evauation and
prioritization of idess. Brainsorming helps to evoke idess, identify possible problems
and opportunities, and forge the design team. Recently a more structured agpproach has
been introduced under the generd label “groupware.” This approach uses € ements of
brainstorming, the Delphi method (described below), and other group decison aids. It
differs from traditional methods in thet it is a computer-mediated gpproach.

The advantages of this groupware gpproach include relative anonymity of participants
(who interact through workgtations), the ability to conduct sessons on along distance
basis (given an gppropriate dectronic networking capability), and the availability of a
verbatim record of idess. It dso dlows an activity report to be produced immediately
after the conclusion of a sesson. Immediate availability of such areport will help
participants continue off-line discusson. While the technique is not inexpensive, it can
fedlitate an efficent use of desgn time.

Dephi method. The Delphi method is more forma than brainstorming, and it forces a
fusion of ideas. A group composed of subject matter expertsis asked to respond
anonymoudy to questions from a group leader. The Delphi method forces a consensus
among members of the group. Since responses are not attributed to specific
B%Ticipaﬁts, datus or persond persuasivenessis less likely to impose undue influence.

Questionnaires and inter views. Questionnaires and interviews dlow arddivey
efficient polling of subject matter experts from (1) other TMC's, (2) the research and
industry communities, and (3) control room environments smilar to that of the TMC.

Designers should recognize that questionnaire devel opment requires considerable skill and
experience. Flawed questionnaires may cause errors or deficienciesin TMC design to be
perpetuated. It is suggested that the design team seek assistance from individuas who have
expertise in questionnaire preparation. The possible expense in consulting feeswill most likely
be offsat by the collection of more useful information. Reference (47) includes an example of a
questionnaire that was successful in obtaining information on TMC requirements.

Site visits. No questionnaire or telephone interview will yield as much information asa
vigit to another TMC or control facility. In the preparation of this document, the authors
visited nearly a dozen traffic management centersin North Americaand Europe. No
designer is so educated in the opportunities for TMC improvement that he or she
cannot discover something new.

Note that rules for conducting on-site interviews are the same as those for long distance
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(questionnaire-type) interviews. The interviewer must ask the “right” questions. In order to
compose such alist of questions, the interviewer must carefully prepare, edit, and test an
interview “script.”

Conduct function analysis and allocation procedures

Function dlocation is the assgnment of system functions to machine components, human
operators, or to a combination of human and machine components. Details of the function
allocation process are presented in Chapter 3.

The firgt stage of the TMC design effort is athorough anadlysis of TMC functiondity. In others
words, the design team considers what the TMC will actudly do (function anayss).
User-centered design implies consideration of the human operator as an integrd part of the
TMC.

Why should designer s analyze and allocate functions? The process of designating who
(human operator) or what (machine) will perform agiven function is as old as human factors
engineering. This processis formdly referred to as function allocation. Appropriate function
dlocation isthe cornerstone of effective TMC operation, and the design team should devote a
sgnificant amount of effort to the function alocation process.

One god of ATMS development has been increasing levels of automation. But automation must
not be applied blindly. During any function alocation process, designers must have accessto a
reliable gpproach for assgning an appropriateleve of automation to agiven TMC function.
The most appropriate roles for human and machine components must be determined. Figure
2-4 defines a continuum of human operator roles such that a one end of the continuum, a
function is dlocated soldly to a human operator, and at the opposite end, afunction is dlocated
solely to amachine. Between the extremes, function execution is shared by human operators
and machines.

The continuum of rolesis divided into four regions, in which each region corresponds to one of
four operator roles. Each region implies aleve of automation. Operator roles are direct
performer (no automation), manual controller (operator performs decision-making activities),
supervisory controller (operator has the ability to override a machine-made decison), and
executive controller (operator enables or disables execution of a fully-automated function).

Theterm controller, associated with three of the four operator roles, implies that operators
control machine components. The fourth role, associated with the term performer, implies that
operators directly perform afunction, rather than merely control or supervise machine
components. The most advanced TMC's (currently in the planning stages) will operate a a
level that is somewhat to the right of the continuum’s center. Current technology does not
permit a TMC to operate under complete executive control (i.e., where al functions are
completey automated).
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Operator roles are defined more precisely by congdering the manner in which information is
processed within a function. Figure 2-5 represents the information processing behavior that
might occur as TMC functions are executed. Each function is defined in terms of four stages of
information processing: input, processing, response selection, and output. At the input stage,
information is received from an externa source by asensor. At the processing stage, received
information is manipulated by a processor. At the response salection stage, a controller
decides what control actions are to be performed. At the output stage, an actuator executes
control actions.

Several sources of information support completion of the function allocation process.
No hard and fast rules govern TMC function alocation (or for that matter, function dlocation in
any other contral facility). Chapter 3 provides a detailed discussion of the function alocation
process, aswdl| astask analysistopics. Other potential sources of information are
guestionnaire/interview results, design team experience, and review panel experience. Research
documented in human factors journals, I TS Journal, and proceedings from I TS conferences
may be helpful. Reference (47) includes a thorough discussion of ATMS function alocation.

Proceduresfor completing the function allocation process ar e available. Figure 2-6
depicts atypica procedure for alocating system functions.

1 Definethe function. Each function mugt first be defined operationally — that is, in
terms of the system activity to be performed (e.g., post travel advisories on
information outlets monitor compliance with current advisories). Operationa
definitions reduce ambiguity and overlap and are necessary preparations for subsequent
operator task analysis activities.

Apply allocation criteria and guidelines. Each function should be examined in terms
of accepted function dlocation criteria. Examples of such criteriaare provided in the
FittsListin Table 2-1, and in Section 3.2.2 (Guiddines 3/1 to 3/15). These criteriaand
guiddines dlow the design team to complete a“first pass’ function alocation, during
which functions obvioudy suited to the human operator and those obvioudy appropriate
for tota automation can be identified.

Experience suggests, however, that many functionswill fal into neither category. Instead, each
of these functions fall into a questionable area (e.g., manud controller and supervisory controller
regions), where no sngle rule of thumb is convincing enough to provide an answer. In such
cases, further assessment is required.
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Table 2-1. Fitts List (after DOD-HDBK-763).

Humans Excd In Machines Excel In

Detection of certain forms of very low Monitoring (both men and machines)
energy leves

Sengtivity to an extremely wide variety of Performing routine, repetitive, or very
gimuli precise operations

Percelving patterns and making Responding very quickly to control signdls
generdizations about them

Store large amounts of informetion for long Storing and recdling large amounts of
periods — and recall relevant facts at informetion in short time periods
gppropriate moment

Ability to exercise judgement where events Performing complex and rapid computation
cannot be completely defined with high accuracy

Improving and adopting flexible procedures | Sengtivity to stimuli beyond the range of
human sengtivity (e.g., infrared, radio

waves)
Reacting to unexpected |ow-probability Doing many different things & the sametime
events
Applying origindity in dosng problems Exerting large amounts of force smoothly and
precisdly

Profiting from experience and dtering course | Insengtivity to extraneous factors
of action

Performing fine manipulaion, especidly Repesting operations very rapidly,
where misdignment gppears unexpectedly continuoudy, and precisdy

Continuing to perform when overl oaded Operating in environments that are hodtile to
man or beyond human tolerance

Reasoning inductively Deductive processes

I Deveop atrial solution. Experience gained from previous (perhaps ana ogous)
function dlocation activities will suggest possible dlocation solutions.

1 Evaluatethetrial solution. In most cases, this evduation isimplicit. In some cases,
however, more forma testing may be required. Formd testing will provide some
assurance that the proposed alocation is the most appropriate one. Testing and
evauation may indicate that afunction has been dlocated incorrectly. Under these
conditions, the error can be corrected (iterative design). Simulators, mockups, or
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computer-based prototypes may be used as eva uation tools.

I ncor por ate the selected allocation in the evolving design. Once the design team
has dlocated a given system function, the result should be incorporated into the design.
Recognize that thisresult is not final merely because an “answer” has been obtained.
The dlocation for aparticular function may prove unworkable when viewed in the
context of the whole systemn and the other functions with which it must be integrated.
Again, iterative design is the best gpproach, even if an agpparent “answer” must be
redesigned.

Methods and toolsfor allocating functions are available. A number of methods have
proven to be useful in the function alocation process. While detailed descriptions of such
methods are offered in Chapter 3, we include brief descriptions and examples here.

I Tradeanalysis. Trade (or tradeoff) andyssis generdly performed once functions
have been defined and anayzed via functiona flow diagrams and/or decisor/action
diagrams. *% (See Section 2.2.4.) Results obtained from various techniques (described
below) are to be compared.

Fittslist. Table 2-1 depicts the well-known “Fitts List” (named for its devel oper, Paul
Fitts). Figure 2-7 provides two ligts. one ligt identifying those activities best performed
by humans and another list identifying those activities best performed by machines. This
particular assgnment of activities to human or machine has become an accepted
standard. Function dlocation results derived from a Fitts List analys's can be assessed
with two methods (both described bel ow): operator role assessment and/or evaluation
metrix.

Operator role assessment. With this method, designers consider each function and
assign the most gppropriate operator role (direct performer, manua controller,
supervisory controller, executive controller) to that function. In gpplying this method,
designersfirst assess the appropriateness of assgning ether of the two extreme
operator roles (direct performer or executive controller) to the system functions. One of
these two rolesis congdered gppropriate if (1) its assgnment to afunction will satisfy
that function’s performance requirements and (2) a significant increase in capabilities
will not be expected by the assgnment of a different operator role to that function. If a
direct performer role satisfies performance requirements and no significant performance
gains are expected by the assignment of some other role, then it should be assigned to
the function under congderation. Similarly, if afunction’s performance requirements are
satisfied by an executive controller role and no significant performance gains are
expected from some other role, an executive controller role should be assigned.

Designers must then consder any remaining functions (i.e., those for which direct performer or
executive controller roles are ingppropriate). For these functions, the appropriateness of manua
controller and supervisory controller roles is assessed. Once again, gppropriatenessis
evauated in terms of the satisfactory achievement of performance requirements and the
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expectation that sgnificant performance gains cannot be achieved through another role
assgnment.

Once designers reach a consensus on operator role assgnments, they consider the four stages
of information processing associated with each function. Each information processing stage (i.e,
input, processing, response salection, or output) is assgned one of four levels of operator
involvement. These operator involvement levels are defined as.

H: The human is solely responsible for performing the processing stage.

Hm: The human (with machine assstance) performs the processing stage.
Mh: The machine (with human assstance) performs the processing stage.
M: The machineis soldly responsible for performing the processng stage.

Recognize that this method is time-intensive (when alarge number of functions must be
assessed) and somewhat subjective. However, it is particularly effective when the design team
has experience in smilar or analogous function alocation exercises.

Evaluation matrix. With an evauation matrix (Figure 2-7), desgners rate afunction
according to its suitability for “operator execution of the function,” “machine execution
of thefunction,” or *human-machine execution of the function.” Each function receivesa
weighted score. The score suggests how the function should be alocated: “to the
operator”, “to the machine’, “to a human-machine combination”. These alocation
categories are traditional, “© but designers may also use the operator roles suggested in
Reference (47): direct performer, manua controller, supervisory controller, executive
controller. Operator roles have the advantage of considering degrees of shared
responsibility. Traditiona function dlocation tends to place much emphasis on
“@ither/or” decisons. In addition, the function alocations in Reference (47) are specific
to TMC's and integrate additiond insghts gained from interviews, questionnaires, and
TMC gtevists

Timeline analysis. A timeline andyss (Figure 2-8) dlows designers to identify the
dynamics of functions and determine critica tasks (i.e., tasks that impose unredigtic
time demands on unass sted operators — too many activities in too short atime). A
time line andyss d <o identifies times a which incompatible tasks must be performed
(e.g., requiring the TMC operator to be in two places a once, requiring the TMC
operator to enter complicated command sequences while communicating with
emergency services). Problems like these contribute to errors. A collection of
smultaneous, time-constrained operator tasks is often a potentia source of error. The
time line will identify any time conflicts dearly and suggest when afunction’sleve of
automation should be increased. Thetime line analyss depicted in Figure 2-8 is
relatively smple. A more detailed diagnostic time line is described in Chapter 6. Note
a0 that asthe system evolves, early time lines may become obsolete.
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Figure 2-7. Recommended procedurefor allocating TM C functions




T¢-¢

TIME LINE SHEET

FUNCTION: INTERPRET TRAFFIC FLOW

OPERATOR

10-20 AND EFFECT CHANGES
TIME (MINUTES)

NO. TASKS 0 ] 2 3 4 5 6 7 8 9 1 2 14
11 RECEIVE UPDATED REAL-TIME

TRAFFIC FLOW DATA FROM ﬁ

COMPUTER
1.2 SCAN VDU I
13 ACTIVATE DATA SCREEN CHANGES
1.4 INTERPRET VDU DISPLAY
15 DISCRIMINATE ABNORMAL FLOW =

PATTERNS
2.1 IDENTIFY TRAFFIC CONCERN
2.2 NOTIFY POLICE, EMERGENCY, etc.
2.3 ESTIMATE POTENTIAL IMPACT OF

CONGESTION
2.4 EFFECT ROUTING PLAN OPTIONS
2.5 ENTER INCIDENT DATA

Figure 2-8. Sampletimeline (after DOD-HDBK-763).




2.2.4 Conduct an operator task analysis

An operator task andlyss defines the activities operators will be required to perform. The task
andlyss and two other stepsin the user-centered design process, specifically, identifying
sources of human operator error (Section 2.2.5) and identifying human performance congtraints
(Section 2.2.6), are typicaly performed in pardld.

Why should designers conduct an operator task analysis? A thorough task andyss forms
the basis for the TMC dtaffing plan, the required equipment, the user-system interfaces, and the
operator training program. The task andys's helps the designers ensure that critical activities
and communication links are not neglected during the design process. The authors, though,
found that only one of the 20 facilities they surveyed had conducted a formal task
analysis.

Task analyses are performed mogt efficiently during the design effort. Unfortunately, they are
often performed after the TMC isin operation. The latter gpproach is not recommended. The
primary cost of conducting atask andyss during design is the andysts time. The codts of
delaying atask analyss until after the TMC is running aso include operationd deficiencies and
design errors. Changing procedures and configurations while the TMC is managing traffic is
difficult, cogily, and usualy requires compromises, rather than clear solutions.

Several sourcesof information support the conduct of task analyses. Task andyssis
discussed in detail in Chapter 3. Related discussions that focus on error analys's, human
performance congtraints, and job design are presented in Chapters 4, 5 and 6, respectively.
Other resources include Human Engineering Procedures Guide, Human Factors Design
Handbook, Human Error, and Engineering Psychology and Human Perfor mance. - 125
%.122) Theoretica and practical issues surrounding operator workload, as well as workload
assessment techniques, can be found in Operator Workload: Comprehensive Review and
Evaluation of Operator Workload Methodol ogies.*”

Proceduresfor conducting a task analysis are available. In Figure 2-9, a recommended
sequence of activities to be completed during atask andysisis shown. These activities begin
with aninitid task definition and conclude with incorporation of the task structure into the TMC
design. Theinitid task definition typicaly follows function alocation. Figure 2-9 includes
activities associated with error analyss (Section 2.2.5) and job design (Section 2.2.7). These
two activities are identified in conjunction with the task andysis activity because (1) results from
al three activities are interdependent, and (2) al three activities are conducted (to some extent)
concurrently.
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another process

Figure 2-9. Recommended procedure for task analysis.




Task definition. A task definition provides the initid (operationa) description of the
operator tasks required for execution of a given system function. The level of operator
involvement required for function execution (and thus the nature of tasksto be
performed) is specified in accordance with the function alocation results. Highly
automated functions, for example, will require more machine involvement and less
direct human operator involvement. Consequently, an operator will have less
respongbility for direct execution of the function, and tasks that require the operator to
monitor machine activities, verify machine computations, and approve machine
recommendations will be typica. Some tasks may be modified (e.g., dlocated to
automation) during subsequent design iterations. In some cases, additiond tasks may be
incorporated into the design. Discrete tasks can be grouped into work modul es
(Chapter 3) for easier integration into job descriptions.

Performance analysis. The design team must consider al tasks with respect to human
performance requirements. Human operators will have anumber of limitations, and
such limitations must be recognized. Guiddines for conducting performance andyses
are offered in Chapter 5.

Error and workload analysis. Operator error and workload should be considered
throughout the design process, particularly when the likelihood of unacceptably high
operator error and workload are discovered. When considering operator error, the
design team should review operator tasks and identify those for which the potentia for
error is high. In some instances aredllocation of the associated function may be
necessary. Guidelines for reducing operator error are found in Chapters 4, 5, and 6.
Any negative effects of operator workload will contribute to error rates and degrade
overdl system performance. Workload is addressed in Chapters 3, 5, and 6.

Evaluation. Evauating the design of anew or complex task isimportant to ensure that
the task can be effectively performed as designed. Such evaluations may be eaborate
(employing mockups or smulators), or they may be lessformad (relying on the design
team’ s observations of operator task performance).

Methods and toolsfor analyzing tasks are available. Task andydsis aroutine component
of human factors analyses, and many techniques are available. This section offers the methods
most gpplicable to TMC design. Note that the list of tools offered here is not comprehensive.
More detailed discussions of these and other methods can be found in DOD-HDBK-763,
Human Engineering Procedures Guide. “0

Functional flow diagram. This method trandates a sequence of activities into a block
diagram. The diagram represents sequences of occurrence for activities, aswell as
ordered relationships among activities. In atask leve flow diagram, each block
represents asingle task of some uniform level of complexity or importance. An example
isprovided in Figure 2-10 pand a Here, a sequence of traffic monitoring activitiesis
andyzed. Logica operators (OR and AND) indicate when asingle activity is performed
in sequence and when multiple activities are performed smultaneoudy. Logicd
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operaors are not universally gpplied to smple flow diagrams.

A variant of the smple functiond flow diagram is the decison/action diagram. Thistype
of diagram identifies required activities, depicts key decison points, and outlines the
flow of activities that must occur once adecision is made. An exampleis provided in
Figure 2-10 pand b. In this example, the decisions and events surrounding the traffic
access control are analyzed.

Operational sequence diagram. An operaionad sequence diagram (OSD) is
employed when (1) more complex interactions of operator, computer, sensor, and
actuator inputs/outputs must be documented, and (2) a new task, for which designers
have no previous experience or andysis results, is under consideration. The OSD yields
amore detailed andysis than does the functiond flow diagram. Consequently, itisa
more difficult tool to learn and implement. On the other hand, the need to develop an
OSD for every TMC task isunlikely. The OSD provided in Figure 2-11 represents the
sequence of activities described by the flow chart of Figure 2-10, pand a

Task description. Task descriptions represent one of the more traditiona andysis
methods and have been used for anumber of years. A task description is derived from
results of the function alocation. It provides a breakdown of tasks into subtasks and is
particularly useful in assessing function alocation results, developing training programs,
and supporting manpower and procurement activities. “2 An example of a partia task
description is provided in Table 3-2.

Workload analysis. Because workload is operator-specific, it is difficult to measure
and define. Figure 2-12 identifies elements that contribute to workload. These ements,
referred to as determinants of operator workload, may be externd (i.e., related to
task design, job design, and environmentd conditions). However, others may be
internd (i.e, related to human skills and limitations). The methods most reedily available
to the design team are of two types. subjective scales and observation/experimentation.
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Figure 2-10. Sample functional flowchart and decison/action diagram.
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Figure 2-12. Determinants of operator workload (after ARI Technical Report 850, 1989).



Among the subjective scaes frequently used are the NASA Bipolar Rating Scale (Figure 2-13)
and the Modified Cooper-Harper Scae (Figure 2-15). The workload index derived from the
NASA Bipolar Rating Scaeis obtained through subjective ratings of task difficulty. These
ratings are provided by experienced operators. For a given task, the operator first rates the
task according to the nine dimensions:

Overal Workload.
Task Difficulty.

Time Presaure.
Performance.
Menta/Sensory Effort.
Physicd Effort.

Frudration Levd.
Stress Levd.

Fatigue.

The rating assigned to each dimengion reflects a subjective assessment of the degree to which
that particular dimension affected task performance. The operator then classfies the task
according to activity type (skill-based, rule-based, or knowledge-based). This assessment of
activity type reflects the level of complex cognitive processing required for task performance.
The most complex cognitive processing skills are required for knowledge-based activities. (17
(SeeFigure 2-13))

The Modified Cooper-Harper Scale provides ameansfor rating operator demand level. The
raing is derived from the algorithm described in Figure 2-14. ) During informal interviews
with experienced operators, designers might use this method to estimate initia task workload
ratings. This method is used most reedily on tasks for which operators have experience. If the
task is new to the TMC design, testing and smulation may be required in order to assgn this
rating. (This technique can be used to generate the task difficulty ratings used to andyze tasks
according to tasks and work modules — Section 3.2.)

Work profiles (Figure 2-15 and Section 6.4) dlow the design team to identify possible
conditions under which TMC operators must execute too many activities smultaneoudy. “9 In
thisway, they are amilar to time line analyses. This gpproach consders accumulated sequentia
task demands.



Dimension Anchors Description of Dimension
Overall Workload Low, High The total workload associated with the task considering all sources and
components
Task Difficulty Low, High Whether the task was easy, demanding, simple or complex, exacting or
forgiving
Time Pressure None, Rushed |[The amount of pressure you felt due to the rate at which task elements
occurred. Was the task slow and leisurely or rapid and frantic?
Performance Perfect, Failure| How successful do you think you were in doing what we asked you to do and
how satisfied you were with what you accomplished?
Mental/Sensory None, The amount of mental and / or perceptual activity that was required (e.g., ,
Effort Impossible thinking, deciding, calculating, remembering, looking, searching (etc.)
Physical Effort None, The amount of physical activity that was required (e.g., pushing, pulling,
Impossible turning, controlling, activating, etc.)
Frustration Level Fulfilled, How insecure, discouraged, irritated, and annoyed versus secure, gratified,
Exasperated |content, and complacent you felt
Stress Level Relaxed, How anxious, worried, uptight and harassed or calm, tranquil, placid and
Tense relaxed you felt.
Fatigue Exhausted, How tired, weary, worn out, and exhausted or fresh, vigorous, and energetic
Alert you felt
Activity Type Skill Based, The degree to which the task required mindless reaction to well-learned
Rule Based, routines or required the application of known rules or required problem
Knowledge solving and decision making
Based
OVERALWORKLOAD |y | |y [y |y fy Iy Py oy |y ]
Low HIGH
taskoiFiculTy | | o Loy [y by by P P
Low HIGH
TMEPRESSURE | ) | | | |y |y [y Iy [y by |y
NONE RUSHED

O TN I T N I T O A T
l l l l l l l l l
EXHAUSTED ALERT
SKILL BASED RULE BASED KNOWLEDGE

BASED

Figure 2-13. NASA Bipolar Scale (after ARI Technical Report 851, 1989).
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DIFFICULTY LEVEL OPERATOR DEMAND LEVEL RATING
Very Easy, Operator mental effort is minimal and desired 1
High Desirable performance is easily attainable
Easy, Operator mental effort is low and desired performance
Yes > ; . . 2
Desirable easily attainable
Fair, Acceptable operator mental effort is required to mainta| 3
Mild Difficulty adequate system performance
Minor But Annoying Difficult Mogera}tely high operator mental effort is required to 4
maintain adequate system performance
Is mental workload No Mental Workload is High | Moderately Objectionable High operator mental effort is required to maintain 5
acceptable? and Should be Reduced | Difficulty adequate system performance
Very Objectionable but Maximum operator mental effort is required to bring 6
Tolerable Difficulty errors to moderate level
Yes
Major Difficulty Maximum operator mental effort is required to bring 7
errors to moderate level
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A Il A ) - M | eff
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Even if errors are large or Major Deficiencies:
infrequent, can task be No—p| System Redesign | Impossible Task cannot be accomplished reliably 10

accomplished most of the,
time?

Mandatory

Operator Decisions

Figure 2-14. Modified Cooper-Har per scale for assessing wor kload (after Wierwille and Casae, 1993).
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Figure 2-15. Sample workload profile.




In the example of Figure 2-15, the demands placed on each operator are represented in terms
of a percentage of available workload capacity. The example analyzes a scenario in which a
driver enters afreeway and beginsto travel in the wrong direction — a condition likely to
secure the attention of the TMC. The shaded area shows a critica period in which the demands
placed on Operator 1 are rather high. Since the demands placed on Operator 2 and Operator
3 are somewhat lower, the design team might consder a change of task procedure in which one
of these two operators notifies the supervisor of this particular event.

While thistype of analys's may seem excessively detailed and time-consuming, it need not be
performed on dl tasks and work modules. Experience and function alocation results will help
to identify functions that may place unredlistic demands on TMC operators. We suggest that at
this point in the design process, designers should focus only on the most extreme workload
conditions. Note that because the design processiis iterative, any design changes will invariably
create new workload patterns.

1 Corréation matrix. In evauating the adequacy of aTMC's physcd layout, designers
can develop correlaion matrices and perform link andysesin conjunction with one
another. The physicd layout is considered in terms of the TMC' s operationd
requirements. These analyses may be very broad — as in the arrangement of
workgtations, printers, displays, etc. — or very narrowly focused on individua displays
and controls, “0

The correlation matrix identifies principa locations a which transactions occur —
human and machine — and the rdative frequency with which each system component
interacts with each of the other components. Observation is the best means of obtaining
these data (perhaps during smulations conducted throughout the design process). The
result isamatrix Smilar to the mileage chart on a highway map. The example matrix
shown in Table 2-2 (representing transactions occurring in the TMC control room of
Figure 2-17) indicates the number of interactions — between three operators (Stations
1-3), the shift supervisor, the radio room, and a line printer — that occur during a given
shift. Each intersection represents the number of interactions that occur during this
period of time. The operator at Station 1, for example, interacted with the operator at
Station 2 atotdl of 14 times, and only operator 1 interacted with the supervisor (7
times). These results serve as input to alink analyss. Figure 2-16 provides an example
of an dterndive method for displaying link anadlysis results.

Table 2-2. Sample correlation matrix (see Figure 2-17 for adjacency diagram).

Radio
Station1  Station2  Station 3 Room Printer  Supervisor
Station 1 — — — — — —
Station 2 14 — — — — —
Station 3 6 17 — — — —
Radio Room 1 3 9 — — —
Printer 0 4 0 0 — —
Supervisor 7 0 0 3 2 —

1-33



12

10
Frequency of Interaction

Supervisor
Printer

18“ ——
Radio Room
Station 3

16'/
——
Station 2

14
Station 1

& A
C

D>
P

&

O & :
¢ 3

Figure 2-16. Method of displaying link analysisresults.

. Link analysis. Figure 2-17 showsaTMC control room schematic on which the
results from the correlation matrix of Table 2-2 are reflected. Figure 2-17is
sometimes referred to as an adjacency diagram. Here, critical physical links are
drawn. Fregquent interactions between two control room components are reflected
by heavy lines, and less frequent interactions are indicated by narrower lines.

Given the adjacency diagram, designers can identify a poorly conceived control room
layout — where the arrangement of control room components does not accommodate
actud link requirements. Suppose, for example, the left-to-right ordering of
workstationswas 2, 1, and 3. The operator at Station 2 would be obliged to talk
across operator 1 to operator 3 on the order of 17 times during atypica shift. A finer
andysisis shown in Figure 2-18, where the same approach has been applied to
evauate the layout of workstation controls and displays according to their sequence of
use. Asdiscussed in Chapter 10, link analys's may assist in workstation specification.
More detailed discussons of link analysis are found in References (40) and (122).
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Figure 2-18. Samplelink analysisfor a workstation.
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| dentify sour ces of human operator error

Unfortunately, operator errors will dways occur, no matter how carefully designerstry to guard
againg them. Designing a system to accommodate operator errors has three gods: (1)
identifying the operator tasks for which errors are the most likely to occur and cause system
performance problems, (2) designing the system such that error likelihoods are reduced, and
(3) designing the system such that negative effects of any errorsthat do occur are reduced.

Why should designer sidentify sources of error? Within any TMC, two sources of error
exist: human and machine. As noted in Chapter 4, while most TMC designs have addressed the
problems of machine error (e.g., faulty output), many have ignored human error. Because
human behavior isinconsgtent, human errors are more difficult to resolve than are machine
errors. In addition, the causes of human error, as well as approaches for reducing and
dleviating error, are not familiar to hardware and software developers. Predicting and
addressing human error is a specidty of human factors engineers.

Several sources of information addresshuman error. A discusson of human error and
generd guiddinesfor preventing and reducing human error are provided in Chapter 4. Chapter
5 focuses on the interactions between operators, tasks, and the environment that impact the
likelihood of errors. Errors specific to human-computer interaction are discussed in Chapter 11.
More detailed treatments of human error are found in References (7), (89), (98), and (122).

Proceduresfor identifying sources of error are available. Figure 2-19 provides atypical
sequence of error analysis activities (Note that this procedure is an elaboration of activity 2-9.3
in Figure 2-9). Perform an error analysis whenever the design team’s judgment cals for it —
generaly when some procedure seemsto carry ahigh risk of error or unusualy severe error
CONSEqUENCES.

Previous design experience may hdp in estimating human error likelihoods. If a given task has
dready become accepted within TMC environments (i.e,, it is currently being performed in an
exiging TMC), or if aclearly andogous task is available as amode, designers can — through
interviews and observation — devel op reasonable estimates. If no task isavallableto serveasa
model, a smulation may be required.
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Note that a smulation under these circumstances should conform to the “rules of the
road” prescribed for test and evaluation (Section 2.3.1).

After observation or smulation, the design team will be in apostion to (1) estimate the
likelihood of an error under the present design concept and (2) assess the consequences of
such an error. These assessments may suggest a change in design strategy, requiring another
iteration in task and job design. Smilarly, an OSD may indicate points a which multiple inputs
and outputs may increase error potentia and error cost.

Methods and toolsfor analyzing human error are available. Many tools used in other
aress of task andysis and subsystem design can be gpplied to human error anayses. Workload
profiles, for example, will indicate conditions under which operator task demands are high.
Errors are more likely under such conditions. Note aso that high task demands may occur
when critica conditions prevail in the TMC. During moments such as these, the cost of an
operator error may be unacceptably high.

In identifying errors that result from design decisons, designers can apply arange of smulation
techniques (e.g., rapid prototyping, mockups, or — when they are available — full-task or
part-task smulators) throughout the design process. These techniques are discussed in more
detail in subsequent steps. Recognize that even if these techniques seem extravagant, the cost of
apoor design may well outweigh the temporary complication of severa design iterations.

| dentify human performance constraints

Two identicd computer systems will share dmogt identicd performance characterigtics. On the
other hand, the performance characteristics of two human operators will likely differ in many
ways. The performance of asingle operator will vary according to the time of day, task
demands, and other interna and externa influences (e.g., individud skills and knowledge, or
perhaps persond problems). Designers must consider these variations. When the demands of
any given moment challenge human limitations, the human eement can becomethe TMC's
week link. On the other hand, when a TMC is designed to accommodate human limitations, the
human can be the key factor in averting disaster.

Why should designer sidentify human perfor mance constraints? Unsuccesstul
operator-in-the-loop system designs are often the result of insufficient atention to human
cgpabilities and limitations. In some ingtances, designers are unfamiliar with human performance
congraints. In other instances, designers rely too heavily upon the assumption thet increasing
automation will reduce the likelihood of human error. In fact, this kind of assumption can cause
problems. The design team might be led to believe that a design requiring the operator to
behave soldly as an executive controller (Section 2.2.3 and Figure 2-4) will reduce operator
errors. Under this design philasophy, human errors may actudly increase. Monitoring activities
(typically associated with executive controller roles) performed over extended periods of time
tend to promote boredom and fatigue. A number of accidents and disasters can be traced to
task environmentsin which the crew had little to do but monitor system satus.
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The ATMS-level TMC operator should remain aware of the traffic and system status and be
reedy to respond. The benefit in maintaining the presence of a human component inthe TMC is
redlized when the demands of atraffic crigs exceed an automated system’ s ability to respond
appropriately. The relationships between human and automated components, aswell asthe
design that incorporates both components, must be based on an understanding of the
cagpabiilities and limitations of the human operator and how system design affects the system's
cgpabilities and limitations.

Several sources of information address human performance constraints. Chapter 5
introduces the topic of human performance congraints. However, a thorough treatment of this
topic isfar beyond the scope of any design guiddine document. At this stage of the
user-centered design process, including a human factors engineer as a permanent
member of the design team is strongly recommended.

An important consderation is that of compliance with the provisons of the Americans with
Disabilities Act (ADA). A certain segment of the design process requires (1) the identification
of task performance standards that may exclude persons with certain disabilities, and (2) the
design of tasksto include disabled persons wherever practical. Reference (118) describes the
ADA guiddlines.

Proceduresfor analyzing human performance congtraints are available. Figure 2-20
outlines a procedure for andyzing human performance requirements and congraints. The order
in which activities 2-20.2 to 2-20.6 occur is arbitrary. In fact, since these activitiestend to
interact, they are congdered in pardld. Human performance is an extraordinarily complex
subject, and predicting human performance is never precise.

Specid attention should be given to each sgnificant task — where “sgnificant” refersto atask
that depends on some human action or decision for its successful implementation. Most
operator tasks require some degree of attention and vigilance (e.g., monitoring of system
gatus). When the ability to detect unusua (perhaps critical) conditions is essentid to successful
task performance, darm and display characteristics must be considered carefully. If the
operator must detect acritical condition, the indicator for that condition must be detectable
under operating conditions. It must accommodate human sensory limitations, environmentd
conditions, and other performance congraints.

When human performance condraints have been andyzed, preiminary results should be

integrated into the evolving system design. As dways, however, as the design evolves, they are
subject to modification.
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Methods and toolsfor analyzing human perfor mance constraints are available. An
important resource for predicting operator performance in anew design is the knowledge of
operaor performance of Smilar tasks in existing systems. Previous experience is extremely
important in predicting human performance. If previous desgn experience is unavailable,
telephone cdlsto other TMC' s and/or to other smilar control room facilities may be useful.
Even anecdota evidence may improve adesgn.

Workload and error andyses identify points a which human performance will be chalenged.
Important Stuations to examine may be scenarios in which crises erupt with little warning or
preparation (e.g., rush hour incidents). In such cases, acritical problem may be the operator’s
ability to recdl procedures implemented only in emergencies. Since emergencies will — we
hope — be rdatively infrequent, respective procedures may not be as reliably encoded in
memory as routine actions performed during every shift. Design features such as user aids and
decision aids (described in Chapters 6 and 12) may be required.

Simulation and other test and evauation techniques will help in identifying performance
problems overlooked in earlier design iterations. Thisis one reason formd testing is never an
extravagance in system design.

Design jobs

A job isacollection of tasks assgned to a sngle employee category. Within this context, it
refers to a coherent set of activities for which asingle TMC operator is responsible. During the
job design process, interaction among two or more operators is consdered. This design phase
typicdly followstheinitid function dlocation and task andys's, and once the find TMC design
begins to stahilize, job design beginsin earnest.

Why should designers conduct a job design analysis? A thorough initid task andyss
documents aligt of tasks that must be performed by someone inthe TMC. The job design
assigns these tasks to specific individual operators. No matter how well documented the task
andysis, the effect of performing aset of tasks under operationa conditionsis never entirdy
clear until dl tasks are assgned to identifiable personnd and tested. An understanding of
personnd qudifications, training issues, work schedules, motivation, and teamwork
requirementsis required.

Frequently, the andysisis performed informally and it continues to be revised as problems
appear while personnd are actudly performing tasks. This gpproach is not recommended.
Attention to job design issues during the design phase will save confuson whenthe TMC is
operationdl.

Several sources of information support the job design analysis. Chapter 6 discusses job
designissuesin detail. References (36), (56), (108), and (122) provide additiona background
materid. Referring to a diverse set of resource materid is extremely important for most design
teams, particularly those composed of hardware and software designers, traffic engineers, and
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architects. Job design is a complex process and should be viewed as alegitimate step in the
user-centered design process.

Proceduresfor conducting ajob design analysis are available. Figure 2-21 identifiesa
sequence of activities typicaly associated with job design. Job design should begin with the
development of a prototype. Observing operators during their performance of existing Smilar
jobs (a“walk-through” technique) can support prototype development. A number of issues that
might not have been evident — or effectively answerable — during the andysis of discrete
tasks can be addressed during the job design phase. These issues are discussed below.

I Sourcesof error associated with the job. Such errors might appear only after task
analysis because they arise from operator-operator interactions and operator-TMC
interactions. Communications problems between operators and other personnd, as well
astraining issues, may become evident a this step in the design process.

I Motivation and task design. Within the context of job design, high maotivation is
supported by job diversity, task significance, operator autonomy, and performance
feedback. In this sense, motivation does not refer to compensation, reinforcement,
work environment, or other such factors that are independent of the nature of the tasks
assigned to agiven job. These factors are sometimes referred to as hygiene factors.

1 Job-related workload. Unlike the workload problems analyzed in task design, the
workload problems considered here are those that derive from the number and pacing
of tasks during normal — and non-norma — TMC operation. These problems are
reflected in the demands of work schedules, fluctuations in traffic levels, and the divison
of work across TMC operators.

I Work schedules and task allocation. By studying the nature of jobs assigned to
TMC operators and the manner in which these jobs change as work demands change,
designers can digtribute workload more evenly.

1 Design for optimal job performance. Thisjob design activity reflects the integration
of other design efforts (e.g., configuring controls and displays, workspace layout,
satisfying environmenta standards, and requiring ergonomicaly-designed furniture) thet
are intended to enhance job performance. Procedures and guidelines for assuring
optimal job performance are offered in Chapters 7 through 13.

I Design for individual differences. Thiseffort reconciles TMC job design with the

characterigtics of individuas who will operate the TMC. Here, the consderation of any
established job standards and compliance with the ADA are appropriate.
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Methods and tools for completing ajob design analysis are available. Many of the
techniques used in andyzing operator tasks, identifying sources of human error, and andyzing
human performance congtraints are also applicable to the job design step. Note, however, that
because job design occurs relatively late in the design process, its respective tools are more
likely to require observation, testing, and evauation of prototype activities. Job design problems
often have such complex antecedents that their importance will not emerge until the design team
begins ng job performance under redigtic conditions.

Design the physical environment

The TMC's physicd environment conssts of design dements that dlow the sysem — both
human and machine components — to function effectively. Included are the following types of
environments. amospheric (heating, ventilation, and air conditioning), visud (primary and
supplementary lighting), acoustic (background noise and interior acoustical properties dlowing
operators to communicate), and the physica design of the workspace (access, dimensions, and
fixtures). Some features of the physicd environment are mandated by public law (e.g., access
for the disabled). Other features are based on established design practice (e.g., lighting
standards for designated work areas).

| nter actions among environmental factors. Environmenta design guiddines are influenced
by human factors concerns. Illumingtion levels within the TMC control room, for example, must
be sufficient to support dl visud tasks. On the other hand, they must not interfere with
operators abilitiesto view video displays (eg., glare). llluminated fire exit Sgns are essentid,
but poor placement can cause distracting reflections on display screens. Again, designers
should consder environmental design issues in conjunction with other human factors design
iSSues.

Proceduresfor designing the TMC’s physical environment ar e available. Procedures
for designing the TMC physicd environment are summarized on Figure 2-22. Designers should
begin with a prototype of the TMC' s physica environment, perhaps no more than a conceptua
floor plan. Using common standards, the team can begin to establish certain environmentd
requirements. generd lighting (supplementd lighting will be added later) and acoustic
requirements (where TMC jobs have been considered), characteristics of visua and auditory
displays being developed in pardld, and air qudity requirements.

While consdering initid environmenta reguirements and the development of displays and
workgtations, the design team should begin to assess how the workspace will be used. This
activity may be carried out by the design team done, particularly at firgt, but will eventudly
require involvement from the architects and engineers who will prepare and execute the find
plans. Findly, theinitid results of environmental design should be incorporated into the existing
TMC design and revised as the system evolves.
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Methods and tools for designing the TM C’s physical environment are available. The
design team has access to severd methods that support design of the TMC's physica
environment. These methods are discussed in the following paragraphs.

1 Sitevisits. Some of the best ideas will come from visitsto other TMC's. The benefits
of aparticular design concept can be seen most readily on afirsthand basis, dthough
drawn plans and photographs may be helpful. Observation of effective designsin
ATMSlevel TMC development can prevent unnecessary “reinventions of the whed.”

I Models. Sometimes an inexpendve physica model made of foam, basa, or cardboard
will hdp in visudizing the find geometry of the TMC and in isolating potentid problems.
Models may be no more complicated than line drawings, but in some instances
three-dimensional mode s supplemented by careful scale replicas of mgor pieces of
furniture and fixtures may be in order.

I Computer-aided design (CAD). An dternative (or supplement) to physica modding
is computer-aided design (CAD). CAD toals offer flexibility. The drawings they
produce can be modified quickly, and (when produced by an experienced CAD user)
are lesstime-consuming to create than a physical moddl. Modern CAD packages can
provide extremdy redidtic views of the emerging design. Visud interference problems
can be detected. CAD images can even be combined with animation to provide a
“walking tour” through the future TMC.

I Link analysis. Broad-arealink analyss (adjacency diagrams— see Figure 2-17) can
be applied at this point to assure that operator workstations and other key TMC
components are located appropriately.

2.2.9 Desgn and specify workstations

At the time the design team is congdering how the TMC workspace will be used, it should
begin designing and specifying TMC workstations. When workstations are to be configured
from commercid off-the-shelf components, this task will require catdog searches and
negotiations with vendors. In some instances — when, for example, the control room is too
smdl to hold separate workstations — customized fixtures (i.e., designed specificdly for the
TMC under development) may be required. The layout of workstations and other furniture and
fixtures should be specified as part of the overal workspace design (Section 2.2.8). Designing
workgtations for comfort and suitability is a separate issue, and one that is supported with a
number of experience-based guidelines.

Why should designers consider wor kstation design and wor kstation specification?
Poorly designed workstations and supplementa furnishings (e.g., chairs) can cause discomfort
and perhaps occupationd injuries (e.g., back strain, cervicd stress disorder, carpa tunnel
syndrome, and repetitive stress disorders). Poor workstation design can dso limit productivity.
A good design will contribute to productivity and employee hedlth and morae. Designing the
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workplace to accommodate the characteristics and capabilities of human operatorsis
sometimes referred to as ergonomics. The strong movement toward ergonomic suitability has
created many sources that support proper workstation design. Designers should note, however,
that “ergonomic” has become one of the most misused words in the English language. Vendors
apply the term to any item that |ooks modernigtic or is adjustable. An experienced ergonomist
or human factors engineer should be consulted before alarge investment is made in nomindly
ergonomic workstation elements.

Several sources of information support TM C workstation design and specification.
Guiddines supporting workstation design are plentiful and easily understood. The Department
of Defense's human factors literature includes detailed standardsin MIL-HDBK-1472D. 8 A
more usable reference for TMC design teams is American National Standard for Human
Factors Engineering of Visual Display Terminal Workstations ANSI/HFS 100-1988.
These standards are dso covered in Human Factors Design Handbook by Woodson, Tillman
and Tillman. % Workstation standards and guidelines are provided in this document (Chapter
10 — Section 10.4). In many cases, the information contained in Chapter 10 will provide the
detall required by a TMC design team. The other references are available for supplemental
study, or as sources for specid information.

Proceduresfor designing and specifying TM C wor kstations ar e available. Figure 2-23
recommends a strategy for designing workstations. Note that this design step is performed in
conjunction with development of the workspace plan and the design of displays and controls.

An important consderation in any user-centered design effort is the population from which
users will be sdected. In most circumstances, designers will specify awide range of physica
characterigtics (e.g., a“ 5th to 95th percentile’ population). Desgners might also consder the
gpecia requirements of disabled operators. Note that the final design must accommodate the
range of operators that is expected to be hired. A workstation that excludes operators who
fal within established population condraints may be difficult or impossble to modify after it has
been placed in an operational TMC.

A prototype is developed from the design work completed in Section 2.2.8 (design of the
TMC's physcd environment). Mogt likdly, it will be aline drawing or floor plan for the entire
TMC, showing proposed workstation locations. The preliminary design (2-23.3 of Figure
2-23) specifies workgtation dimensions and configurations. At this sage, desgners must
consder workstations on their own merits.

1 Areworkstations ergonomically adequate for the designated operator population?

Do workstations provide adequate workspace for the completion of TMC activities?
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Integration considers workstations within the context of the total system.

Can operators see large-screen displays and map displays?

Can operators communicate effectively with one other?

Can norma movements between workstations and movements into and out of the
control room be accommodated?

The issues surrounding these questions may seem too obvious to require emphasis. However,
one of the most common configuration problemsin exising TMC'sis the use of workstation
consoles that are so tall they block a seated operator’ s view of the bottom row of CCTV
monitors.

Methods and tools for designing and specifying TM C wor kstations are available.
Workdtation designis precise. A number of existing tools and specific guiddines can support
this design effort. An experienced human factors engineer can complete the workstation design
effort efficiently. The following techniques will help to refine the process.

Drawings. Preiminary sketches, ranging in detall from pencil drawingsto CAD
specifications, can initidly guide the design effort. They will help the design team
maintain its focus on vital operationd congderations. All too often designers become
involved in detalls of the design — when & this step, design objectives should be their
focus.

Computer-aided design (CAD). Current CAD systems alow designersto create
precise three-dimensiond representations of TMC workgtations. Wireframe human
operators reflecting specific populations can aso be represented. Specifying a“95th
percentile American mae,” for example, will dlow designersto verify knee clearances
and reach envelopes easly. Adjustments to the workstation configuration can dso be
made easly. CAD methods dlow the integration of dl physica points of reference
within the TMC. Architecture and engineering consulting firms are equipped with
sophisticated CAD systems. More economical CAD services may be available through
auniversty.

Link analysis. Detailed link analyses (Figure 2-17) can be performed here. Results
obtained from the task analyss should be used. A link andysis will help identify possble
problems in control and display placement. Ingtdlation of a telephone keypad to the left
of acentra video display, for example, may require a right-handed operator to reach
across the video display, or use the non-preferred hand. If accuracy in keypad entry is
critica, this design solution may be ingppropriate. A supplementary display may distract
the operator’ s attention from important system status displays. In one TMC the authors
visited, the required position of amouse pad conflicted with the desirable location for a
ring binder that contained operating procedures. A link anaysis will identify problems
such asthese. CAD and/or rapid prototyping techniques will facilitate the testing of
dternative design solutions.
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Reach envelopes. Workgtations must accommodate an operator’ s physical range of
motion. Frequently-used controls must be seen and manipulated easily. A poorly placed
video monitor, for example, may force the operator into an uncomfortable posture and
contribute to work-related medica problems. Satisfying standard reach envelopes
(Chapter 7) can greatly reduce the likelihood of such design deficiencies.
Commercidly-avallable templates may help in developing preliminary design drawings.

M ockups. In some ingtances, full-scale foam core mockups may be extremdy helpful
— especidly for innovative designs that have not been implemented elsewhere. In

ng a controls and display layout, designers can “mockup” controls and displays
in cardboard or balsa and attach them to a workstation mockup. Trained operators, in
ng the workstation mockup, can identify design problems that would otherwise
remain undetected.

2.2.10 Design and specify controls and displays

Integra to any TMC workstation are the means by which operators enter and receive
information. Controls allow TMC operators to guide certain traffic parameters (e.g., traffic
flow) within the limits of the TMC's misson. Digplays provide satus informetion.

Why should designers consider the design and specification of TM C controls/displays?
Poorly designed controls and displays can have a profound effect on TMC operations and
operators (e.g., cognitive information processing deficiencies, faulty Situation assessments and
decisons, inaccurate data and command entry, occupational stress, and the generd |oss of
operating efficiency).

Dim, low-contrast, or glare-prone video displays can cause eyestrain and errors. |llegible maps
or displays, the improper use of color coding, HVAC background noise that interferes with
required conversations between operators create problems in information flow. Correcting a
poor design (once it has been implemented in hardware and software) is often inconvenient,
disuptive, and coslly.

Several sources of information that support the design and specification of TMC
controlg/displays ar e available. Chapters 8 and 9 provide background information and
generd guiddines for the design of controls and displays. Additiond information can be found in
the American National Standard for Human Factors Engineering of Visual Display
Terminal Workstations (ANSI/HFS 100-1988), prepared by the Human Factors Society; ¢
Human Engineering Guidelines for Management Information Systems
(MIL-HDBK-761A), a Department of Defense standard; “® Human Factors of
Workstations with Visual Displays, prepared by IBM; ¢ and Human Factors Design
Handbook, authored by Woodson, Tillman and Tillman, 12

Proceduresfor designing and specifying TM C controlg/displays are available. Activities
associated with the design and specification of controls and displays are actudly a subprocess
of the workstation design effort (Figure 2-24). Controls and displays are considered separately
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because of the established body of knowledge and standards associated with them.

TMC controls and displays should be defined according to (1) the type and quantity of
information that they must process and (2) the capacities and demands of the operators who
will use the information they provide. Results of the task andlysiswill suggest information
requirements. In turn, these requirements will drive control and display designs.

Once display types have been determined, the guidelines and standards of Chapters 8 and 9
will hep in specifying display quality. Emphasis should be placed on the development of display
performance standards. Brightness, contrast, and resolution of visua displays, for example,
should satisfy operators requirements for clarity and visual comfort. If headsets are required,
comfort, aswell as sound quality, are important considerations.

Control and display design is an iterative process. A given display, athough acceptable when
viewed on its own merits, may represent an ingppropriate design solution when it isintegrated
into the TMC. A high-resolution, wide-screen map display may look impressive when mounted
on the top of an operator’s console, but it isineffective if operators are located such they
cannot gppreciate the map’s details.

Methods and toolsfor designing and specifying TM C controlg/displays ar e available.
The chalenge in designing and specifying TMC controls and displays is integrating designs and
gpecifications into the complete TMC. The procedures outlined in Sections 2.2.8 and 2.2.9 can
aso be applied at this step in the user-centered design process. Determining gppropriate
standards for control and display design requires arather straightforward gpplication of the
guidelines presented in Chapters 8 and 9. Some knowledge of the fundamentals of display
technology and human sensory processesis helpful.
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2.2.11 Design and specify user interfaces

TMC operations require human and machine activities to be performed in concert. If the
smooth execution of system functions is desired, interfaces between operators and computers
must be designed properly. The guidelines and standards for user-computer interface design are
relatively new and less stable than designerstypicdly prefer. The current status of these
gandards and guideines will present the most sgnificant chalenge to the TMC configuration
effort.

Why should designers specify and design the TMC' s user interfaces? Many of the most
troublesome human factors problems that exist in operationa TMC's are derived from poor
user interface design. One common problem is the continued use of command line interfaces
that require operators to memorize commands thet have little, if any, inherent meaning.

Another common TMC interface problem can be attributed to “error traps’ — procedures that
carry an unacceptable risk of user errors. Some of these errors may have negligible effects,
while some may be critical to TMC performance,

Several sources of information support the design and specification of the TM C’suser
interfaces. Chapters 11, 12, and 13 provide background information and guidelines specific to
interface design. References that provide more detailed information include Schneilderman’s
Designing the User Interface: Strategies for Effective Human-Computer Interaction; (%2
Guidelines for Designing User Interface Software, by Smith and Mosier; 1% and
MIL-HDBK-761A, Human Engineering Guidelines for Management Information
Systems. (40)

Proceduresfor designing and specifying the TMC’suser interfaces are available.
Figure 2-25 recommends a sequence of activities for developing user interfaces. The procedure
issmilar to procedures used in developing system hardware. The difference isin the presence
of two evauation cycles— one for developmentd iterations (during which the interface design
evolves) and one for user acceptance testing (during which the interface’ s suitability in an
operationd environment is verified).

Asin other subtasks, the firg activity isto develop an interface concept. This concept should be
based upon a knowledge of the types of interfaces available, as well astheir strengths and
weaknesses (Section 11.9). Tasksto be performed (developed in the task anadysis step) should
aso be congdered. The interface concept should be task driven rather than technology driven.

Initid testing can be conducted via smulations of various levels of redism. (Theleve of redlism
associated with agiven smulation is aso referred to asfidelity.) Thistype of Smulaion activity
provides an excellent opportunity to incorporate rapid prototyping (described below). At this
point, the objectiveisto develop a“look and fed” of the user interface.
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Designers should then develop design criteria: display requirements, dialog Strategies, and
training requirements. These criteria should be verified externally — by experienced operators,
traffic engineers, and others who have experience in interface design. An externd review of the
design criteriaisimportant for the same reason areview pane was used in evauating the TMC
mission statement and design concept (Sections 2.2.1 and 2.2.3). The design team can
develop “ tunnel vision” and overlook problems that others who have had no role in the
developmental processwill readily identify. At this point, designers can begin considering
data presentation issues (e.g., datafuson — Section 13.6).

User acceptance testing is a trict requirement and many software developers have learned to
appreciate this process. User expectations and perceptions do not always agree with those of
the devel oper. Rigorous eva uation procedures must be employed during acceptance testing
(Sections 2.3 and 11.3-11.5). A preiminary test of training plans, user aids, and user
documentation (Chapter 12) should aso be conducted.

Finaly, user interfaces should be incorporated into the TMC design. In this manner, design
consstency and suitability can be assessed. Find development of the training plan, the training
implementation plan, and user documentation should be completed.

Methods and tools for designing and specifying the TMC’suser interfacesare
available. Some interface design tools are shared with other stepsin the user-centered design
process, and some are unique. The methods recommended in this docment are not the only
ones available, but they represent the authors' best estimate of the tools most readily available
and usable for typical TMC design teams.

I Function allocation and task analysis. These steps, performed early in the desgn
process, provide the foundation for interface design. The interfaceis driven by
operator task requirements

I Quegtionnairesand “thinking aloud” analyses. These methods (Section 11.2.3)
are helpful in evauating interface congstency. A questionnaire is usudly distributed
during a structured interview, where an interface designer (perhaps a human factors
engineer) queries an experienced operator on aspects of a given interface design.
Quedtionnaire responses can identify deficienciesin the logic that underliesinteraction
procedures. The “thinking doud” method alows the designer to observe the thought
process that develops while the operator navigates the interface. Questionnaires and
thinking doud analyses are best used in conjunction with one another.

1 Concept sorting. Concept sorting (Section 11.3.1) is useful in assessing the
characterigtics of expected users. The technique addresses the distinctions in novice,
intermediate, and expert users — digtinctions that must be addressed during the
interface design effort, in formulating the training plan, and in cregting user
documentation.

I User modding. User models (Section 11.3.2) describe the sequence of mental and
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physical operations a user must perform in order to complete a task. One technique
useful in generating thiskind of information isthe GOMS (Goals, Operators, Methods,
Selection Rules) gpproach. The GOMS approach is essentidly atask andyss. In some
instances task analysis results can be readily converted to a GOMS format (Section
11.4.1). GOM S modds provide a qualitative assessment of user-interface interaction
tasks. The cognitive complexity mode (Section 11.4.2 and Figure 11-4) provides a
quantitative assessment of such tasks.

1 Surveysand observation. These methods are especidly useful in assessng user
acceptance (Section 11.5.3). However, in gpplying these methods, designers should
refer to test and evauation principles (Section 2.3).

I Workload analysis. Thistype of anayss (Chapters 4, 5, and 6) can be applied to
human-computer interface tasks as a means of determining interface design
effectiveness. Obsarvation and experimentation, in conjunction with subjective
assessments (Section 2.2.4) can aso be used effectively.

I Rapid prototyping. Rapid prototyping isacommonly used interface evaluation
technique. Specid software tools dlow the development of interface prototypes. The
most sophidticated tools allow potentia usersto interact with design prototypes. Given
a sophigticated rapid prototyping tool, designers can provide preiminary test and
evauation environments, as well as creste interface designs. Rapid prototyping
techniques offer gpeed, flexibility, and realism to the design effort.

Principles and Methods of Test and Evaluation

Human factors test and evauation principles (HFT& E) are necessary to ensure that the design
of your TMC meets the generaly accepted principles of human factors engineering, plusthe
gpeciad human factors requirements associated with a specific TMC. HFT&E provides away to
measure the human factors aspects of TMC design and to eva uate those measurements against
Specific desgn criteria

In addition to forma HFT&E, desgn of the TMC may require numerous small experiments.
These may help designers choose between two different monitor sizes, select the control
characterigtics of the mouse or joystick controllers, test operator rolesin an automated VMS
system, or address other issues of this nature. Such small experiments should generdly follow
the HFT& E process athough procedures and documentation may be less formal.

Overview of human factorstest and evaluation
This section describes the principles and methods for HFT&E. It covers why you should test,

when you should test, what you should test, how you should test, and what you should do with
the results,



HFT&E ismog effective when it isa continuing process that accompanies user-centered
design, rather than a one-shot, pass-or-fail activity conducted near the end of TMC design or
implementation. Thus, the most important principle of HFT& E istest early and often.

HFT&E isthe process that tests and evauates the design of the operator interfacesin the
TMC. Thus, it should be conducted at each stage of design. Different methods and procedures
are used at different stages of design. Therefore, the same set of tests are not conducted over
and over again.

It will be rather difficult to plan and conduct a program of HFT& E without the services of
someone who has experience in HFT& E. Qualified consultants can be found at many consulting
firms (especidly those that specidize in human factors) and in industrid engineering or
psychology departments at some universities. One word of caution, though: Human factorsisa
broad field, with many sub-specidties, and many human factors specidists have little experience
in conducting HFT&E. If available human factors support personnd (either in-house or
contractors or consultants) are not experienced at HFT&E, the following section provides
limited guidance.

Properly conducted, HFT&E will result in the following benefits:

I Theend product, the user interfaces in your TMC, will meet accepted standards of
human factors engineering and will be tailored to specific TMC requirements.

Mistakes and problems in the design of the user interfaces will be detected and
corrected early without compromising your budget or schedule.

It will be easier to train operators because the interfaces they use will be easier to learn
and easier to use on the job.

On the other hand, omitting or under-emphasizing HFT& E results in an increased risk that:

1 Theus interfaces will have flaws that were not discovered in time to fix them without
impacting schedule and budget.

More resources must be devoted to training operators to work around the design
problemsin their user interfaces.

The user interfaces will not meet general standards of human factors engineering, much
less the specific requirements of your TMC, unless more money and time are spent to
get the problems fixed.

There are two primary types of HFT&E, formative and summative. Formative HFT&E isan
integra part of user-centered design. It occurs throughout the design process and is called
formative because it hdps form the design of the user interface. Summative HFT& E is aformd
evauation of adesign and is structured to produce pass/fail judgements on design feetures. It is
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cdled summative because it renders a summary judgement on design features.

Formative human factorstest and evaluation

Formative HFT& E isthe part of HFT& E that makes the strongest contribution to a good
design. It getsred usersinvolved in the design process early on, and keeps them involved
throughout the design process. And, it keeps the designer (whether in-house or a contractor)
from going off and working in a vacuum without a good understanding of the requirements of
the users.

Formative HFT& E is done as a cooperative joint venture with the designer. The users and
other subject matter experts who participate in formative HFT& E serve as part of the design
team, though they play a different role than the programmers who actudly design and develop
the user interfaces.

Of course, users and subject matter experts must be involved throughout the user-centered
design process. They should support mission andyss and task andyss. They should be the
focus of activity in formative HFT& E.

In addition to involving users and subject maiter experts, formative HFT& E should aso include
evauations performed by human factors professonds. These evauations will be smilar to those
performed in summative HFT& E, described in the next section.

It is very important to begin formative HFT& E in the early stages of design, before too many
design decisons are made. Formative HFT& E should continue, iteratively, until the final design
of the operator interfacesis established. Each iteration should address progressively more
detailed issues (unless a second iteration is needed on a particular problem discovered in a
previous iteration).

Formative HFT& E should be conducted for abroad range of issues, including the overal
layout of the facility and the selection of mgor configuration items (e.g., communications
system, large screen displays), as well as detailed issues such as the terminology to be used in
particular menus on the computer display.

In the early stages of design, the formative HFT& E should address issues related to the overdl
layout of the facility and the selection of mgor configuration items. As the design process
proceeds, formative HFT& E can focus on more detailed design issues.

Formative HFT& E should be led by someone familiar with the design at each stage. Each
session should be conducted with a specified agenda, that is, a predetermined set of decisons
or issues to be considered by the evauators.

A fundamentd principle of formative HFT& E isthat it should be an evaluation session, not a
design sesson. Don't expect participants to design the interfaces themsaves. The designers
should offer adesign, or asmall number of design options, for evaluation. Stting around a
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conference table asking the users to describe “ what they want” does not qualify as a
formative HFT& E session!

A formative HFT& E session should feature members of the design team and afocus group
made up of representative users of the system under design. Remember that users may include
supervisors and support personnel aswdl as the primary users. the TMC operators. In forming
afocus group for a TMC, condder including the following types of individuas in the focus
group:

TMC Operators. Operatorsin the current TMC should definitely participate if they areto
be the operators of the system under design.

TMC Operatorsfrom other cities. In acity whereanew TMC is being built and there
are no existing TMC operators, consder enlisting some operators from another city's TMC to
participate in formative HFT& E. Also, if there is aneighboring TMC close enough so that
operators will have to coordinate with each other, it will be a good ideato get operators from
that TMC to participate in the focus group.

TMC Managers and Supervisors. It is often beneficid for TMC managers and
supervisors to participate in the focus groups. The mgor drawback is that an overbearing
manager may suppress the creativity of the focus group. Other members of the group may not
fed free to disagree with the boss, and the process may degenerate into a group that listens
while one person expresses an opinion. The leader of the focus group should structure the
activities to prevent this from happening.

Representatives from other agencies. Given the involvement of the TMC in incident
management, it may be productive to involve representatives from other agencies, such as
police, in some of the formative HFT& E sessons.

I ndependent human factor s specialists. If thereis aproblem in getting enough
participants from the categories above, or if the expertise of the available participantsis too
limited in the relevant subject areas, consider including an independent human factors specidist
in the focus group. Thisindividud should have no other link to the project (in particular, no
involvement in the design).

The size of the focus group may vary from sesson to sesson, but in generd the number of
participants for this type of HFT& E should be smdll, say, 5 to 10 participants. Fewer than four
may not provide enough breadth of experience nor diversity of opinion. More than 10 or 12
participants tends to creete alarge, impersona group that will devolve into two or three
participants who do most of the talking, while the others mostly remain slent. It is better to
assemble a small number of the correct individuals than a larger number of individuals
who are tangentially related to the project.
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Dedirable characterigtics of aformative HFT& E sesson:

The sesson should be led by a member of the design team who is familiar with the
design and the design issues to be addressed in the session. It is preferable for this
individud to be experienced a conducting formative HFT& E sessons. The leader
should be skilled at keegping the evaluation sesson on track, a framing the issues and
questions gppropriady, and at channeling disagreement within the group into a
congtructive diaog rather than a competitive contest.

The session should have a specified agenda— specific design features for the focus
group to review and design issues to address.

Each agenda item should be a specific design issue, and there should be at least one
design option offered for evauation. For some agenda items, there may be two or
perhaps three design options offered for evauation. Avoid large numbers of design
options. Also avoid raisng adesign issue without offering a design option — that is,
don't give the focus group ablank sheet of paper and ask them to do the design.

For each agenda item, the group should reach a consensus on a decison. The decison
could be to endorse the design (or one design option) offered for evauation, to endorse
amodification of that design, or to withhold any endorsement until the design team does
more work for consderation in afollow-up sesson (or smply the next formative
HFT&E sesson).

In the process of congdering the agendaitems, the group may uncover additiona issues
for consderation. Some of these may be smple, and may be resolved on the spot.
Others, however, may require the design team to take comments of the focus group
under advisement, go and do more study and/or design work, and report back to the
group in afollow-up sesson.

After the firgt formative evauation sesson, each subsequent session should devote
some time to reviewing the activities of previous sessons, and reporting the status of
action items from those sessions. Thiswill help provide context to the reviewers, and
will help prevent the group from revigiting closed issues.

The results of aformative HFT& E sesson should be documented. The formdity of the
documentation can vary according to the needs of the project. A smple way to document
resultsisto keegp minutes of the meeting. One drawback to Smply keeping minutes is that they
may not fully document the group's consensus (or lack thereof) on aparticular issue. The
documentation should include a complete account of the disposal of each agenda item, whether
it resulted in endorsement, endorsement of a modification, or a deferral until later. Document
any modified designs (whether endorsed or smply taken for consideration) with appropriate
drawings and text descriptions.
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DoOES ITREALLY NEED TO BE TESTED?

A design firm with years of TMC design experience and millions of dollars in revenue is making a
pitch to modernize your TMC. They have the latest, greatest TMC software that everyone is using
everywhere. They'll sell it to you at a fraction of what it would cost to develop this software from
scratch, tailored to your TMC. Plus, one of the best features is that it "has already been human
factored!" Yes, it has windows and pull-down menus and it's point-and-click and it's multi-media
and everything. Even more, if you don't like the colors or the fonts, you can customize them
yourself. Should you buy it? Possibly. Does it need HFT&E? Absolutely. The presence of a GUI, or
any other buzzword that comes along, does not mean that the interface is properly designed from a
human factors perspective. Furthermore, just because an interface complies with the general
principles of human factors does not mean that it meets your specific requirements in your TMC.
Each TMC is different. Traffic networks and conditions, local policies, political understandings
about incident handling, the training and experience of TMC operators -- these factors differ from
one TMC to another. It's a good idea to avoid re-inventing the wheel, and there are vast areas of
commonality between TMC'’s that can be leveraged to save money and share lessons learned. But
insisting that the system you buy meets your local requirements is not the same as re-inventing
the wheel. If you are going to buy a generic software package for your TMC, to be tailored by the
vendor, require that the end product pass your HFT&E.

Expect suggestions to arise during the eva uation sesson. Participants will offer ideas for design
dternatives, or for new features not previoudy considered. Each suggestion should be taken
serioudy, and should be taken under consideration by the design team. For suggestions that
arise during the meeting, assgn action items to gppropriate members of the design team. At the
next formative evauation session (or through some other appropriate means of follow-up),
report the status or outcome of the suggestion. Be sure that the originator of the suggestion is
promptly informed. Once the formative evauation process is complete, it is usualy worthwhile
to compile a cumulative documentation of the formative evauation sessons.

Summative human factorstest and evaluation

Summative HFT&E is an evauation process that renders pass/fail (or acceptable/
unacceptable) judgements on the design of the user interfacesina TMC. It is sometimes cdled
acceptance testing. It can be structured so that it produces asingle pass/fail judgement on the
overdl design of the user interfaces. Usually, however, it will be more congtructive to render
pass/fal judgements on various design features (or subsystems) individuadly.

Summative HFT& E is conducted initsfina form after the design is complete, but before the
design is accepted. Much of the summative HFT& E can be conducted beforehand, and should
beif a dl possble. Given that summative HFT& E will render a pass/fail judgement on design
features it should be conducted as soon as possible.

For design features that are to be evaluated by inspection, begin by ingpecting the
documentation of the intended design. Problems may be discovered at that point that can be
corrected before implementation isfinaized. If thereisamockup or working prototype of the
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system design, preliminary evauations can dso be conducted in these facilities. However, the
find summative HFT& E must be conducted on the actud system in its (presumably) find form.

Summeative HFT& E should render an evaluation on aspects of the operator interfaces and work
environment that can be measured and compared to established criteria. Some of these
measurements can be performed by inspection or by use of standard ergonomics
ingrumentation (e.g., sound pressure levels as measured by a sound meter). Obtaining other
measurements may require use of operators performing real or Smulated tasks using the system
or a prototype.

Thus, summative HFT&E involves two primary types of activities

I Evauations performed by human factors professionds, using an evauation checklist or
other criteria. Examples of this type of activity indude measuring levels of light or
sound, counting the number of keystrokes or mouse clicks required to perform critical
tasks, and verifying that function key definitions have been implemented as pecified.

I Performance-based testing in which representative operators perform real or smulated
tasks, and their performance is measured and assessed againgt established criteria

Typica features that can be evauated in summeative HFT& E, and how they can be measured,
areillugrated below.

Lignting levds  Use a photometer to measure generd illumination and task lighting at specific
points of operation. If measurements of specific wavelengths (colors) are
needed, a spectra photometer must be used.

Sound levels  Useasound level meter to measure generd ambient noise levels, and the levels
of sounds emitted by particular devices (such as darms, bells, loudspeskers).
Use a sound spectrum andyzer to measure the level of sound in specific
frequency bands.

Adjustment ranges Adjustment ranges of chairs, tables, display mounts, and Smilar
structures can be measured using rulers to measure distance, and
protractors to measure angles.

Digtances Distances, such as viewing distances and reach distances, can be
messured using atape measure and should be anchored to an
edtablished reference point, such asthe Design Eye Reference Point
(DERP).

Viewing angles Viewing angles can be measured using a protractor anchored to a DERP.

Control actions The number of control actions (e.g., mouse clicks, keystrokes, button
presses) required to perform some task may be measured by inspection
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Task time

Accuracy/errors

Subjective opinion

or demondtration.

Thetime required to complete critical tasks may be measured by having
representative operators perform the task and measuring the elapsed
time from a specified starting point to a point that defines completion of
the task. It is preferable to use multiple operators performing multiple
repetitions (or variations) of each task.

Accuracy in performing critica tasks may be measured by comparing
actud performance to astandard or criterion for defining correct
performance. Depending on the task, errors may be measured on the
same scale as accuracy, or may be measured as discrete events to be
counted and categorized.

Subjective opinion, such as the suitability of an interface to meet the
requirements of the tasks it supports, may be measured by exposing
qudified raters to a demondration (preferably hands-on) of the
interface, and then having them rate their opinions using one or more
Likert-type scales. For example, a scae might be constructed so that 1
= very unsatisfactory and 7 = very satisfactory. Such a scale might be
used to measure an overal subjective opinion as to whether agiven
design festure is satisfactory for its stated purpose.

Here's what the human factors team should do in planning and conducting the summetive

evdudion;

Develop and document a Method of Test (MOT). Thefirg activity for the HFT& E team is
to develop and document the methods they will use in performing the summative evauation.
This activity requires that every aspect of the evauation be thought through and planned in
advance. Thefoca point of this activity isthe production of a draft Method of Test (MOT)
document. Figure 2-26 provides an outline of an appropriate MOT document.

The draft MOT should be reviewed by program management and by other affected parties. For
example, the HFT& E may be conducted as part of alarger acceptance test program. If so, the
overd|l manager of the test program should be given the opportunity to review and comment on
the MOT for the human factors part of the test. The HFT&E portion may require resources that
are not required by any other testing activity, and it isimportant that these requirements be
identified and understood by individuals who will be responsible for providing them.

After feedback is received from reviewers of the draft MOT, afind MOT document should be
prepared. In alarge HFT& E program, there might be severd iterations of the draft before a
find versonis produced. In asmall effort, the find MOT could be produced on the second
iteration with very little change from the draft verson.

Specify candidate test objectives. Each objective should be worded so that an action is
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described, such as determine, describe, measure, verify, identify. Objectives are based on
established design standards, lists of guidelines and recommendations such as this document,
performance requirements identified during function and task andyses, and other defensible
requirements. Each objective should address a single aspect of design. Do not combine multiple
aspectsinto asingle test objective, that is, where it is conceivable that one aspect could be
passed and another failed. An example of this problem might be: Verify that all menus may be
reached from any other menu with a maximum of three control actions and that the
previous menu can always be accessed with one control action. Even though you can
obvioudy test both aspects smultaneoudy, they should be presented as separate test objectives
and the subjective utility test should be judged separately on them.

1-65



1.0

2.0

3.0

4.0

Title:

Introduction
1.1 Background — explain the context of the evaluation, who is performing the evaluation and for

whom, whose design is being evaluated, etc. This will provide the necessary context for a
reader who is not directly involved in the project to understand what is going on.

1.2 System Under Test — describe the system under test (SUT) at a high level, and refer to any
detailed descriptions that are available.
1.3 Test Objectives — present the specific test objectives to be accomplished by the summative
HFT&E. No elaboration is needed at this point.
1.4 Summary of Test Sessions — summarize the test sessions that will be conducted, in terms
of number and duration, schedule (if known, use exact dates, otherwise use relative dates).
Method

2.1 Objective 1:

2.1.1 Purpose — explain the purpose of the test objective.

2.1.2 Procedure — explain how the objective will be accomplished in terms of what
procedures will be followed, how many repetitions, and any other descriptions
that are appropriate.

2.1.3 Criteria — state the criteria that will be used to render a pass/fail judgement.

2.1.4 Resource Requirements — state the requirements for hardware, software,
supporting materials, and personnel (including subjects) associated with this
test objective.

2.1.5 Data Requirements — describe and define the raw data that you must measure
during the test in order to accomplish the objective.

2.1.6 Data Reduction — describe the techniques you will use to screen, aggregate,
transform, or otherwise reduce the raw data to create the derived data that you
will use in analysis. If no data reduction is required by this test objective, state
that fact.

2.1.7 Data Analysis -- describe the techniques you will use to analyze data and
render a judgement of whether the SUT passes or fails the criteria associated
with this test objective. Include a specification of inferential statistics that will
be calculated, if any.

2.1.8 Technical Risks — describe the factors that threaten the likelihood that you will
be able to accomplish the test objective. (Note — this does not mean whether
the SUT will pass the test. Rather, it means whether you will be able to render
a judgement.) Identify and describe actions you will take to reduce the
technical risks.

2.2 Objective 2: [continue until 2.N for N test objectives]

Summary of Resource and Data Requirements

3.1 Resource Requirements — accumulate the resource requirements from each test

objective in Section 2 into an overall summary. Identify each piece of equipment, each
software item, all supporting material, all personnel requirements. For each item, indicate
how many are required and for what length of time. In preparing this summary, the
common resources that will serve multiple test objectives will be apparent.

3.2 Data Requirements — accumulate the data requirements from each test objective in

Section 2 into an overall summary.

Summary of Schedule — provide a summary of the schedule including relationship to any other
project milestones. Include an indication of when the various personnel, equipment, and material
resources are required.

Figure 2-26. Outline for method of test.
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If the stlandard gpplies to multiple entities, however, congder combining them into one test
objective. For example, if you adopt a standard that al menus should be accessible by no more
than three keystrokes or mouse clicks from any other menu, an appropriate test objective
would be to Verify that all menus may be reached from any other menu with a maximum
of three control actions. In this example, the test objective is based on an adopted standard
that appliesto al menus. Thus, if the system isto passit must be true for dl menus.

Develop a technical approach for each test objective. Decide what methods will be used
to accomplish each test objective. Identify the resources (equipment, software, personne,
facilities) that will be required to accomplish the test objective.

Combine procedures from individual test objectives into test procedures that can serve multiple
test objectives. For example, you could have subjects rate the comfort of their new
communications headsets after performing some tasks in which they wear and use the headsets.

| dentify and recruit Subjects. One of the most crucia decisions to be made in acceptance
testing for the TMC is the identification of the subject population, the people who will act as
TMC operators in tests. These subjects should be as smilar as possible to the people who will
actualy serve as operators when the TMC isin operation. Some TMC's require their operators
to have college technica degrees; others require little more than a high school education. Test
performance may vary widdy depending on the qudifications of the subjects. One
recommended approach for anew TMC isto integrate the HFT & E schedule with the
recruitment and training schedule so that the future operators, themselves, will be available as
the test subjects.

One mgor mistake often made by design teamsisto use their members as subjects. The
knowledge that these people have developed during the design process should disqualify them
from being test subjectsin dl but the earliest pilot testing.

Conduct a pre-test/pilot-test/dry run of the summative tests. The method of test should
be conducted in a prdiminary form (the results are not official). The purpose of the preliminary
test should be to ensure that the actud test can be conducted as planned. Methods, including
ingtructions to subjects, should be validated. Instrumentation should be checked out, and the
measurements obtained from insrumentation should be verified. Potentia problems and their
solutions should be identified.

It should be expected that the preliminary test will reved aspects of the test method that need to
be revised. Do not expect the tests to work perfectly as planned the first time!

Adjust the test plan as needed in accordance with findings from the preliminary test and
comments from reviewers. Fine-tuning and minor modifications may be implemented without
need for additiona preiminary testing. Mgor problems, however, warrant additiona
preliminary testing before subjecting the system under test to its forma summative HFT&E.

Conduct the summative HFT & E. When conducting performance testing, the god isto
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provide conditions as Smilar to actua operating conditions as feasible and to keep those
conditions constant throughout testing. Do not dlow vigtors, telephone cdls, or other
digtractions during testing. Try to keep temperature, lighting, and noise levels congtant. Make
sure participants are trained until their performance is stable (no significant test-to-test
improvement) for those tasks where stable performance is a prerequisite for proper evaluation.

Some experimenta data may be collected automatically using the TMC computers to record
data such as response times, operator control actions, and other such indices. In generd,
though, most data will be recorded by human observers with pencil, clipboard, stopwatch, and
other such tools. Humans should be consdered imperfect as data recorders. It is recommended
that, a least initidly, two such observers record the dataindependently. If it is found that there
isavery high degree of agreement between the two individuas data sets, it may then be
possible to reduce data collection to one observer.

At the conclusion of data collection, data may be andyzed in two ways, descriptive and
inferentia, as defined in the MOT document. For most pass-fall tests of asingle system,
descriptive gatistics will provide al of the data required. These might include:

The percentage of Subjectsthat could initidize the system without assistance.
The mean (average) response time to a computer message.
The mean number of joystick movements.

For tests to select between two or more aternatives (monitor brands, screen layouts),
inferentid gatistics will be required. Such questions might include:

1 Isscreen layout A more intuitive than layout B as measured by the number of subjects
who could initidize the system without ass stance?

1 Isscreen layout A more legible than B as measured by the number of probe vehicle
icons found by subjects within 10 seconds?

1 Isheadset A more comfortable than headset B based on comfort ratings?

Various gatistical methods are appropriate, depending on the nature of the data and the way
that it was collected. For some gatistics, for example, it isimportant that the data be distributed
asif it came from anormd, bell-shaped curve. For other satistica methods, such assumptions
are not necessary. The HFT& E consultant should play amgor role in designing tests from the
standpoint of meeting these datistical requirements.

Document the results. The results of the summative HFT& E should be reported, formally, to
program management. The documentation should review the context of the evauation, present
the test objectives, describe the methods used to accomplish the test objectives, and present
the results. The results should be organized by test objective. For each objective, present a
“pass’ or “fal” judgement. If the systemsfailsto meet the criteriafor any test objective, present
design or management recommendations for remedia actions.
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3.1 Approaching Function Allocation and Task Analysis

The TMC isacomplex and interdependent system of humans and machines. Proper functioning
depends upon the designer recognizing the roles of humans and machines from the beginning of
the design process. Some tasks such as traffic sensing with loop detectors will be performed
entirdly by automation. Others, like voice communication, may rely entirdly on human actions
and decisons. But afar share of the mogt critica tasks will be accomplished through a
humar/system interface, with the operators and computers contributing their own inputs and
outputs, according to the task at hand.

Desgn of systemsfor effective human use requires design gpproaches that are unfamiliar to
many engineers. Numerous otherwise well-designed systems have failed to meet their designers
expectations because the designersinitidly defined requirementsin terms of machine
capatiilities, overlooking the requirements of the users. Design for effective human use requires
the same systematic approach used in the design of functiona hardware and software
components. The andys's and design process is complicated by the variability and complexity
of human behavior and performance, but without such analyss the syslem may not perform
satisfactorily.

User-centered design is different from traditiond design philosophies because of its emphasis on
andyzing the operation of the TMC interms of functions and tasks required for traffic
management rather than initialy specifying machines and then training human operators to
operate them. Proper task andys's focuses on outcomes of the system, and suggests ways to
integrate the human and automated components of the system.

The techniques described in this chapter dlow the designer to understand what TMC operators
and other personnd do in the execution of their jobs. In this activity, the designers subdivide



3.2

TMC operationd requirements and functions into a series of well-defined activities. Thorough
task anays's includes determination of inputs, decisions, outputs, consequences, and
opportunities for automation for each identified task.

Design andyses, as organized for this handbook, comprise severd related activities. These
include function alocation and traditiond task analys's, described in this chapter; error anadyss
and the identification of human performance congraints, covered in Chapters 4 and 5; and the
design of jobs, discussed in Chapter 6.

These andyses typicaly employ the inputs of apanel of experts. A properly organized andyss
team includes experienced traffic engineers, managers, and operators dong with systems
andydts, system integrators, architects, and engineers, including human factors engineers.

It isimportant in the TMC design process thet the andysis and design team include members
who are not intimately familiar with the existing system and procedures. If the task isthe
development of anew TMC that replaces an older one, limiting guidance sources to traffic
engineers and managers of the old facility will tend to make the new design derivative of the old
one and ineffective practices may be preserved. Familiarity with old designs and procedures
may blind designersto better idess.

Performing Function Allocation and Task Analysis

The process of identifying, defining, and analyzing functions and tasks is organized into five
interdependent operations:

1 Objectives definition. The step in which the top-level objectives of the specific TMC
are documented. One TMC may have specia event parking optimization as a mgor
objective; another might manage traffic only on the freeways. Each TMC may have
different sets of objectives and priorities.

I Function definition. The step in which al actions or functions necessary to carry out a
gpecific TMC objective is defined and described in detail. These actions can include
one or more of the following to achieve the objective: information collection,
communication, processing, decision making, decison implementation, planning, data
sorage, and adminigtrative support.. These functions are defined independently of how
they are performed (i.e., by human or by machine).

I Function allocation. The gep in the design of human/machine sysems in which system
functions are assigned to the operator, to automated machine processes, or to a
combination of human and machine processes.

I Human performance analyss. Theidentification of specific task criteria (task
completion speed, accuracy, and/or other parameters such as skill acquisition) to be
achieved by the operator based on system function requirements.
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I Task analysis. The systematic breskdown of atask into its dementsincludes a
detailed task description of both manua and mentd activities, task and element
durations, task frequency, task alocation, task complexity, environmenta conditions,
necessary clothing and equipment, and other unique factors involved in, or required for
one or more humans to perform a given task.

Objectives definition

The determination of system objectives is driven by the established mission of the TMC. For
example, alist of basic system objectives that should be used to guide the design of a generic
“ided” traffic management system was defined by structured interviews with a group of traffic
management experts who were nominated by their peers as visonaries. These objectives
indude: 7

I Maximize the effective capacity of existing roadways.

I Minimize theimpact of roadway incidents (accidents, stdls, falen debris, etc.) on travel
times without compromising public safety.

1 Assg inthe provison of emergency services.
1 Contribute to the regulation of demand.

I Mantan public confidence in the traffic management system.

Function definition

Function definition proceeds from the specifications, requirements and congtraints identified and
vaidated in the first design stages (Sections 2.2.1 and 2.2.2). At this point, functions are
identified and constructed as broad statements of work to be performed by the sysem asa
wholein order to meet its misson objective(s). The function list should include every operation
and activity required to meet these objectives. Note that, at this point, we have not yet defined
whether activities will be performed by humans, by automated equipment, or jointly by a human
using acomputer. Table 3.1 lists 104 generic TMC functions derived by one organized analyss
team.



Table2-1. Generic TMC functions.

INPUT

THROUGHPUT

Detect vehicle locations

Assess current load

Detect vehicle speeds

Anticipate near term traffic conditions

Sense roadway surface conditions

Select best traffic control option

Receive BIT reports

Determine need for incident detection support

Receive ad hoc component status reports

Track special vehicles

Sense visibility conditions

Predict traffic conditions given current options

Verify incident data

Determine remedia maintenance needs

Monitor incident clearance

Assess predicted traffic conditions given options

Receive traffic volume reports

Assess traffic management effectiveness

Receive probe vehicle reports

Determine software upgrade needs

Receive ad hoc travel time reports

Determine hardware upgrade needs

Receive ad hoc roadway condition reports

Determine personnel upgrade needs

Receive O-D data

Determine preventive mai ntenance needs

Receive commercial rail traffic data

Identify anomaliesin traffic patterns

Receive ad hoc commercia rail traffic reports

Determine source of anomalies

Receive weather service data

Predict multimodal demand given current options

Receive ad hoc weather reports

Determine ATM S responsibilities

Receive interagency incident reports

Determine need for incident services

Receive ad hoc incident reports

Determine appropriate ATM S response

Receive ad hoc incident response reports

Assess multimodal capacity

Receive interagency response data

I dentify demand regulation options

Receive interagency emergency response data

Predict multimodal demand

Receive ad hoc emergency response reports

Assess predicted multimodal demand

Receive interagency datafrom alternative
transportation modes

Monitor compliance with ATM S advisories

Receive interagency special event reports

Monitor compliance with other advisories

Receive ad hoc special event reports

Assess survey data




Table 2-1. Generic TMC functions (continued).

INPUT (Continued)

THROUGHPUT (Continued)

Receive public comments

Assess ad hoc public comments

Receive requests for public relations activities

Plan public confidence enhancements

Receive requestsfor historical data

SUPPORT

Receive requests for simulation studies

Store electronic hetwork data

OUTPUT

Retrieve electronic network data

Control railroad/bridge crossings

Store €electronic incident data

Post route advisories on information outlets

Retrieve electronic incident data

Provide route advisories to other users

Retrieve hard copy of incident reports

Post speed advisories on information outlets

Perform data base management

Provide speed advisories to other users

Provide traffic management training

Post travel advisories on information outlets

Provide maintainer training

Provide travel advisoriesto other users

Provide incident management training

Post mode sel ection data on information outlets

Provide specia eventstraining

Provide mode sel ection data to other users

Develop strategic traffic management plans

Transmit electronic maintenance requests

Develop special event traffic contingency plans

I ssue special maintenance requests

Develop traffic management contingency plans

I ssue upgrade requests

Receive directives

Transmit electronic incident service requests

Develop policies

I ssue special incident service reguests

Specify procedures

I ssue requests for information

Implement policy and procedures

I ssue requests for on-site traffic control

Perform fiscal planning

Transmit electronic incident reports

Perform budget tracking

I ssue special incident reports

Perform evaluations

Transmit el ectronic incident management reports

Perform personnel selection

Provide historical traffic data

Maintain personnel records

Provide simulation reports and
recommendations

Maintain communication w/incident responders

Provide public relations information

Coordinate multi-agency incident response

Coordinate multi-agency emergency reasons

Coordinate multi-agency transportation planing




3.2.3 Function allocation

After the functions are defined, there are avariety of proven frameworks available to system
designers for performing the design steps of function alocation and task analysis. Sections 2.2.3
and 2.2.4 include discussions of how these activities fit into the larger process of design. The
section that follows will provide an understanding of the process and a selection of guidelines.

Function dlocetion is often the first point in the design process where critical decisons must be
made about the role of the operator. Section 2.2.3 includes a discussion of procedures,
methods, and tools for function alocation.

The most common misconception that complicates function alocetion is the either-or illusion.
Many desgners presume that there is one set of functions that should be handled by machine
and another by humans. In fact, many of the most critical functionsin TMC operations are best
handled by the integrated efforts of human and machine. |dentifying these partly automated
tasks will probably require more study and indgght than other eements of task analys's; but
failing to identify them and assign proper interface strategies could cause problems when the
TMC isin operation.

Allocating functions to one side or the other of the human/system interface relies on severd
generd principles derived from the Fitts List (See Figure 2-7). The following guideines
summarize issues to congder when deciding how to alocate functions among humans and
machines. The first guideline recommends when to congder automation of tasks that exceed
human limitations. The second guideline recommends where the skills of human operators
should be empowered to encourage beneficid achievements.

3/1 Human Limitations and Automation (Recommendation; 125)

Environmental Constraints. Allocate a function to the machine when
environmental constraints limit human performance. For example,
observation cameras on elevated mounts in all weather; use of human
observers in such a function would be neither cost effective nor humane.

Sensory Ability Limits. Allocate a function to the machine when human
operators are not afforded adequate sensory input. Traffic sensors respond
to events not easily monitored by humans. For example, events such as
changes in level of traffic moving past a point on the highway are outside the
sensory range of a TMC operator.

Speed/Accuracy Requirements. Allocate a function to the machine when
requirements for speed and accuracy exceed human capacities. Monitoring
streams of code on a video display that represent raw sensor status, for
example, is a task much better suited to the machine.



High Information Volume. Allocate a function to the machine when
information arrives in such speed and volume that human processing
capacity is overloaded. This addresses the human limitations for processing
and acting on input. Swarms of discrete impulses in raw form from traffic
sensors at multiple sites are likely to overwhelm human input capacity. The
information system must process and display the data so that important
elements of information are called to the operator's attention.

Excessive Memory Requirement. Allocate a function to the machine
when information is produced in such large quantities that human memory
capacity is exceeded. Cumulative traffic sensor counts and signal conditions
are of such complexity that they will quickly overwhelm the human capacity
for encoding them. A critical machine function in such cases becomes data
fusion (Chapter 13), which presents data in a processed form that makes it
accessible for analytical assessments in which the human has the
advantage.

System Performance Monitoring. Allocate a function to the machine
when continuous performance surveillance is required. Humans are relatively
poor "self-monitors." Unlike humans, machines do not become bored,
distracted, or fatigued.

Precise or Repetitive Tasks. Assign to the machine tasks that require
extremely precise manipulations, continuous and repetitive steps, and
lengthy or laborious calculations.

3/2 Human Empowerment (Recommendation; 125)

Response to Unusual Events. Allocate a function to the human when the
interpretation of, and response to, unusual or unexpected events is required.
If a traffic situation cannot be fully identified and classified using automated
algorithms, then human interpretation and more complex decision making is
required. The machine may respond with a potentially incorrect set of actions
or simply fail to act.

System Effectiveness. Choose an allocation approach that maximizes
total system effectiveness. Avoid decisions based solely on the ease or
difficulty of automation; system performance in the long run is more
important. If a graphical user interface (GUI) will have to be designed for your
application at a higher initial cost than a package with a less usable
interface, consider the effect on the total system.

Operator Workload. Couple humans with machines in such a way that the
humans are not compelled to work at peak limits all or most of the time.
Imagine the frustration of having to work on an assembly line that moves



slightly faster than the sustained ability of the human workers to
accommodate its pace.

Human Motivation. Couple humans with machines in such a way that the
humans can recognize or feel that their contribution is meaningful and
important. Operator abilities are not well used in a job that merely requires
serving a machine.

Information Flow. Couple humans with machines in such a way that
information flow and information processing are natural. Learning time is
reduced and human performance will be improved by natural and intuitive
user-computer interfaces. An obvious example is the design of computer
interfaces so that they make sense to the operator rather than to the
programmer. Provide information in the operator's natural language; pay
attention to display stereotypes (e.g., red color indicates a problem or
hazard); ensure meaningful icons on the graphical interface by testing
candidate icons on the target population.

Operator Intervention. Design the human/system interface on the
presumption that the human might at some point have to take control. The
nominal mode may be automatic, but there will inevitably be cases for which
the system will need human capabilities for judgment and initiative, and for
perceiving things the machine cannot recognize. Design the system to allow
the operator to perform all of the computer’s functions manually, if required.

Automation and the Operator. Use the hardware and software to aid the
operator; do not use the operator to complement a predetermined
hardware/software concept. Let requirements, not elegant technology,
drive design decisions.

3.2.4 Human performance

The andysis of the performance that will be required of the operator, and the performance that
can be expected of the operator, are key factors in function alocation and task andysis. This
gep, therefore, must be tightly coupled with the function alocation and task anadlyss steps.
Chapter 5 is dedicated to this step, and Section 2.2.6 places these activities in the larger TMC
design context.

Critical factors. Asfunctions are dlocated to e ements of the system, compare expected
operator abilities with the human performance requirements. Bailey suggests that the critical
factorsare;

Human error.
Processing time.
Training time required to reach minimum skills.



Job stisfaction.

Sour ces of performance data. Much of the problem in defining human performance require-
ments lies in identifying sources of performance data. Thereisavariety of such sources:

Studiesin the laboratory and, in particular, sudies using task simulation. ®
Thisis an attractive option when the misson of a TMC has changed sgnificantly, and
new systems and procedures are being considered. Facilities that can Ssmulate most
TMC tasks have been developed. As laboratory smulations come into use, they will
alow the assembly of performance data bases for use by designers and provide atest
bed for innovation.

Operational data. *® These data can be derived from studies a existing TMC's, and
should include both observation and analys's of routine operations and structured
exercises, such as discussons with TMC personnd, from which objective performance
dataare drawn.

Subijective data. *® The term “subjective’ often connotes offhand experience, clouded
by narrow viewpoint and persond bias. In fact, it isarich source of ingght when
collected and properly assessed. Information for this handbook, for example, was
drawn from Structured surveys and interviews and from discusson in focus groups
composed of subject matter experts and experienced traffic engineers.

Figure 3-1 shows the relationships among these data sources. These sources are excellent for
prediction, evauation, and specification of human performance. Knowing the measured human
capabilities permits the introduction of such datainto system design, and this information can
aso be gpplied to performance standards for sdection and training. At the design levd, they
provide designers with materia for determining the alowable human performance limitsin the
tota system.

An important source of performance datais available in exisgting TMC's. The collective
experience of trained operators and supervisors can provide many of the most useful insights.
Such observations may be of more use than incidenta performance information stored in data
banks for smilar organizations (e.g., nuclear power plant control rooms and air traffic control
centers).
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Figure 3-1. Human performance data and sour ces (after Boff & Lincoln, 1988).

The designer and the human factors practitioner must be cautious in the use of existing
performance data. These data should be examined for limitations and these limitations should be
taken into account when considering their value for usein the TMC design: 8

Data from laboratory studies are sometimes of comparatively little value for application
to system design because they are limited to controlled and artificid conditions. The
problem hereisone of external validity, the degree to which laboratory results can be
generdized to the rea world (See Section 2.3.2.). Data from laboratory studies are
generated under controlled conditions that emphasize internal validity, the degree to
which the experiment measures the desired effect (for a discusson of what this means
to the design team in its own testing efforts, see Section 2.3.2). Thisis not to say that
such data are usdess; in fact, they often form the basis for Sudiesin more redigtic
Setings.

The amount of empirical data formatted into data banks and derived from formal
psychometric processesislimited. Some of thisinformation isin the form of “expert
opinion,” sometimes gathered using forma psychometric methods, but most often



amply included as recorded. It is difficult to know the comparative vaidity or each
source, and how readily it can be gpplied to the TMC.

1 Few guantitative performance standards exist. There are severa reasonsfor this,
among them (@) it is difficult and burdensome to specify detailed performance
standards, (b) employees do not generdly like to work to precise quantitative standards
and supervisors do not wish to be bound by them, and (c) unless the standards are
developed by qudified people, ther rdiability is suspect.

3.25 Task analysis
Task andyds can be divided into four main stages:

Stagel: Determinethe system dructure.

Stage2:  ldentify the tasks that make up system functions.
Stage 3. Organize tasks into a flowchart.

Stage4:  ldentify work modules.

How to deter mine the system structure. The objective of this step isto determine the
digtribution of task complexity and match it to jobs. A TMC manager, usudly atrained traffic
engineer, can handle tasks of rather high complexity requiring ardaively large and diverse
body of knowledge, skills and ahilities; collectively cdled “experience.” A task for a supervisor
or technician may be defined a a high leve of experience. Entry-level personnd, on the other
hand, may be more effective in tasks that are lower level — that is, requiring less experience.

In generd, personnd with little experience can perform in dmaost any environment if the tasks
can be designed at alow enough level. Often, the advanced TMC is so complex that it is
impractica to set task levels very low. It requires higher levels of experience because of this
complexity.

The stes visted during preparation of this handbook showed a wide variation in manning
philosophies. One ste alowed only engineers as operators, another required only a high school
diplomaand average verba communication skills. This represented two distinct tasking
philosophies, and it was apparent that the nature of the tasks had evolved in each case to fit the
capabilities of the operators.

Determination of task levels should be based not only on the technica capabilities of the
hardware and software subsystems, but also on the people who will be operating them. For one
thing, personnel with very high technica skills may not be avalable or affordable. Even if
enough operators with high technica skillsfill the important pogtions, there will be lower-leve
employees who want to advance in the system and find themselves blocked by the imposition of
higher-levd task sructures. There isadistinct advantage to building a system in which knowl-
edge and skillsincrease in away that alows personnel to move to more demanding jobs
without leaving the TMC system.



| dentifying tasks. There are & least Six indispensable activities for task identification:

Determining existing knowledge and kills.

Deriving kill level categories.

Identifying inputs and outputs.

Deriving lower leved activities.

Ensuring thet the activities are mutudly exclusve and exhaugtive.
Matching activity complexities with previoudy determined skill levels.

The process of task andyss requires a thorough familiarity of the working environment and the
work force involved. The factors that make up “complexity” are not easily derived without a
knowledge of what operators will be doing, including the activities associated with infrequent
incidents that require intricate responses and decisons under stress. Most task analyses need
not be exhaudtive, particularly if ample experience exists within the community designing and
implementing the TMC. The following congderations should support your task andyss

Thetask should be defined in terms of duration. Thisrequires the designer to consder (@)
the time in which the task must be performed (system requirement) and (b) the anticipated time
for the operator to perform the task (performance requirement). A comparison of (a) and (b)
that yields a discrepancy in duration isawarning flag — of particular importance if the function
in question is essentid to the TMC mission. If thereis no way that operator performance can be
made to meet system requirements, then the task must be modified — either by automating
activities or by redesgning the way the task is to be accomplished.

Thetask should be defined in termsof criticality (error consequences).

This assessment of criticality is derived from potentid errors, the effect of each potentid error
on system operation, and the relative criticdity of each of the errors. Error andysisis discussed
at Section 2.2.5 and in Chapters 4 and 11.

Thetask should be defined in terms of the difficulty of attaining correct performance
(error likelihood). Errorsin the TMC can have dire consequences. Faulty entry to asigna
control system, for example, could inadvertently set al lights blinking red (most such systems
are designed to prevent accidentd creation of dangerous, as opposed to annoying, conse-
quences). Errors are more likely in difficult tasks, and designers generaly focus on tasks that
are identified as both critical and difficult. Certain characterigtics are generdly associated with
difficult or error-prone tasks:

I Theinput which initiates the task requires precise discriminations or fine motor
responses. For example, a GUI that uses alarge number of complex iconsthat are not
eadly discriminated, or are too closdy spaced to be reliably selected by the pointing
device, produces an increased likelihood of errors.

I The operator's response to the initiating inputs must be performed so quickly that he or
she has problems keeping up with the initiating inputs. Interfaces that post changesin
status too fast for timely response can cause problems for operators, they may keep up



for atime, but errors then become cumulative as smal mistakes build up and destroy
efficent “pacing.”

1 The accuracy demanded of the operator is excessive.
I Thetask must be coordinated precisaly with other tasks performed by other personnel.

I The environment in which the task is performed tends to degrade task performance.
For example, a control room in which radio operators and other TMC personnel are
working together without acoustic shielding may be excessively noisy, particularly at
critical moments (as during the reaction to a serious incident, with a combination of
police reports, emergency communications, and other noise sources).

I Information from multiple sources (e.g., severd displays) must be coordinated by the
operator in order to make a decision. Rapid assessment of an incident viaCCTV
images, for example, is complicated by the fact that the operator must trandate map
information (from large diplay or from screen mapping digplays) to a monitor view,
then integrate the information. Since it is easy to make an error in estimating the
direction a camerais pointing, an operator may commit a fundamenta error such as
identifying an accident in the northbound lane as one in the southbound lane.

1  Thereislittleinformation available on the bass of which adecison must be made or an
action taken.

1 Short-term memory requirements for task performance are excessive. While
immeasurable amounts of information can be stored long-term in the human brain for
later retrieva, short-term capacity is limited (See Section 5.4) in capacity and duration.

Task difficulty and workload. Task difficulty may dso be defined in terms of workload. In a
control room situation, the principa varigble is mental workload. Unfortunately, mental
workload is very difficult to measure. More detalled discussions on workload are found in
Chapters 5, 6, and 7 and methods and tools are explained at Section 2.2.6; but as a genera
way of understanding the concept we use the model proposed by Wickens. 422 Figure 3-2
shows the relationship between demands of the system with respect to a given task and the
capacity of the human operator to service these demands. The degree to which the operator
meets performance requirements (“primary task performance’) will drop off when available
resources are exceeded by demands.
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Figure 3-2. Human resour ces and task performance (after Wickens, 1984).

In essence, system demands may be defined as (a) within the capacity of the operator or (b)
beyond the capacity of the operator. In the first case, the operator will maintain aresidud
capacity (“reserve capacity”), as any human in the system should do in an operationd setting.
In the second case, there is no reserve capacity. The quality of task performance will steadily
decline as demands grow beyond capacity while morale and operator hedth also can be
adversely affected. In system design, there are ways to address these factors.

It is extremely desirable to define workload during this phase of the design process. This will
provide information needed to plan the alocation of functions to humans, hardware, and
software, and the allocation of tasks among operators. The Smplest approach is to equate the
workload with the number of tasksthat must be performed a agiven time. A time line andysis
is useful here, and the method is described in Section 6.6.

It isaso possible to conduct an analysis that estimates workload based on rated task
difficulty. However, we caution that workload and task difficulty are not equivaent, and such
edimates are likely to be gpproximate at best. Even experiments under tightly controlled
conditions may yield ambiguous assessments of workload, and in some cases experience may
be the best guideline.

A sample of apartid task andysisis shown in Table 3-2. Activity isorganized in this example
as functions, which are high level descriptions of the TMC's misson. Each function contains
one or more tasks, which are components of operator performance that support awork
module, but are independent in that they result in an identifiable outcome (“enter incident data’).
The tasks must frequently be decomposed into discrete subtasks that represent activities that
are distinct enough to be andyzed separately, but are clearly contributing to the completion of
an identified task.



In the example, Task 2.3 (“Estimate congestion's potentid impact”) is clearly ahigh-level task,
requiring not only extensve training in the interpretation of system information, but aso quite a
lot of experience in the nature of traffic incidents. It is not likely that anew or inexperienced
operator could perform this function effectively. Task 1.3 (* Activate data screen changes’), on
the other hand, isafairly low-leve task, requiring only knowledge of the computer interface
and aminimum leve of manud dexterity. Task 2.2 (“Emergency natification”) lies somewherein
between; it isafairly complex function, but one that requires only a knowledge of sandard
procedures.

Note that errors may occur in high-level or low-level tasks. The source of the error
(manipulation of amouse a the lower end, incorrect assessment of complex interactions at the
higher end) may differ, but probailities of error may not be entirely contingent on task
“difficulty.”

Figure 3-3 shows arough andyss of task and subtask complexity for the examplesin the table.
Measures of task complexity can be derived from expert opinion of TMC operators or
designers, from existing performance/error data, or from experiments. In generd, high
complexity represents either ahigh level of expertise or adequate experience and training to
integrate a variety of lesser activitiesinto an integrated, synthesized plan. This can be used to
provide input for workload profiles, (Section 2.2.4. and Figure 2-15.)

Organizing tasks. In Figure 3-4, the function of deding with atraffic incident isillugtrated, a a
fairly high leve, in an operationd flow diagram. This example incorporates an entire work
module — in this case, a critica operationa procedure. We should note, however, thet this
function does not necessarily describe the tasks of one operator. An incident requiring al these
activities will probably involve severd team membersin the control room, automeated
equipment, and the active cooperation of outside agencies such as ate police, emergency
sarvices, and informetion officers.

The tasks that comprise this function are shown as squares (“actions’); information that feeds
into the execution of tasks (traffic sensors, CCTV images, communications from other sources,
eg., date palice) or istransmitted out of the TMC (communications and system commands) is
shown asinverted triangles, existing reference information (e.g., TMC operating procedures) is
represented by a shield. Decisons (hexagons), if not automated, condtitute tasks as well. In this
case, dl decisions are made by operators (i.e., not automated). Note, however, that automated
system output to operator displaysis critica to many of the operator functions.



Table 2-2. Exampleinitial task analyss.

Taskswill differ in avariety of waysacrossindividual TMC's, because of variationsin mission, staffing and
philosophy. This sampl e first-pass selection shows specified activities performed by typical operatorsin
representative situations.

Characteristic
Function Task Subtask Error
1. Monitor traffic 1.1 Receive updated
conditions. real-time traffic flow
data from computer.
1.2 Scan the video display. 1.2.1 Scan for
congested areas.
1.2.2 Scan for
congestion.
1.2.3 Scan for
potential alternate
routes.
1.3 Activate data 1.3.1 Select Choose wrong
screen changes menu items icon.
with mouse.
1.3.2 Enter codes Enter incorrect
via keyboard. code.

1.4 Interpret graphs,
maps, and text on
video display.

1.5 Discriminate ab-
normal flow patterns
from normal flow

patterns.




Table 3-2. Exampleinitial task analysis (continued).

Function
2.

Analyze traffic
incidents and
implement plan
to relieve non-
recurring conflict
situations.

Task

2.1 Identify traffic
concern.

2.2 Notify police,
emergency, fire, and
medical teams as
the situation requires.

2.3 Estimate con-

gestion's potential
impact.

2.4 Effect routing
plan options.

2.5 Enter incident
data.

Characteristic

Subtask
2.1.1 Detect information

Error

suggestive of incident.

2.1.2 Locate site of
incident.

2.1.3 Categorize in-
cident type.

2.2.1 Manipulate
controls.

2.2.2 Communicate
through headset

or telephone.

2.3.1 Estimate duration
of congestion.

2.3.2 Estimate accident
clearance duration.

2.3.3 Predict effect on
traffic pattern.

2.4.1 Identify alternate
routes.

2.4.2 Predict effect of

each alternative on
traffic flow.

2.4.3 Compare alternate
routing plans.

2.4.4 Select alternate
routing plan.

2.5.1 Select from menu.

2.5.2 Enter data

2.5.3 Transmit information
to other operators.

Enter incorrect
number or

frequency.
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Figure 3-3. Assessment of work complexity of activities, tasks and work modules.

Figure 3-5 shows the last task in the work module sequence which consigts of closing out the
incident by entering information into a data base that stores such information for later retrieva
and analyss. This diagram shows the series of subtasks undertaken by a single operator. The
loop that describes avisual check for correctness of information entered into the system
indicates a possible error source that could be influenced by the leve of training and experience
of the operator, the complexity, rdiability, and volume of the information to be entered, and the
interface design.
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4.1 Human Error isImportant to System Designers

Y ou are driving on a suburban freeway during the morning rush hour, and see a changegble
message Sgn that informs you that there is an * accident ahead; |eft lane blocked.” Y ou and
other drivers attempt to move into the right lanes, but you never encounter the accident or
blockage. Y ou are inconvenienced, and traffic is sgnificantly dowed. TMC operator errors,
likefailing to turn off the VM S warning message after the accident has cleared, can have
serious effects on ATMS effectiveness and credibility.

Human error isanorma characteristic of human behavior. It occursin many formsand in dl
environments. It is not dways easily understood or prevented. Human factors research and
experience have provided useful principles for classifying errors and for reducing ther
probability and consequences through system design.

This chapter presents an introduction to the types of errors humans are likely to make, and



provides some generd principles and guiddines for designing error-tolerant systems. Other
chaptersin this handbook address specific design strategies to reduce the frequency and effects
of errors.

4.1.1 Dealing with error systematically

This chapter deds with the science of human error. Designers should use this part of the
handbook to gain an understanding of the types of errorslikely to be encountered in the TMC
and the generd guidance for reducing error probability. Specific examples of operator errorsin
the TMC and error-reducing design guidelines are found in this and other handbook chapters.

Typicdly, the term “human error” refersto awide variety of events that share two defining
characteristics— a human took an action (or neglected to take an action) and the
outcome was unacceptable. This chapter further defines human error, and addresses methods
to andyze and classfy errors.

The potentid for error exists in any system of which humans are a part. People don't perform
with the same uniformity as machines. The boundaries between acceptable and unacceptable
performance are often unclear. Actions that seemed correct when they were performed may be
judged to be erroneous after the undesirable outcomes are known.

The likelihood of human error can be strongly influenced by the design of the machines people
use. Operators make fewer errorsif systems are designed in accordance with sound human
factors principles. One of a system designer's god's should be to ensure compatibility between
operators and machines. Thus, system designers should have abasic understanding of error and
of the system design features that influence the probability or consequences of errors.

4.1.2 A definition of error

Mogt lay definitions of error include the concept of an incorrect action, which is ingppropriate,
mistimed, misplaced, poorly chosen, or poorly executed. James Reason, a psychologist who
has studied human error and its rdationship to complex systems, offers the following definition,
which will be used in this chapter:

Error will be taken as a generic term to encompass all those occasionsin which a planned
sequence of mental or physical activitiesfailsto achieve itsintended outcome, and when these
failures cannot be attributed to the intervention of some chance agency.

Human behavior isimmensdy variable. We have the capability to assess a Stuation we have
never encountered before, draw conclusions about it, and respond to it in an adaptive manner.
This cgpability draws on the unique cognitive ahilities of the human species, and has been
essentid to our surviva and to our accomplishments. But it dso means that our conclusions will



sometimes be erroneous, our responses not the most gppropriate (or not perfectly executed),
and our timing imperfect.

Chapter 6 (Job Design), and Chapter 11 (The User-Computer Interface), will present in
some detail the specific methods which can be used to factor the possibility of human error into
adesign. The current discussion concentrates on recognizing various types of errors. This
should help the reader understand the ways in which humans behave when interacting with
complex systems. This understanding is a foundation for user-centered system design. This
chapter also contains suggested methods for documenting and andyzing errors. Findly, this
chapter presents a brief explanation of the principles of designing systems to reduce error and
its consequences, with generd guidelines for error-reducing and error-tolerant design.

4.2 TheTypesof Errors

It iseasier to understand the nature of errors and thelr reationship to system design if we can
categorize errors by type and identify their important features. Severa classfication schemes
have been proposed to categorize human errors. Two of these will be discussed here. They
have been chosen because they provide foundations for guiding the design of human-machine
gsystems. Thefirg (in Section 4.2.1) examines intended and unintended actions, and the resulting
errors of intention and of execution. The second (in Section 4.3.1) concentrates on decision
making errors when incomplete or uncertain information must be used. Each has consequences
for system design.

4.2.1 Errorsarerelated to the operator'stype of behavior

Operator behavior can be assigned to three levels, depending upon the level of mentd
processing controlling the behaviors. ©°® This modd of operator behavior assumes that the
operator has had considerable timeto learn his or her job. An example would be an
experienced driver operating a andard transmission vehicle.

Thefird leve, skill-based behavior, includes those actions which have become “automatic.” In
the driving example, this would include actions such as depressing the clutch and moving the
gearshift lever to shift gears— actions performed with little or no conscious atention or
thought. Thistype of behavior is most commonly used in routine action sequences when the
gtuaion isfamiliar.

The second leve, rule-based behavior, occurs when oneis conscioudy atempting to reach a
god or to solve aproblem. It refers to behaviors where the operator uses arule, an “if-then”
statement, to decide upon the gppropriate action. In the driving andogy, the driver might have
been given directions to head east a an intersection to find his or her god, and may invoke the
rule, “If | am facing north, east isto my right” to decide which way to turn. A ruleisavailableto



guide the behavior, but the behavior is not automatic.

Thethird level of operator behavior, knowledge-based behavior, ismog familiar ina
problem-solving or troubleshooting setting. In this case, the learned or available rules or
routines are not sufficient to specify what to do next, and the operator must rely on his
knowledge and understanding of the system to select an appropriate action. The driver in this
case might find himself plotting a new route to avoid congtruction, or trying to determine the
cause of astrange noise under the hood.

The chief differences among these three levels are in the conscious attention given to the
actions, the awareness of a challenge or problem to be solved, and, finaly, the types of error
associated with each.

During thefirst level of operator behavior, skill-based behavior, operators may be thinking
about another task or may even be daydreaming. Typica errors during skill-based behavior are

dipsand lapses.

Sips are the execution failures, in which an action sequence continues to the wrong conclusion.
For example, an operator catches himself entering the wrong sequence into a variable message
sgn.

Slips show up most frequently in skilled behavior. We don't make so many dipsin thingswe are
dill learning. In part, dipsresult from alack of attention. On the whole, people can conscioudy
attend to only one primary thing at atime. But we often do many things at once. We can do
more than one thing a atime only if mogt of the actions are done automatically, subconscioudy,
with little or no need for conscious attention.

Lapses are the memory (storage) failures, as when an operator forgets the appropriate
sequence for acommand entry or becomes distracted and forgets to perform an important
procedurd step as in the following example:

AN OMITTED KEYSTROKE

Preparing for the major special event, the TMC operator spent about 30 minutes manually fine-
tuning the signal timing plans for intersections in a large part of the downtown area. Suddenly, all of
this work was erased when a preprogrammed time-of-day timing plan took effect. The operator had
forgotten to input the keyboard command that would have disabled the automatic change.

Rule-based and knowledge-based behavior, because they require more attention, are more
likely to result in the kind of errors known as mistakes. Mistakes are the errors that occur
when operators misconstrue a Situation or select the wrong solution to a problem.



Mistakes may be defined as deficiencies or faluresin the judgmentd and/or inferentia
processes involved in the sdlection of an objective or in the specification of the meansto
achieveit, irrespective of whether or not the actions directed by this decison-scheme run
according to plan. ©®

If the driver turns on his lights when he intends to turn on the windshied wipers, thisisadip.
The intention is correct, but the execution iswrong. If the north-facing driver decides thet to go
eadt he should turn left when in fact he should turn right, it isamistake. Heis usng an invdid
decisonrule.

Reason further differentiates rule-based mistakes from knowledge-based ones. Rule-based
mistakes follow from the wrong choice of rule, or from incorrect gpplication of arule or
procedure, which in turn may be caused by a misinterpretation of the problem situation or by
other causes. Rule-based mistakes are somewhat easier to predict and to diagnose than are
knowledge-based mistakes. More important, it is easer to minimize them through appropriate
design.

Knowledge-based mistakes, on the other hand, are quite unpredictable, since they are based
on the individud's unique menta modd of the system and his or her reasoning process. An
example of arule-based mistake for our driver was given above: if in fact he was not facing
north when he applied the “east ison my right” rule, he would take awrong turn. A knowledge-
based mistake would occur if he did not know the rule, and acted on an incorrect recollection
of the neighborhood geography.

4.2.2 Design implications of error types

Why isit useful for a system designer to understand theories of human error? The theories
make some predictions and observations which are worthy of attention. These have design
implications that will be summarized in this chapter and discussed more fully in Chapters 6 and
11.

Most people can remember dipsthey have made (e.g., putting objects in the wrong place,
absent-mindedly taking the wrong freeway exit, diding the wrong phone number). Often, dips
occur when familiar action sequences are interrupted or confused with each other. One starts
out to do one thing and ends up doing another, inappropriate to the origind intention.

A familiar error example is a skipped step in a procedure. The implications of such errors can
range from the trivia to the catastrophic; from aletter mailed a day late to an arliner touching
down on the runway with its landing gear up. In between would be such errors as forgetting to
end the automatic rotation of changeable message Sgns, or amessage advertisng upcoming
radio traffic reports at the close of rush hour. In system operations, a common design solution
used to prevent errors of omission isthe use of formal procedures and checklists. Many such
alds can be automated, with the software programmed to prompt for the next sepina



procedure or to query the operator if the mogt likely next step is omitted. The familiar message
“FILE CHANGES NOT SAVED; EXIT ANYWAY?' isan example of thisdtrategy. Ina
traffic management center, one might choose to include automated reminders — for example,
to ensure that al procedures needed at the end of morning rush have been performed.

Unfortunately, mistakes are typically less easly detected than dips. In amigtake, the action
supports the intention and may proceed smoothly. The intention seems reasonable, given the
interpretation of the problem stuation. Thus, amistake is not usudly detected until it has an
undesired effect; we do not redize that we should have turned right until we arelost. At the
Three Mile Idand nuclear plant, avave display was interpreted as showing that that valve was
closed (when fact it was stuck open). The resulting actions taken by the control room crew
were not discovered to be inappropriate until a sequence of wrong actions had been
performed.

It is necessary to find ways to cause operators to stop and confirm their judgments before
taking irreversible actions. It is helpful to provide checklists and to build in remindersto ad in
the gpplication of rules and procedures. Designers can display warnings, require confirmation,
and require additiond steps before alowing completion of actions that can have serious
CONSequUENCES.

Systemns should provide clear, accurate, and timely feedback on the consequences of operator
actions. The Three Mile Idand indicator for the stuck vave showed only that the valve had
been commanded to closg; it did not show the valve's actud status. Thus, the operators did not
have accurate feedback (but thought they did) and continued to presume that the vave had
closed when it had not.

Complex, system-leve issues often arise when such errors are carefully anadyzed. Crew
coordination or task allocation issues can beinvolved; job desgn may not have been sufficiently
attentive to ensuring that everyone involved knows who is responsible for a particular task or
step. Controls may not have been designed to support operators adherence to procedures.
Rigorous andlysis, as discussed later in this chapter, may also reved that the task or workplace
was designed in such away that the omitted action was difficult or inconvenient to perform at
the proper time, or that the step did not fit smoothly into the task flow, or that the operator was
expected to attend to too many tasks at agiven time.




"THE HERALD OF FREE ENTERPRISE"

The 1987 "Herald of Free Enterprise" ferryboat accident illustrates the issue of task allocation and
crew coordination. After leaving its slip in Zeebrugge, Belgium, the ferry shipped water, capsized,
and sank because the bow doors (through which cars drove on and off the ferry) were left open.
Many lives were lost. One of the contributing factors in the accident was the fact that the person
nominally responsible for closing the bow doors had gone off shift without performing the task, and
others who saw that the doors were open did not see it as their duty to close them or report them
open.

4.3 Consequences of Error in Decision Making

A mgor category of decisionsinvolves situations in which the operator must decide whether a
condition exists or does not exist. In many cases, information received in the TMC control
room will be fragmentary or ambiguous, sensor count and CCTV image may, for example,
seem to conflict. Other information may be “noisy” — that is, cluttered with nonessentia
background noise or extraneous data.

4.3.1 Signal Detection Theory and decision errors

Sgnal Detection Theory contends thet in a detection and verification Stuation there often is
background noise that can interfere with the detection of asignal. The observer must decide
whether the sgnd (the event being awaited) did or did not occur. A roadway incident, for
example, may beindicated by an unusud level of congestion detected by loop detectors or
viewed on aCCTV camera. The operator who detects an unusud level of congestion must
determine whether an emergency incident response is needed. Heavy congestion without an
incident may, then, be considered as noise in the incident detection process, heavy congestion
caused by an incident may be consdered asignd.

Visudly, noise on amonitor is any eement that does not carry pertinent information (e.g,
cluttered, crowded graphics on adisplay). Note that “ pertinent information” means information
necessary to the task a hand. A cluttered display may have a number of visud targets and
images that provide information pertinent to any number of things. However, if they are not
useful to the decison at hand, by definition they become noise.

When the observer isto digtinguish sgnas from noise, four possible outcomes exist. When the
operator makes the decison that asigna did or did not occur, the outcomes are as follows:

1 Saingthat asgnd ispresent when asignd is present isaHIT.

1 Saingasdgnd ispresent when asgnd isnot presentisaFALSE ALARM or
TYPEI error.



I Saingasgnd isnot present when aggnd ispresentisaMISSor TYPE I eror.

1 Saingadgnd isnot present when asignd is not present isa CORRECT
REJECTION.

The observer takes action based on two conditions -- the physical detectability or senstivity of
the sgnd itsdf and of the observer's own decision criteria. These measures are based on the
probability of hits and the probability of false darms. *® For example, if the noise leve islow
and the sgnd is conspicuous (asin the case of an auditory warning in aquiet control room)
detectability will be high. If the noiseleve is high and the signd is inconspicuous, the probability
of detecting the Sgna will be lower. Thus, factors that dter sengtivity include sgna strength as
well as event rate.

The decison criterion is aratio that defines the degree of bias toward responding positively to
ggnals (decide that asignd is present). The decison criterion isan individua operator's
decison bias & a given time that may influence him or her to respond more often with “yes’ or
“no” under smilar conditions. (*® Factors that influence the setting of the decision criterion
include probability of signa occurrence, ingtructions to adopt arisky or a conservative criterion,
and the percelved costs and advantages associated with hits and false darms. The driving factor
here isthat the decison criterion can change depending on the individua acting as monitor and
the circumstances.

A new operator, for example, may be inclined to discount an ambiguous sgnd through
inexperience or, conversdy, respond to al ambiguous Situations as sgnds. Trained and
experienced operators are less likely to do ether, ance they have afiner sense of the nature
and likelihood of the signdl.

4.3.2 Errorsand consequences

In the operationd environment of the TMC, aMISS — dating that asgnd is not present when
it is— could have serious consequences. That is, if an incident has occurred and atraffic
monitor failed to recognize the occurrence, appropriate response would be delayed and
gridlock, injuries or other disruption could result. If, on the other hand, atraffic monitor Sated
an incident had occurred when actualy there was no incident (FALSE ALARM), unnecessary
responses on the part of the TMC would occur. One risk involved here would be the “boy who
cried wolf” syndrome. That is, if learning that an incident did not occur but the TMC ectivated
warnings and detours anyway, the generd public's trust in the system may be reduced and

unnecessary expenses may be incurred.

This problem is made worse by machine output — particularly afaulty sensor, such asloop
detector — that has a high rate of false darms. Site vists and interviews by the authors
indicated that such acondition is not rare in existing TMC's, and tends to reduce the operator's
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confidence in incident detection algorithms. In this very red case, amachine error resultingina
high number of fase darms (in effect, amachine Type | error) could logicaly contribute
directly to ahuman Type Il error (missing or not reporting asignd).

Table 4-1 shows potentia consequences of each possible condition.

Table 4-1. Consequences of decisions.

STIMULUS

RESPONSE Signal IS NOT present Signal IS present

Yes TMC actions disrupt TMC responds correctly.
normal operations for no
reason.

No TMC responds correctly TMC fails to respond to an
incident.

Table 4-1 is called a Payoff Matrix. In each cdll, the decision consequences are summarized.
Desgners should weigh the relative seriousness of misses and false darms when specifying the
design of displays (See Chapter 8), interface provisons such as warnings (Chapter 11) and the
design of tasks and jobs (Chapters 3 and 6).

The point to remember hereisthat there is a relationship between the probability of amiss and
the probability of afase darm. With an automated incident detection system, for example,
decreasing the number of fase darms entalls increasing the number of misses or thetime
required to detect an incident. Many TMC designers “tune’ the detection agorithms to reduce
false alarms but recent research has shown that a better approach is to reduce misses and
detection time, alow false dlarms to occur but provide an easy way to recognize and dispose of
them.

Analysisof Human Error

Given an understanding of the types of errors possible, we can begin to consider methods for
andyzing human error. A number of methods for analyzing error are available, including
questionnaire studies, laboratory and smulator studies, case studies, and the critica incident
technique. Questionnaire studies alow users to answer questions about errors that occur in their
respective user environments. Laboratory and smulator studies dlow andysts to investigate
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human error in a controlled environment. Case studies provide away for andysts to conduct
detalled investigations of specific instances in which errors were noted. With the critical incident
technique, problemsthat led or might have led to acrigs are andyzed.

Detalled descriptions of two of these methods, questionnaire studies and the critica incident
technique, are presented. These methods are particularly well-suited to operationd TMC's.
Readers who are interested in learning more about |aboratory studies, smulator studies, or case
dudies are referred to Boff and Lincoln, ®

Questionnaire studies

Sdf-report questionnaires represent another means of obtaining data associated with everyday
erors. Typicdly, such aquestionnaire will present respondents with descriptions/examples of
various errors (dips, lapses, mistakes) and ask them to indicate the frequency with which they
have committed such errors. While questionnaire responses are susceptible to bias, andysts can
use them to invedtigate:

I How frequently errors occur and individua differencesin error proneness.
1 The reationship between various error types.

I Theinstances under which errors of a given type have occurred as a means to identify
error causes.

In generd, responses to questionnaire items involving different severity of error reflect pogtive
correaions. In other words, individuals who admit to frequently making one type of error
(lapses, for example) aso tend to admit their susceptibility to other types of errors. (18

Questionnaire studies have also discovered that whatever is responsible for determining an
individua’s proneness to dips and lapses dso appears to contribute to stress vulnerability. In
other words, certain styles of cognitive management can lead to both erroneous behavior and
ineffective stress management.

Critical incident technique

Accident and near-accident data can be analyzed with an approach known asthe critica
incident technique. The method was originaly developed during World War 11 to identify
reasons for falluresin flight traning methods and for failure in bombing missons. This particular
technique, used within the context of accident andys's, is an adaptation of a method that has
as0 been gpplied to job andyds, the analysis of performance requirements, proficiency testing,
and training needs assessment. In applying the critical incident technique, an analyst interviews
users of agiven system. Each user is asked to consider the given system (e.g., a piece of



equipment, a group of instruments, a computer system) and describe an error he or she has
meade while interacting with the systlem. The underlying assumption of the technique is that given
alarge number of reported errors, the andyst can identify critical design problems (i.e, those
that led to or might have led to a criss or accident).

In generd acritica incident is specified in terms of three types of information: the background
or context in which the incident occurred, an observable behavior that occurred as a result of
the incident, and a description of the consequences of that behavior. This provides aformat for
documenting critical incidents. Note thet in the term critical incident, the word incident refers
to an event that has generated specific problems. It does not, in generd, refer to atraffic
incident.

Congder a hypothetical TMC in which operators have a well-documented history of
misinterpreting computer-based sensor displays. The scenario below provides an example of a
critica incident that might have occurred as aresult of display interpretation problems. After
reading about the events surrounding this incident, one might easly arrive at a conclusion of
“operator error.” After dl, the operator misinterpreted displayed information.

It was at the end of a busy shift. A blinking red spot appeared on the primary map
display on my monitor indicating a possible accident on the freeway at Maple Street.
To verify the incident, | keyed in the five digit code to call up the nearest camera. A
minor fender-bender appeared on my CCTV monitor so | sent a message to the
upstream VMS sign to warn of the blocked right lane. It turned out that I'd called up the
wrong camera and there actually was no accident at Maple. The red light that | thought
| saw had actually been an orange light used to show possible stuck-on loops. | felt
kind of embarrassed but that's not the first time this kind of mistake has happened.

Recognize how the design of the human-computer interface may have contributed to the
operator’ s errors. (Recall the operators repeated problems with this sensor display.) The
sensor display may have been cluttered or poorly color coded such that it did not facilitate the
operator’ s assessment of exigting traffic conditions. In any event, given awell-desgned
interface, the operator might have interpreted information correctly and thus avoided the error
(unnecessarily modifying the VM S message). Another possible inadequacy of the
human-system interface was reveded when the operator, in trying to confirm sensor data,
examined thewrong CCTV view. The operator did not recognize that he was observing
conditions on the wrong freeway. In this case, video labeling may have been ambiguous,
difficult to read, or perhaps missng. Furthermore, the five-digit code for camera control may
have created memory problems.

The criticd incident method enables analysts to determine the types of incidents that recur and
the events that lead up to errors. It aso dlows andysts to examine human behavior, to identify
behaviors that lead to errors and to associate an outcome (and outcome severity) with that
behavior. Factors that contribute to errors can also be determined.
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Typicdly, in the critica incident method, a large number (perhaps severd dozen) of reports are
obtained and sorted into groups of Smilar events according to the configuration item involved,
the type of error, or some other factor. A large number of smilar errorsrelated to a specific
task, display, or decison indicates a need to examine that job aspect in grester detail to see
whether there is a need for redesign.

In reviewing any data collected viathe critical incident technique, one should note the limitations
of the datar selective recdl of incidentsis afunction of time (i.e., certain types of incidents are
quickly forgotten), the total number of incidents varies over time, and the types of incidents
reported depend upon the individua responsible for reporting them.

Design for Error Reduction

Error analysisis one of severd processes which can support the desgn and/or evauation of an
operator tool, procedure or other item designed for atask. When an error is observed, it is
easy to assume that the operator was not fully attending to the task or does not understand the
task and needs more training. While these interpretations may be true in some cases, one must
as0 consder that the tool has a design deficiency. Whether an error is observed through casud
observation or in amore thorough, formal evauation, analyss of that error can be used to
determine whether modifications are in order. Such modifications may be gpplicable to
procedures, job design, training or equipment. The following guideines apply to error analyss.

4/1 Error Identification (Observation)

Include operators in the error identification process.

There are several approaches that can be employed in the identification of
error origins. These approaches are more effective if used in combination.
One method may employ a checklist of possible equipment design
deficiencies. Some of the guidelines in this handbook could be reformatted
for such a checklist. Another method would use an engineer or analyst to
perform a detailed analysis of the steps involved in the relevant procedure to
isolate the conditions which led to the error.

The method emphasized here collects data from the person or persons who
made the error, and/or other individuals who perform that task in the same
context. The rationale for this method assumes that operators are attempting
to do their job well, but have encountered a situation which was difficult to
anticipate. In other words, the situation is sufficiently subtle or complex that
the operator does not or can not know that an error prone situation exists. In
this situation, the analysis can become complex because the operator often
does not know what caused the error.



Nevertheless, the operator usually possesses intimate knowledge about the
circumstances surrounding the error which can lead to the identification. One
way to gain insight into such a situation is to observe the operator
performing the task and document those behaviors for analysis. In addition,
the operator may be interviewed. Effective interviewing skills can elicit useful
information from an operator. For instance, the interviewer should be
receptive to operator suggestions for solutions. While it may be apparent to
the interviewer that the offered solution does not address all of the necessary
elements to provide a workable solution, the suggestion can still provide an
invaluable insight toward a clear definition of the problem. If error analysis
proceeds without operator input, it will often be difficult to understand the full
context of the error.

4/2 Ranking of Errors (Observation)

Prioritize errors using well defined criteria to establish which errors
should first receive attention.

A thorough error evaluation can result in the documentation of numerous
errors. It is seldom necessary, however, to eliminate all sources of operator
error. It is important that the documented errors be examined for their
significance. Errors should be prioritized early in the process to determine
which errors should receive more attention. Prioritization criteria may include
a combination of the following:

I Error Consequences: An explicit analysis of the error may indicate,
for example, that the significance of an error may be trivial, or that it
may have serious economic effect, or be life threatening.

Error likelihood: Some errors may occur frequently (e.g., an operator
cannot find an item in a computer menu because of an awkward
menu nesting structure) while other errors seldom occur (e.g., an
awkwardly written procedure is occasionally misinterpreted). Note
that a normally low error probability can increase when the operator is
under time pressure or another stressor.

Cost Analysis: An error that has a small effect and a high cost to
remove may not be worth the effort. On the other hand, an error that
affects safety deserves serious attention independent of a cost
analysis.

Error Reversibility: Some errors (e.g, an error that is signaled by an
audible and visible alarm) may be corrected before a problem
occurs. An error that directs vehicles to take the wrong exit may take



longer to correct. This error can be corrected, but only after a number
of vehicles have taken the wrong route.

4/3 Operator Tool Design (Observation)

Design controls and procedures to make correct responses easier
than incorrect ones.

System design can influence the probability of errors, and it can also
determine the consequences of errors that do occur. For example, the
probability of error can be reduced by designs which make incorrect
responses difficult to perform: guards for switches, interlocks, and lockouts
are examples of design features used for this purpose. The consequences
of errors can be minimized by design features that recognize input with
serious consequences and prompt the user to reconsider them before their
execution. The familiar query used in many word processing file
management routines, “Delete all marked files?” is an example. Another
method of reducing error probability is to identify and increase the
discriminability of control (or display) elements which can be confused with
each other.

4/4 Procedures, Job Aids and Operator Error (Observation)

Provide and encourage use of clearly written, standard operating
procedures for crucial, complex or rarely performed procedures.
Identify which operator tasks are important; i.e., must be performed
accurately in a timely fashion. Error control for these tasks may benefit from
a written procedure based on a step-by-step analysis. Include active
operator input when writing these procedures to promote usability of the
procedure and/or job aids.



4/5 Design Evaluation (Observation)

Evaluate a modified design with usability testing which incorporates
the operator.

When an operator tool is modified to improve performance, it should be
evaluated to ensure that the new design performs according to documented
expectations and criteria. A new design should be evaluated with one or
more operators preferably using several important scenarios. This is
particularly important when the new design replaces a previous design
associated with significant error. Another reason for testing a new design is
to ensure that the design does not introduce a new, different type of error.
Just because the design has changed does not automatically mean that alll
error will be resolved.

4/6 Provide Decision Support Tools (Observation)

Design and provide decision supports for complex, critical, or
infrequently made decisions.

Paper or computer-based decision trees, for example, for maintenance
troubleshooting or for managing unusual incidents may make the job less
error-prone.
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5.1 Human Performance

One of the mgor gods of the I TS philosophy isto bring increasing levels of automation into the
TMC. On firgt consideration, it seems obvious that increased automation of sensing, data
processing, decision making, and communication and control functions should reduce the
operator's workload, reduce operator errors, and improve TMC performance. But automation
bringswith it awhole new set of human factors problems. Operators must use complex
hardware and software systems with functions they do not fully understand, and with
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user/system interfaces that may seem far less naturd than the lower technology systems with
which they are familiar.

While high levels of automation may be the ultimate god, our sudies have shown that the
human will remain an indispensable eement in the TMC during the foreseeable future. Thus, the
expected performance of the human operator is asimportant as the expected performance of
the sensors, computers, and other hardware/software systems in designing the TMC. This
chapter summarizes some of the important human performance characterigtics and limitations
that should be understood by designers of TMC'sand TMC systems.

Human responseto TM C demands

One of the primary jobs of the TMC operator is responding to traffic anomaies such as
incidents, equipment mafunctions, and roadway congestion. In order for ATMS operators to
respond to atraffic anomaly, the problem first must be detected and appropriately categorized.
Alternative responses to the anomay must be identified and weighed. Then gppropriate
response tactics must be selected and implemented.

Detecting and verifying roadway incidents will remain largely the responsibility of operatorsin
the TMC. Incident detection requires focusing attention on various informeation displays,
including automated incident detection systems, and correlating the information obtained. Vita
tasks include monitoring numeric, graphic, and closed-circuit televison displays to determine
whether traffic gpeeds and volumes are at abnormal levels. In addition, observers scan the
video monitors to find incidents and evauate their severity. Operators may dso lisen to radio
and telephone communications for reports of traffic incidents and other derts. Whether using
automated or manualy operated systems, operators must continuoudy evaluate the need for
thelr intervention, determine intervention priorities and tactics, and then carry out actionsto
control or influence traffic flow.

Although technologicaly advanced equipment will ad in the ATMSs monitoring, memory, and
decison making tasks, humans will ill play alarge role. When humans perform atention
demanding tasks, mistakes will naturally occur. As ATMS automation increases, the range of
human tasks will narrow to mogtly include those in which the nature, amount, and relative
ambiguity of information exceed the capability of the system to take automated action. Thiswill,
in fact, increase, rather than decrease, the criticdity of the human role.

Perfor mance concerns
Human performance issuesin the TMC can be categorized into four primary aress.

I Attention, monitoring, and vigilance. As operator functions become secondary
to computers, there is an increased burden on the operator to perform accurate
monitoring functions. Watching the state of multiple system and traffic variables may
seem 0 routine that errors gppear unlikely. In fact, the probability of errors may
actually increase as the operator's role becomes more passive.
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1 Stress, boredom, and fatigue. Human input, output, Situation awareness, and
processing of information are affected by the pace and variability of thejob. The
normally low workload of the TMC operator can be expected to result in boredom
and daydreaming. The sudden trangition to a high workload environment during a
magor incident can be stressful and result in performance decrements.

I Memory. All human cognitive activitiesin the TMC require the use of memory.
For example, the operator must remember the appearance and meaning of display
indications. The operator must remember TMC procedures or, at least, where to
find the procedura checklist. The operator must also remember past experience
with avariety of traffic anomdiesin order to help sdect an gppropriate response or
fine-tune a response that was inadequate.

I Decison making performance. The operator's most important TMC function is
as adecison maker. In this chapter we consider the decision making process, its
limitations and biases, and the expected human performance. Other chapters (e.g.,
11, 12, and 13) address the questions of machine design and information display
and thelr rdationship to effective decison making.

Attention and Vigilance

A primary task of the TMC operator isto monitor system and traffic conditions. Performance is
thus congtrained by the operator's ability to maintain appropriate attention — to be aware of
system and traffic status, to detect relevant changes in status, and to respond appropriately.
Attention and vigilance have been the subject of extensve research, and the findings are
sometimes subtle and difficult to reconcile with widespread notions of how people function.
System design, however, must accommodate these sometimes complex issues.

Definitions

The following are definitions of terms that are necessary to the understanding of human
performance during sustained attention to information displays:

I Monitoring. Attending to an operation or procedure to identify circumstances or
events that require some action or response. This may require attending to one or
more information channels.

1 Detection. Observing that asigna or event has occurred. Usudly skill based and
fairly autométic, it reies on sensory inputs.

1 Search. Rapid scanning of visud materia for particular targets (icon on amap
display, keyword on a paper, data point on agraph) within clutter, or a pattern.
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Vigilance. Maintaining overt attention to a perceptud task for prolonged time
periods often with infrequent imulus events. The chalengeisto maintain a
sugtained leve of attention for prolonged periods of time, while searching for targets
that may rarely or never appear.

Signal. An indication of an event that requires aresponse or action.

Sdlective attention

Situations or tasks that require attention can be divided into three categories: selective attention,
focused attention, and divided attention. The following sections describe each of the three
categories and provide guidelines and recommendations for improving performance of tasksin
which these occur.

Sdlective dtention is attention that aternates between channds of information. A TMC

operator who scans a number of displays looking for a deviant reading is using sdective
atention. Selective attention is probably the attention type that will be most commonly identified
with TMC operators. When studying selective attention tasks, two sources of stress may be
evident.

1 Load stress. Isstressimposed by an increasing number of channels over which
information is presented.

1 Speed stress. Is stressrelated to the rate of signal presentation.

For selective attention tasks, load stress is more important than speed stressin degrading
performance. * When people mugt attend to multiple channels of information, they usualy
concentrate on channds in which signas occur frequently rather than those where the Sgnals
occur infrequently.

Further, due to human memory limitations, channel scanning strategies may be less than
optimum. People often forget to examine a specific source when many sources are present, and
people tend to check other sources more often than would be necessary if they remembered
the status of the source when it was last experienced. ®° Under high stress conditions, fewer
sources are attended to and the sources atended to are likely to be those perceived as the
most important and salient. People tend to overlook or ignore information that is contradictory
to their andysis of the situation. ® This characteridtic frequently has been called “tunndl vision”
dthough it isin no way related to the operator's visud fields.

A limitation of selective attention is that, in Some cases, we salect an ingppropriate aspect of the
environment to process. Thus, when designing selective atention tasks, the following guiddines
should be considered.



5/1 Number of Channels (Recommendation; 101)

When multiple channels (displays or sensory modalities) must be
monitored for signals, use as few channels as possible.

This holds true even if it means increasing the signal rate and amount of
information per channel. After prioritizing the channels, examine the least
important for deletion.

5/2 Channel Prioritization (Recommendation; 101)

Provide information to the person as to the relative importance of the
various channels so that attention can be directed more effectively.
A support system, for example, might specify specific displays or CCTV
monitors that are showing anomalies.

5/3 Workload (Observation)

Reduce the overall level of stress or workload on the person so that
more channels will be sampled.

“Stress,” in this case, refers to other demands. If more channels must be
monitored, the attention resources must be increased. The most obvious
way to do this is to reduce the amount of attention that must be paid to other
tasks. In an emergency situation in the TMC, the operator who must do the
monitoring might temporarily have other tasks given to temporary personnel
so he or she can attend to the important information.

5/4 Scanning Pattern (Recommendation; 101)

Train the person to effectively scan information channels and
develop optimal scan patterns.

Some operators may tend to concentrate their attention on their CCTV
monitors to the detriment of computer displays. An effective scan should
include all of these information sources.



5/5 Channel Proximity (Recommendation; 101)

If multiple visual channels are to be scanned, put them close together
and in relative positions that reduce scanning (eye and head
movement) requirements.

Chapter 2 on link analysis describes techniques for analyzing the order in
which displays might best be scanned and Chapter 10 on work station
design describes their placement in the console.

5/6 Auditory Channel Competition (Recommendation; 101)

If multiple auditory channels are to be scanned, ensure they do not
mask (interfere with) one another.

Select sounds that can be recognized when mixed with other auditory
display sounds. See Section 8.3 on auditory signal choice.

5/7 Signal Time Separation (Recommendation; 101)

Signals that require individual responses should be separated in time
and presented at such arate that they can be responded to
individually. Avoid extremely short intervals (less than 0.5 seconds).

5.2.3 Focused attention

Focused attention involves attending to one source of information and excluding others. An
example is a maintenance digpatcher who must concentrate on a single radio communication
while ignoring other noise in the room. Failure of focused attention means thet the individud is
unable to concentrate on one source of information in the environment and tends to be
digtracted (e.g., atraffic operator attempting to rapidly locate a critica information dement in a
crowded display.) Thus, when designing the control center, the following guideines concerning
focused attention tasks should be considered.

5/8 Channel Discrimination (Recommendation; 101)

Make the channel to which the person is to attend as distinct as
possible from competing channels. Make it larger, brighter, louder, or
more centrally located than the competing channels.

Use the task analysis performed during the front-end analysis process of the
TMC design to define the most important channel and make sure that it
“stands out” from other sounds or visual signals.



5.2.4 Divided attention

A divided attention task requires the operator to pay attention to two sources at the same time.
An example is an operator performing two or more separate tasks (e.g., monitoring congestion
buildup at one location and dispatching maintenance to amafunctioning controller at another)
while smultaneoudy paying atention to both.

Simultaneous visud signds and Smultaneous auditory sgnals are both difficult to monitor. Such
adivided atention auditory task is somewhat easier if the messages are ddivered to separate
ears. Divided attention is more easily accomplished if information channds use different sensory
modalities, such as vison and audition. However, performance still suffersin comparison to
attention focused on only one channd, whenever the task is at all difficult. G+ 19 Only when the
tasks are very basic (e.g., responding to asmple Sgnd as soon as it occurs in ether of the two
modalities) is performance unimpaired under divided attention conditions. ¢4 8 A mgjor
limitation of both visua and auditory atentional mechanisms s that, like the movement of the
gyes, attention cannot be drawn smultaneoudy to more than one location in the visud fidd a
any one ingtant. “¥ Guiddines for designing divided attention tasks indude the following: %)

5/9 Task Difficulty (Recommendation; 101)

Keep difficulty level of tasks as low as possible when more than one
task must be done at once.

5/10 Task Similarity (Recommendation; 101)

Tasks to be performed simultaneously should be made as dissimilar
as possible.

The operator, for example, should not be required simultaneously to perform
multiple manual operations, multiple operations requiring listening to
information, or multiple mental calculations. Combining a manual operation
with a mental calculation would be more permissible.

5/11 Task Memory Requirements (Recommendation; 101)

When manual tasks are timeshared with sensory or memory tasks,
design work so that tasks with high memory requirements have low
manual requirements.

This can be accomplished by deliberate task design or by training to make
the manual functions so automatic that (like walking or driving) they require
little planning or thought and so do not compete with mental demands.



5.25 Viglance

Vigilance and monitoring tasks require sustained performance, the continuous execution of a
task over a prolonged time period. Driving an automobile along distance, working on one task
al day, and monitoring a TMC computer screen for incidents are dl examples of tasks which
require sustained performance.

Though the basic tasks are Smple, sustained performance can be hard to achieve. For some
tasks, aperson can perform well for an extended time period, but then the performance level
drops. On other tasks, the performance level steadily decreases from the start of the task.
Performance decrements include both loss of ability and loss of attention. Monitoring tasks —
hours of boredom punctuated by moments of excitement — may comprise alarge part of the
TMC operator's duties. Several sgnificant variablesimpact performance of these kinds of
tasks.

Arousal. A sgnificant part of maintaining overt atention is a certain degree of arousd or
dertness. In vigilance tasks, people adopt certain body positions, tense specific muscle groups,
and have the feding of “concentrating.” 4 People associate physiological arousa with the
ability to sustain attention. However, performance does not dways increase as arousa
increases.

The Y erkes-Dodson Law describes the relationship between arousal and performance as an
inverted U-shaped function (Figure 5-1). The upward limb is*energizing,” and expands the
resources available. The downward side is the consequence of a more specific effect of high
arousal on the sdlectivity of attention or “tunnding” (narrowed attention) to different cues.
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Figure 5-1. Performance as a function of arousal level for smple and complex tasks
(after Gawron, 1982).

Overdl| performance in any task peaks at an intermediate level of arousal. Optimum leve of
arousd is higher for smple tasks than for complex tasks. In the TMC case, this has an impact



on design of tasks that will be undertaken under higher levels of arousals. Emergency
procedures, for example, should be relatively smple to avoid performance decrement. In any
case, physiologica arousd is mainly respongble for the overall level of vigilance, but is
basically unrelated to the decline in performance over time. 9

Sensitivity loss. A sendtivity loss occurs with fatigue and memory load. 2 Fatigue may cause
the observer to become inattentive and ook away more frequently as the watch progresses.
Consequently, sgnals are missed. Such a condition might occur during night shiftsinthe TMC
when workload demands are light. A smilar decrement may occur when the job stressesthe
operator's working memory (for example, anumber of tasks that require reference to
knowledge of operating procedures, protocols, and entry commands). ¢V

Criterion shifts. In mogt vigilance tasks, when the hit (successful detection) rate declines, the
declineis pardleed by reduction in fase darms (See Section 4.3.1.). Thismay indicate
decreased arousdl. A high number of false darms by the human operator impliesa“hair trigger”
while alow number indicates a duggish or conservative bias. As arousa decreases, vigilance
performance decreases (the probability of correctly noting an event goes down). Because
physiological arousal isbasicaly unrelaed to the decline in performance over time, arousd
shifts do not explain al criterion shifts. %)

Subjective probability and the resulting response criterion change both from training and from
experience with the actud signd rate. For example, to facilitate rapid learning, atraineeis
presented with a high number of targets during training. If, during the actud vigilance sesson, a
congderably smdler number of targets appear, this creates a Szable difference between the
trainee's expectations and redlity. A sgnificant decrement in vigilance performance (ahigh fase
adarm rate) might be expected until the criterion becomes more redidtic. If training more closely
correponds to redlity, initid vigilance decrement is reduced (though training may become more
time consuming.)
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DEcIsION CRITERION AND THE OPERATOR

The operator in the older TMC was provided with graphical computer displays that provided
occupancy data for each of the inductive loop stations in the network. When these data (high
occupancy) indicated a strong likelihood of an incident, the operator was to begin verification
measures including CCTV scans and radio calls to patrol cars that might be in the area. High
occupancy could also be the result of "normal" congestion or a temporary sensor malfunction.

When first given the task, the operator selected 50 percent occupancy as his criterion level at
which to begin incident verification procedures downstream from the given sensor. After a few days
experience it was apparent that almost all incidents were being found but that the operator had a
very high workload "chasing" false alarms (especially minor congestion). Moving the criterion to 60
percent occupancy reduced the operator's workload considerably as there were many fewer false
alarms; as expected, though, several small accidents went undetected.

As the new operator gained more experience, he recognized that the 60 percent occupancy
criterion didn't work equally well for every sensor location. Upstream from one freeway interchange,
for example, was an area of frequent accidents and many of these were missed by the TMC. The
operator, therefore, decided on a criterion of 45 percent occupancy to begin verification actions at
that particular location.

Vigilance, search, and monitoring

Many of the most criticd operator functionsin the TMC involve monitoring of machine output.
The design of that output is described at length in Chapters 8, 9, 10, and 13. In this chapter, we
examine the human sde of the vigilance equation.

The following factors in the design of the monitoring task can affect human performance:

Duration of monitoring. Monitoring performance deteriorates with time. In monitoring
gtuations, such asamilitary radar waich or observation of CCTV imagesin the TMC,
performance deterioration usudly begins after only 30 minutes. Hence, the military limits shifts
involving close monitoring to that amount of time. Observations of individuas performing during
long watches show that there is a continuous performance decrement followed by a brief burst
of improvement when individuals redlize they are reaching the end of the watch. 48

The monitoring tasksin the TMC are somewhat more diverse, and less vulnerable to early
performance decrement than in a mentally unchalenging task such as watching asingle radar
screen. But performance does, in fact, decline no matter how motivated the operator. Factors
that influence the monitoring performance of operators are asfollows:

Freguency of signals. Generdly, amoder ate frequency rate (that is, the number of times the
sgna occursin agiven period, not the frequency in the sense of cycles per second) givesthe
best performance. However, in dl-or-nothing displays in which the signals to be detected are
the only stimuli presented, the detection percentage of low frequency sgnasislower than high



frequency sgnas. In the TMC, automated detection and reporting of low frequency sgnals
should be a priority (See Chapter 8 for more detailed description of signa frequency.)

Regular occurrence of signals. Regularly occurring sgnds are more likely to be detected.
An experienced TMC has noticed that controllersin the centrd city, installed by one vendor,
are subgtantialy more reliable than those in the northern periphery that were ingtdled by another
vendor. The operator will be more likely to quickly detect afailed controller in the areawhere a
daly fallure is expected than in the area where fallures are rare. The higher probability of a
sgnd occurring corresponds with a higher probability of detection. (In fact, it affectsthe
decision criterion discussed in 4.3))

Complexity and accuracy of the display. A highly duttered background from which the
sgnd must be detected will lead to performance decrements. For instance, noisy, hard to read
displays require longer sampling durations. In the TMC, acluttered “big board” or video map
display may make samdl targets— a blinking pixel at an intersection indicating an unusud traffic
condition, for example — hard to detect. (For design purposes, see guiddines for visud and
auditory displaysin Chapter 8, display “declutter” in Chapter 11, and data fusion in Chapter
13)

Signal strength. The sgnd intensity and clarity affect detection performance. A long duration,
high intensty sgnd improves performance.

Knowledge of results. Providing knowledge of resultsimproves performance. Feedback
provides aguiddine for operators to adjust their behavior monitoring.

L ocation in space. If visud fixation isrequired, periphera sgnds (those outside the center of
vison) are often overlooked. For guidelines on visua display position, see Chapters 8 and 10.
Signds expected to be in the visua periphery will be more easily detected if they are blinking or
moving.

Sour ce of signal (one sour ce ver sus multi-sour ce). Performance is superior with multi-
source signds. For example, acritica traffic condition on avideo map display might consst of a
visud indicator (flashing symbol) and an auditory display (begping tone), particularly if the
display is noisy and the target is hard to notice, or the condition is infrequent. Peripherd sources
(aflashing Sgnd outsde the direct line of vision, for example) areless likely to be detected than
centra sources, and might benefit from a multi-modd display.

Per ceptual load/memory load. A small load leads to boredom and to a performance
decrement. A large load leads to fatigue and a performance decrement. Note: successive
presentations of Sgnals cause grester memory load than Smultaneous presentations.

Overall monitoring strategy chosen by observer. Given alarge number of disolaysto view
under atime condraint, the viewer will only monitor those displays thet are higher priority
and/or more easly viewed because of the information format. A TMC operator may, for
example, be obliged to divide attention among CCTV displays, the “big board” and his
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persond display (which will probably have severd sub-choices of information: maps, system
datus, etc.) Severd TMC's currently operating have multiple displays for each operator,
usudly dueto the ingtdlation of new systems that supplement older onesthat are hardware or
software incompatible without replacing them.

Amount of practice. Generaly, the more experienced the observer, the more the response is
automatic and performed in an optima manner. Thisis particularly critica for digolays with
contributions that are infrequent and irregular.

Task complexity. Two tasks requiring different moddities will suffer alower performance
decrement than those under the same moddity. Two tasks of visua modality will cregte the
worst performance. In the TMC, monitoring avisud display while attending to radio
communicationswill result in little or no loss of vigilance; a requirement to monitor two visud
displays, on the other hand, may cause loss of efficiency in either or both.

Designing TMC’sto improve vigilance

During the design process, there are severd broad, systematic efforts that can be employed to
improve vigilance performance. These are summarized in the following guiddines and
recommendations:

5/12 Activity and Alertness (Principle; 18)

Vary operators' activity to improve alertness.

A break as short as 5 minutes can decrease the decrement if placement of
the break is appropriate for the work flow. In general, TMC operators have
several tasks to attend to during the shift and they will frequently vary
activities on their own to maintain alertness.

5/13 Rest Break (Principle; 18)

Provide an appropriate amount of time for a break.
A 5 to 10 minute break is about the right length.

5/14 Break Schedule (Principle; 18)

Schedule a break at an appropriate time.

Placement of breaks interacts with their length. To reduce performance
decrement, brief pauses must occur within the first 30 minutes of the task.
Thus, there is a trade-off between how much effect a pause has and how
much task time is used for the break.



5/15 Self-Paced Tasks (Recommendation)

Use self-paced tasks to reduce boredom and fatigue.

5/16 Task Complexity (Observation)

In designing work, allow for the fact that the complexity of the task
should be appropriate to the expected level of alertness or arousal.

If a predicted situation, such as a traffic emergency with injuries, can logically
be expected to raise the arousal level of the operator on the spot, the actions
required should be as simple as practicable. Sequences of action that are
easy to perform under routine conditions may be much more challenging
under pressure.

5/17 Infrequent or Irregular Signals (Observation)

Provide special cues such as unusually strong signals to ensure that
the operator notices conditions that occur infrequently or irregularly.

5/18 Use Operator Feedback (Observation)

Provide feedback on operator responses to decrease the probability
of an error of commission.

For example, messages transmitted by an operator to a VMS should
provide feedback to assure that the message and location are correct.

5/19 Multi-Channel Signals (Observation)

When a signal must be detected with high reliability, use redundant
visual and auditory signals.

An incident detected by an automated system might be signaled by both a
flashing icon and a beeping sound. This technique also supports signal
detection after a long period of operator inactivity.



5/20 Stress Identification (Observation)

Identify likely stressful conditions and structure tasks to reduce high
stress levels.

This will usually come at a later stage, possibly during prototyping, when it is
possible to observe or predict the nature of real TMC scenarios. The
decrement in vigilance under stressful conditions could allow an operator to
miss critical information.

5/21 Range of Operator SKill (Observation)

Consider the range of operators that will use the system, and allow
for the effect of experience on performance.

This may, for example, include on-screen choices for computer interface that
allow the operator to select more or less information displayed based on
experience and comfort.

5/22 Perception and Memory Requirements (Observation)

Identify and eliminate possible interface requirements that force an
operator to exceed the limitations of human perception and memory.
For example, entry of complicated codes from a long list of possible choices
should be supported by job aids such as quick-reference cards. Excessive
requirements can be identified during rapid prototyping of the interfaces and
early test and evaluation.

5/23 Multiple Monitoring Tasks (Observation)

Avoid situations that may require the operator to monitor more than
one task at atime in the same Channel.

Where complex monitoring tasks are necessary, use data fusion techniques
to simplify the tasks.

5/24 Optimal Demand on the Operator (Observation)

The design of work should allow for optimal level of demand on the
operator.

If the operators' tasks are so automated that little activity is required beyond
monitoring automated systems, the operators' level of arousal may be
expected to fall and the response when the traffic situation requires human
intervention may be less than desirable.
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Stress, Boredom, and Fatigue

Stress, boredom, and fatigue dl ater the state of the body in away that may be independent of
the specific demands of the work the individud is doing.

Stress

Stress, the response of an individua to demands, stlems from a number of sourcesincluding
work, environment, and circadian rhythms. 9 Stress derives from physiologicd,
psychological, and socid factors.

Stress grows from both externa and internd origins. Externd origins may be physica and socid
aspects, such as high workload, exacting demands, or uncomfortable environmental conditions.
Interna sources are particular internal states. A person's concern for consequences or failure
could cause himvher internaly driven stress, (101

Examplesof physical stressorsinclude; 63- 100
1 Physcd exertion.

I Exposureto noise over 80 dB.

Work environment with high or low temperatures.

Changesin individud's circadian rhythms,

Boredom, which can result in an aversion to continued effort.

I Information overload and vigilance.
Examples of social stressors are:

I Pressuresfrom peers/supervisors/anxiety.
1 Anxiety over an anticipated evauation of work.
I Adapting to domestic changes.

Physica symptoms of stress are identifiable in anumber of ways. These include increased
blood pressure, heart rate, respiratory rate, gastrointestina disruptions, and neurological
manifestations. Psychological measures include behaviord (work rate, errors, blink rate) and
attitudina measures (boredom and other factors). AV The effects of stress on performance

vary among people.
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One of the clearest conclusions about stressis that effects of stress depend on the type of job
being carried out. For instance, some sSituations are not vulnerable to stress from high
temperatures and/or shift work because they demand efficiency on performance functions that
are not impaired under these conditions. ¢ However, performance of many critical tasksin the
TMC may be affected by stress. Loading printer paper isamechanica task that can be carried
out satisfactorily even under stressful conditions; entering a complex series of commandsin
responseto traffic flow is atask vulnerable to stress.

At this point, we must again consder the effects of individual differences. Different people
working within the same environment may have highly different reactions to the stress level . (10
Characterigtics in physicd, mentd, attitudind, or emotiona natures may bereveded in an
individua's capability to adapt to differing conditions.

Boredom and fatigue

Boredom and fatigue are often overlagpping states. Boredom is the subjective state which arises
in repetitive and monotonous environments. Boredom can become apparent within minutes of
onset of a monotonous task. Boredom is the result of the requirement to maintain attention in
the aosence of relevant task information. @

Fatigue can aso be the principa product of hours of continuous work. For instance, skill fatigue
is fatigue semming from performing complex tasks or tasks involving a number of Smultaneous
processing requirements. Skill fatigue causes an increase in the variability and timing of actions.
Skill fatigue dso produces changes in atention distribution. These changes vary depending on
the task.

Sleep disturbances dso cause fatigue and stress. Tota deep loss produces considerable
subjective stress. Performance effects usually appear after the operator has been working for
some time, and thus, brief tasks may not be impaired. ® In continuous work without Seep, an
individud's fastest reactions are unaffected, but the dowest reactions take longer and longer to
execute. In vigilance performance, both auditory and visua signads are impaired by deep loss
and are especidly impaired later in the work period. 6312

Moderae or smdl reductionsin deep time may reduce efficiency if continued over severd
nights. In addition, differences between no deegp and one to two hours may be important.

Circadian rhythms, and rotating shifts. Another aspect of ATMS that must be considered is
rotating shifts and their affect on circadian rhythms. Simply stated, the circadian rhythm is your
body's naturd clock. Circadian rhythm isthe biologica cycle dl humans experience throughout
the day and the night. During this daily cycle, one's pulse rate, blood pressure and body
temperature rise and fal. These changes aso cause us to be more dert and effective at some
times during the day than at others. Human pesk activity is associated with the circadian rhythm
peak that occurs between 8:00 AM and 2:00 PM. Human low activity occursin the late
evening and early morning when circadian minimums occur.



Time of day effects. Performance differences occur during the day because of the circadian
rhythms. For example, human performance of cal culation tasks and during sporting events may
be at its best in mid-afternoon. 2 In other tasks, a performance impairment occurs in the early
afternoon. 2 Performance on nearly al dimensionsis poorest a gpproximately 3 AM. Figure
5-2 shows the digtribution of performance for a 24-hour cycle.
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Figure5-2. Errorsin reading meters as a function of time of day (from Minors &
Water house, 1981).

Shift work. Circadian rhythms are crucid to consider when shift work isinvolved. 7 Any
operation or activity that runs 24 hours each day (including some TMC's) requires shift work.
For ingtance, air traffic controllers, nuclear power plant workers, medica personnel, production
workers, and police officers dl could have shift work schedules. Since motor vehicletrafficisa
continuous activity, TMC designers will consider shift work. Night shift workers are near their
dircadian minimums when they work early morning and night shifts, (/6. 82)

Individud's reactions to shift work changes are usualy assessed according to subjective hedth-
effects including deep/wake disturbances and digestive and neurologica problemsincluding
degpiness and irritability. 7 There is considerable evidence that deep of shift workersis
disturbed by both permanent and rotating shifts. The effects are most apparent for night shifts.

(63)

Shift work can cause degpiness, gastrointestina symptoms, and decreases in performance due
to conflicts with normal circadian variation ©7 Thus, it is easy to see how rotating shift work
could leave workers fatigued and error-prone.
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Severd factors appear to affect circadian adjustment. First, frequency of rotation affects
adjusment. In dow rotation shift schedules, more circadian adjustment occurs than in rgpidly
rotating schedules. In addition, individua differences affect adjustment. Individuals whose body
temperatures pesk early in the day (“morning” people) will have more difficulty adjugting to a
night shift than “evening” people whose body temperatures pesk much later in the day. Ageis
aso afactor. Beginning around age 40-50 years, people tend to have dower adjustment rates
to shift changes. Physicd fitness, ability to overcome drowsiness, and flexibility of deeping
habits are other individua differencesto be considered in designing and assigning shift work
schedules. 7

5/25 Extended Shifts (Principle; 101)

Consider more frequent breaks and closer supervision during
extended shifts.

Errors and stress may result from extended work time. Extended shifts should not be
consdered unless unexpected traffic system stress absolutely demandsit.

5/26 Night Shifts Performance (Recommendation; 76)

Expect and plan for degraded performance in the 3 AM to 6 AM hours
when circadian rhythms are in the low part of the cycle.

Minimize the need for careful monitoring, short-term memory, and decision
making in the pre-dawn hours.

5/27 Shift Changeover (Observation)

Avoid quick shift changeovers.

Allow a 30-minute shift overlap for the incoming operators to develop a
“picture” of the traffic situation before outgoing operators leave the TMC.
Rapidly changing shift assignments can cause performance problems.

Memory

Memory is divided into two types, working memory and long-term memory. Working, or
short-term, memory is the temporary, attention-demanding storage used to retain new
information (like a telephone number) until we useit (did the number). Long-term memory is
stored more-or-less permanently.



54.1 Working (short-term) memory

Working memory is used when we evauate, compare, and examine different mental
representations. Also, it acts as temporary storage for new information that we later placein
permanent memory storage (facts, how-to-do things). The following characteristics describe the

use of working memory:

Information in working memory isin two forms. Spatial memory contains visud imagesin
three-dimensiond form. Verbal or Phonetic memory contains words and sounds. A glance at
the “big board” traffic map may require a comparison to verba or spatia data on the operator's
own display. Since both displays cannot be viewed at once, the operator must hold a working
image of arelevant part of the big board before comparing it to the persona display.

Working memory'srapid decay rateisone of its greatest limitations. Unlessinformation
inworking or short-term memory is rehearsed and encoded in long-term memory, it will decay
within 15-20 seconds. Once information has decayed from working memory;, it is gone; it
cannot be retrieved. The fastest decay occurs when a near-capacity number of items are held
in working memory. When this occurs, the individua cannot rehearse and transfer the
information to long-term memory.

Memory capacity varies. When full attention is used, a person can store between 5 and 9
(7+/-2) items in working memory at one time. ¢ An item may be an individual letter or digit or
letters and numbers that can be combined (“chunked”) into words, images, or series of numbers
that make sense to theindividua. Essentidly, the person remembers the single chunk, such as
the word, “computer,” rather than remembering the 8 letters, c-o-m-p-u-t-e-r. Chunking
expands working memory capacity by reducing the number of items in working memory.
Displays and information can be designed to facilitate chunking.

For getting of material from working memory also results from active interference.
Both previous information and new materid interfere with materid stored in working memory.
For example, an individua looks up a phone number and then forgets it before it isdided
because someone asks a question during the retention interva (interference caused by new
materid).

Need to monitor multiple variables. When contending with multiple varigbles, working
memory is more efficient when the varigbles are very different. Smilarities in tasks tend to be
confusing if those tasks share a common code; therefore, the codes may be eadly forgotten or
confused if one's attention is diverted, even briefly. Examples of codes that challenge working
memory include telephone numbers, postal ZIP codes, and computer commands.
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Long-term memory

The second type of memory islong-term memory. In computer metaphor, working memory is
RAM and long-term memory is the brain's “hard disk.” Long-term memory is subject to the
following rules

Thelong-term memory containsinformation in at least three forms. Oneformis
declarative knowledge or facts. The second form is procedural knowledge or “how to” do
something. The third is sensations; the sights, sounds, tastes, and odors we experience.

Decay may never occur but difficulty in retrieval and retrieval failureswill occur.
While working memory will decay and become inaccessible (like afile erased from a computer
disk), long-term memory may become unavailable (like a computer file whose name has been
forgotten.) A good example of thisis the familiar “tip-of-the-tongue’ phenomenon in which
recd| of afamiliar name or book title remains frudtratingly just out of reech.

Job/memory aids can be valuable. One gpparent solution to the quick decay of information
in memory isto incorporate job aidsinto the task. Memory aids provide a vauable service and
can befiltered or physicdly turned off. One type of job ad, disolay augmentation, could
provide a continuous record of the information gppearing in along lasting display. Another job
ad might set amovable pointer to a previous or nomind vaue. A third job ad may smply
record and replay radio and telephone messages.

Memory aids are not dways easy solutions. A trade-off occurs, while memory aids reduce the
grain on working memory, they increase display clutter. A cuttered display is more confusing
and difficult to read, and the increased visua workload aso causes increased error rates. Thus,
keep in mind that memory ads can distract and disrupt perception. Chapter 12 (User Aids),
discusses these chdlenges in detall.

Time of day affects memory. As previoudy noted in this Chapter, performance differences
occur during the course of one's circadian rhythms and these rhythms are connected with the
“time of day effects.” While performance on most tasks follows body temperature rhythms and
tends to increase throughout the day, long-term memory performance appears to be best in the
morning. For immediate recal, short-term memory performance is dso better in the morning
than later in the day.

Designing TMC’sto support memory

Research and experience have shown that there are numerous strategies that can be used to
support performance on memory tasks in the workplace. Some of these are summarized below:



5/28 Consider Memory Requirements (Observation)

Design tasks to respect the limits of working memory.

If the items are important, put them on paper - or on the monitor. Forcing an
operator to remember long numeric strings, for example, can quickly tax
working memory; similarly, memorizing one string and then a second string
will tend to drive the first out of memory. Performance testing with prototypes
will help identify problem areas.

5/29 Long Term Memory (Observation)

Support long-term memory with techniques that promote recall,
including:

I job aids.
I mnemonics.
I recall cues on displays.

5/30 Similar Sounds (Observation)

Avoid codes with large strings of similar sounding chunks.

A series of commands to be keyed in to the system that are similar in sound
may interfere with one another. Verbal information is rehearsed and
temporarily stored by its “sound,” even if the sound is generated in subvocal
speech.

5/31 Memory for Long Series of ltems (Recommendation)

Support memory for along series of items by providing a mix of
numeric and alphabetical items.

Years ago, telephone numbers were of mixed content — verbal and numeric.
As telephone systems “improved,” the verbal part gradually disappeared,;
Woodlawn 2-1636 became 962-1636 and recall became more difficult.
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5/32 Working Memory Interference (Recommendation)

After task analysis has revealed what information will be stored in
working memory, ensure that intervals before, during, and after
storage are free of any unnecessary activity that uses the same code
(spatial/verbal).

If someone is trying to keep a telephone number or numerical location code
in working memory, having to listen to a string of unrelated numbers will not
be a welcome interruption. In interfaces, operators will frequently have to
keep some information (such as a location code, variable message, or
telephone number) "in mind" — that is, in working memory — for a short
period of time. Tasks should be designed to avoid forcing the operator to
attend to conflicting information of the same coding type.

Decision M aking Constraints and Biases

Many of the active interventions by human operatorsin the TMC will involve making
decisions. These decisions may be complex, based on limited infor mation, and have
uncertain outcomes. These are the kinds of decisionsfor which the human is better
suited than a computer or an artificial intelligence system.

Requirementsfor decision making: The General Decison M odel

Decison making is a complex cognitive process by which people identify and evaluate
dternatives and select a course of action. The generd process in decison making isillustrated
by Figure 5-3. A decison maker samples cues/information sources from the environment.

Some uncertainty comes with the information. Upon sampling and integrating informetion, the
decison maker attempts to formulate a hypothess about the true state of the world and useit as
abasisfor further selections (this can be a diagnosis or a prediction/forecast). This process
utilizes both working memory (compare, evauate hypothesis) and long-term memory (plausible
hypotheses are stored in long- term memory). Theinitid diagnosis may be followed by afurther
search for cues confirming or rgecting the hypothes's. Next, a choice of action istaken. Choice
usudly involves the evauation of risk. Then, feedback begins.

The outcome of the decison may affect the next round of sampled cues. Knowledge of the
outcome, whether successful or not, can influence future decisions through learning or through
modifications of current plans. Feedback reinforces or discounts the rule/process used to make
the decisions. If feedback shows a decision to be correct when the rule used was wrong, it will
be reinforced, and thus more difficult to “unlearn” later. Delayed feedback may cause many
factors of the decision to be forgotten/distorted. (122
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55.2 Humansasdecison makers

There are inherent biases in the way people seek information, estimate probabilities, and attach
values to outcomes. These biases may produce irrationa behavior. People do not dways act
according to objective probabilities of gain and loss. (1°1 122) Congider how each of the
following decison biases might affect a TMC operator's assessment of a developing traffic

crigs

People give undue weight to information first received and less weight to
information received later.

People are generdly conservative and do not extract the optima amount of
information from the sources.

Subjective odds favoring one dternative over another are neither assessed to be as
extreme nor given as much confidence as they should be. Thisis another example of
ahumean conservative bias.

Asinformation is gathered, people become more confident in their decisons, but
not necessarily more accurate. In addition, the accumulation of too much
information for the operator to handle can cause aloss of confidence.

People have the tendency to seek far more information than they can absorb.

People treat dl information asif it were equaly religble.

Humans gppear to have alimited ability to entertain more than afew (3-4)
hypotheses a atime.

Humans tend to focus only on afew critica attributes at atime and congder only
two to four possible choices that are ranked highest on those few critica attributes.

People tend to seek information that confirms their choice of action and to avoid
information or tests whose outcome would disconfirm their choice.

A potentid lossis viewed as having greater consequence and, therefore exertsa
greater influence over the decison making behavior than does a gain of the same
amount.
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Too MucH KNOWLEDGE

An example of the complications of human decision making comes from an evaluation of an Army
command center. Tactical commanders had been demanding that electronic media provide them
with ever more and more knowledge about the enemy situation and probable intentions, on the
presumption that more information would yield more certainty.

In a carefully designed experiment, researchers at West Point tested this idea. The result: more
information does provide more certainty — up to a point. When too much information was provided,
the Subjects (all of whom were experienced commanders) felt less confident that they had any
accurate idea what was happening. In fact, they were increasingly unable to integrate multiple
sources of information into a mental picture that meant anything.

Follow-up testing disclosed that the problem could be solved in part by data fusion (See Section
13.10). The lesson: when a human is part of the system, an important task of the automated
subsystems is to present information to operators in a way that supports accurate decisions.

Use of decision aids

Decison making is influenced by many factors. Engineering psychologists have looked at such
factors and been able to identify some of the circumstances under which decisons are likdy to
be degraded. This knowledge alows us to propose decision aids that tend to offset biases.

By understanding human capabilities and limitations, designers can devel op better methods for
presenting and preprocessing information to improve decison qudity. For insgance, we might
program a computer to keep track of hypotheses, aggregate probabilities, and sdlect the best
information sources.

Advantages of decision aids (122

Tend to minimize the influence of individud differences, emotiond States, and
misperceptions of probabilities.

May force structuring of problem as opposed to haphazard guesswork.

May force condderation of multiple options, offsetting common
decison bias.

May force quantitetive weighing of options (trade-offs).



Disadvantages Of Decision Aids. Decison aids are not aways the best answer. If
improperly designed or applied, a decision aid: (122

1 May discount valuable user intuitions.

May beignored if it is seen asinaccurate.

May not be adaptable to unusud circumstances.

May increase time for decision making (this could dso be an advantage in some
gtuations).

May be exceedingly difficult to evaluate.

When designing decision aids, observe the following guiddines:

5/33 Diagnostic Information Access (Recommendation; 122)

Present all diagnostic information concerning all alternatives for
simultaneous consideration.

This creates challenges for display design that are considered in Chapter 11
and especially in Chapter 13.

5/34 Information Prioritization (Recommendation; 122)

Design the system aid to filter and present those information sources
that contain information on the important attributes.

Data may be presented so that sources that are most reliable and most
diagnostic (that is, most likely to provide information useful to the decision)
are highlighted. A caution should be added here: This approach implies
machine-centered decisions, and the machine is not always in the best
position to make a decision. See discussions on function allocation in
Chapter 3.



5/35 Decision Alternatives (Recommendation; 122)

Design the decision aid to force the operator to consider alternative
hypotheses so that anchoring and recency of initial hypotheses do
not dominate memory.

This guideline refers to a human bias toward the first interpretation. If
decision aids are used, they should forestall the users' natural tendency to
make their decisions before all required information is available.

5/36 Statistics and Decision Making (Recommendation; 122)

Provide interpretation of statistics when used for decisions.

This is particularly important when large numbers of data points are being
consolidated for presentation to help the operator make a decision. When
possible, calculate and present numerical probabilities that a decision is
correct.

5/37 Decision Aid Complexity (Recommendation; 122)

Provide simple decision aids.
Test the complexity and ease of use on a sample of typical operators and
adjust the complexity accordingly.

55.4 Confidencein decisions

Confidence and accuracy in decison making are often unrdlated. Since decison qudlity is not
usudly evident at the time a decison is made, high confidence in that decison is often
considered as an indication of a correct decison. The task, human characteristics, and mode of
display al influence decison qudity. (1°®

Many computer interfaces that lead an operator to adecison use graphic displaysto carry
information used in the decison. Isthisa hep in making the right choice? There is some
question whether the new graphics technology affects the accuracy-confidence relationship. (18
Results showed that overconfidence in decisions occurred when subjects used graphic displays.
In smpler tasks, overconfidence is not a problem because the decison is much more likely to
be correct.



5/38 Avoid Automation Overconfidence (Observation)

Avoid leading the operator to place too much confidence in display
information and decision aids.

Ensure that all operators are aware of the computer limitations in their TMC.
This may include the display of sensor data and decision aids. Sometimes
introducing technology into a process that is difficult for humans may create
the illusion of correctness simply because the machine seems to “agree”
with the operator.
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6.1 The Need for Job Design

A job, for purposes of this handbook, isthe sum of al tasks assgned to a given category of
TMC employee, and where these tasks are performed within a given working context. The
tasks and work modules described in Chapter 3 are grouped in away that describesthe
activities required of an operator. But factors other than the tasks — for example, motivation,
workload, scheduling, and task dlocation across operators — can influence the design of ajob.

Effective job design is vitd to the performance of the TMC's mission. A well-designed job will
permit aquaified person to perform that job to documented standards without undue stress and
provides enough challenge and variety to keep the job performer engaged and motivated.
Conversdly, a poorly-designed job may be boring or may overwork the performer to the point
of early burnout. In such circumstances the range of duties may not be gppropriate to one
person's knowledge, skills, motivation or gpproach. The job performer may operate far below



hisor her levd of effectiveness.

Designing ajob is more than writing a position description. Job design is supported by a
thorough task analysis. Only after system and operator tasks are documented and anayzed can
they be distributed effectively among personnd and supporting technology.

Job design for complex systems considers the hardware/software and the corresponding
operators as ajoint system and designs the technological and human aspects of the sysem asa
unified whole. ® Chapters 2 and 3 have described methods for analyzing and alocating tasks
in complex systems. All of the information in those chapters is gpplicable to job design and
should be read as preparation for the ideas discussed here.

An organization seldom has the opportunity to design ajob from the ground up. More
commonly, job design evolves as an organization grows and changes. This evolution may result
in well-designed jobs, or it may eventudly result in jobs that are irrdlevant and cannot be
performed effectively.

Most often, job design is explicitly addressed when anew system isintroduced or a new
function or mission is assigned to awork group. Trangtions such as these provide opportunities
to re-examine the assgnment of duties to personnel and to ensure that such assgnments are
rationd and practicd within the red-world limitations of the organization. Thus, ajob or group
of jobsis more often re-designed than designed "from scratch.” The ideas presented in this
chapter can be applied either to the design of new jobs or to the re-design or adjustment of
exigting jobs. Even minor changes in duty assgnments or schedules can have important effects,
pogitive or negetive, on job performance. Such changes should be made with attention to
human factors issues.

This chapter discusses specific issues to be considered in designing (or re-designing) jobs.
Theseissues include error, job characteristics and motivation, workload and work pacing,

work schedules, task dlocation, optima performance, and individua differences. Many of these
topics are discussed in detail in other chapters of this handbook, and in many cases, specific
guidelines may be found in the other chapters.
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6.2.1

TMC EXPANSION AND JOB REDESIGN

A TMC example where jobs may need to be redesigned was observed in one of the site visits made
during the preparation of this handbook. A few years ago, two controllers, each responsible for a
geographic region, handled communications tasks along with the additional tasks of monitoring
cameras and ramp meters and setting variable message signs. As the system expanded and
workload increased, it was decided that a separate information officer was needed to handle
dispatching and non-broadcast radio communications. At that time, the center was staffed at peak
hours by two controllers, one information officer, and a radio announcer, a radio station employee
who provided regular traffic information broadcasts. The system was expanding, and the two
controllers were likely to be overworked as additional cameras and ramp meters were brought on
line. A resolution has not yet been enacted, yet one solution that is currently being considered is
adding a third controller position. This would require considerable redesign of the physical facility,
which now has two controller consoles, two banks of TV monitors, all of the infrastructure to
support the two stations, and very little room for expansion. A second solution is to add a
supervisor/coordinator to the team during peak periods, and/or the re-design the information officer's
job to include formal coordination duties. Situations like this one require that changes in the design
of jobs be given considerable thought, and be treated as system changes.

Job Design and Error Reduction

The principles discussed in Chapter 4, Human Error, may be applied to job design aswdll as
to overdl system design. In fact, syssem design is often inseparable from job design, since the
design of human-machine systems dso involves the determination of other job characterigtics
that go beyond the assgnment and scheduling of operator tasks, the design of the interfaces that
determine and congtrain job performance, and the design of the physica work environment.
Especidly important is the way in which multiple duties and tasks are combined or integrated in
the design of jobs.

Task Integration

Careful integration of tasks can prevent the inclusion of incompatible procedures or conflicting
cues across job tasks. Integration is especialy important when a job involves use of multiple
subsystems designed by different teams. As noted in Chapter 2, the system design process
should be a planned movement from specific subsystems to tests of the complete system.

The user-centered design process, described in earlier chapters, appliesto job design, as does
the recommendation to use information from anayses of current jobs in the design or redesign
of new jobs. Often, careful observation of persons a work can do more than any other method
to revea sources and patterns of errors and suggest ideas for avoiding such errors.



6.2.2 Job Prototyping

6.2.3

Prototyping provides a“strawvman” verson of ajob that can be used as the Sarting point for
iterative design of the find job. Experienced operators should be given an opportunity to review
and to “walk through” new duties and tasks Smilar to those they aready perform, before the
designs are finalized (see Section 2.2). They will often spot potentia problems that are evident
only to those who have actualy performed such jobs. Operators are likely to notice conflicts
among duties and tasks that may lead to high error probabilities and to work overload.

Theideaof prototyping is somewhat more difficult to gpply to job design than to system design,
but the concept is worthwhile. Techniques such asinterviews, questionnaires, and “thinking
aoud” (Section 11.2.3) are used. In the case of anew TMC, for example, the design team
might use experienced operators from other Sites as subject matter experts, using ther
knowledge of andogous jobsto hep form a prototype. If there is an exigting facility,
experienced users can provide useful input for new or modified jobs by comparing present
duties to the revised mission of the upgraded TMC. This input may require some speculation,
but the resulting design will be a prototype, not a finished product. Subsequent design and
evauation iterations should identify the bad guesses.

Operator Participation in Job Design and Testing

The reduction of errorsisamagjor objective of systematic job design. Poor job design canbe a
sgnificant source of human error. The guiddinesin Chapter 4 (Section 4.5) for minimizing
errorsin performance apply to job design aswdll asto system design. Careful atention to the
design and integration of individua procedures and tasks can help to avoid lapses caused by the
need to divide attention among Smultaneous tasks. Some specid guidelines apply to the design
of jobs to minimize errors and their consequences, 129

6/1 Design and the Operator (Observation)

Involve operators in the design of jobs, tasks, and procedures.
Operator involvement is a fundamental element of user-centered design (see
Section 2.1.3), and applies particularly to job design because the job is
specifically about the user.

In TMC’s visited during a requirements analysis, some of the most creative
ideas were associated with centers that used the experience, opinions and
recommendations of in-house personnel to assist design. In these cases, a
heightened sensitivity to human issues of job design, as well as an active
and ongoing attempt to identify and solve job-related problems was evident.
Operators’ contributions must be scrutinized, however, for bias toward old,
accepted methods.



6/2 Prototype Tasks and Operator Testing (Observation)

After developing a preliminary design, operators should work with
prototypes to help test and refine the design.

As discussed in Chapters 2 and 3, this step is often ignored because of
delay and expense, and because many designers do not know how to
execute a user-centered design test. Many of the example problems and
failures presented as supporting material in this handbook could have been
averted had prototyping of tasks been accomplished during design and
development.

6/3 Prototype Instructions and Operator Testing (Observation)

Test all TMC instructions to ensure that operators understand them.
Never presume that instructions will be understood or followed. To ensure
clarity and completeness, always test instructions on operators and revise
them to address identified shortcomings.

6/4 Errors and Operator Testing (Observation)

Use operators to test user interface designs to ensure that intuitive
actions will not lead to unrecoverable errors.

“Intuitive” actions that trap TMC operators fall into two categories: (a) actions
that seem logical because they match some internal “map” unique to the
operator, and (b) actions that fit the logic of similar or earlier tasks.
Computer users who buy a new word processing package, for example, will
invariably try to apply familiar conventions that guided use of the last
package. They only fall back on the new instructions when the familiar
approach fails to produce the desired result. Of particular importance are
those actions that can cause serious complications in traffic control or
system function (such as the scenario described in Chapter 11 in which a
key entry of <1> begins setup, while an entry of <11> initiates system
shutdown).

6.3 Job Characteristicsand Motivation Influence Job Design

Many industrid psychologists support the theory that workers are most highly motivated and
perform best when their jobs are designed to maximize afew key characteristics. According to
many researchers, highly motivating jobs have a common, identifiable set of characteridtics.
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6/5 Job Motivation (Recommendation)

Design jobs so that operators will be motivated to perform them well.
Provide skill variety, task identity, task significance, autonomy, and
feedback. ®®

1 Skill variety is the degree to which a job constitutes a variety of
different activities, involving the use of a number of different skills and
talents.

Task identity is the degree to which the job requires the completion of
a whole and identifiable piece of work — that is, doing a job from
beginning to end with a visible outcome.

Task significance is the degree to which the job has an impact on the
lives or work of other people, whether in the immediate organization
or in the external environment.

Autonomy is the degree to which the job provides substantial
freedom, independence, and discretion to the individual in scheduling
the work and in determining the procedures to be used in carrying it
out.

Feedback is the degree to which carrying out the work activities
required by the job results in individuals obtaining direct and clear
information about their performance.

Not dl of these characteristics can be maximized in TMC's. In vehicular traffic control, just as
in air traffic control or other proceduraized jobs, operators must follow established
procedures and guiddines and cannot be given as much autonomy as workers in many other
jobs. These desirable characteristics should, however, be emphasized wherever possible in the
alocation of tasks to jobs. For example, where possible, an individua job should be designed
s0 the employee finishes what he or she starts and sees the results.

Workload and Work Pacing Influence Job Design

Traffic management centers operate under conditions of widely varying workloads, with rush
hour and event-reated peaks separated by periods of little activity. Designing jobs and staffing
schedules to cope with these variations is a challenge. A few basic principles can help to ensure
that performance does not decrease and employees are not burned out by the work pace.



6.4.1 Workload Optimization

Jobs involving supervisory control of automated systems are often described as “hours of
intolerable boredom punctuated by afew minutes of pure hell.” @2 This description has been
gpplied to the jobs of commercid arline pilots, nuclear power plant operators, and other
command/control positions. These are jobs where many of the norma functions are automated,
and the human operator has two important functions. First, he or she monitors the automated
operations of the system, perhaps fine tuning them from time to time — the * boredom”
component. Second, when the system malfunctions, he or she must diagnose and correct the
mafunction, often under severe time congraints and with the threet of serious consequencesiif
the mafunction is not corrected — the “pure hell” component.

Supervisory control jobs require the operator to maintain up-to-date knowledge of the status of
many system parameters, even though he or she may not be involved in controlling those
parameters most of the time. The danger isthat the operator will lose touch with the system and
be unable to respond gppropriately in an emergency. Vists to traffic management centers made
during preparation of the handbook suggest that many of these issues surrounding supervisory
control jobs may be rlevant in the TMC, especidly during off-peak periods when operators
may become mentaly detached from indicators of system performance. As more automated
support systems gppear in the TMC, maintaining operator awareness will become more

chdlenging.

Good job design can be afactor in improving performance in such circumstances. When
alocating functions between the human operator and automated systems, designers should
sometimes (e.g., during night shifts or other low-workload periods) specify more operator
involvement than the technology requires, so that the operator will remain engaged and atentive
to system operations. Requiring periodic checking and logging of system statusis one option,
dthough if the work is not meaningful and is dearly “busy work,” it will not engege the

operator. Operators may be given discretionary power to fine tune or even override automated
controls, athough such discretion requires clearly understood and well-enforced limits.

6/6 Operator Awareness of System Oper ation (Observation)

Design jobs so that operators are required to maintain contact with
their system.

This may be possible only by forcing the operator to a higher region in the
continuum of operator roles than the technology demands (see Section 2.2.3
and Figure 2-4). Such a decision may seem on the surface to be technically
inefficient. What the design team must consider is the value of having the
human functioning actively in the loop during emergency situations versus the
operating efficiency of high automation during routine periods.



DIFFERENCES IN STYLE

An example of the issues involved in discretionary overrides of automated controls was observed in
an operating TMC. In this center the ramp metering function is automated, with algorithms
controlling the meters in response to time of day and traffic movement parameters. Operators can
override the automated settings if they determine that the settings are not optimal. The system now
has a problem with lack of uniformity across operators. Some operators seldom override the
automated settings, while others intervene regularly, each with his or her own “style,” varying in the
restrictiveness of the metering. The system managers are currently considering how to deal with
this issue.

Some genera workload and work pacing issues to consider in job design include overal
workload, peak loading, and the pacing of work. The following paragraphs suggest some ways
of dedling with these in the design of systems and jobs. Additiond materid on task dlocation is
presented in Section 6.6.

Using tools and techniques described in Section 2.2.4 and 2.2.6, examine the overal workload
implied by the demands of the job prototype and the operationa scenariosfor the TMC
(Section 2.2.1). The fallowing guiddines gpply:

6/7 Workload Level (Recommendation; 123)

The overall workload should be high enough to keep the operator
busy and engaged, but not high enough to induce severe stress or to
subject the operator to frequent simultaneous task requirements.
Research results (see reference 123) suggest that as workload increases
beyond what is easily handled, operator error and stress levels increase.
Consequently, periods of extremely high workload should be minimized.

Section 6.6.1 includes possible techniques for identifying workload level. Operationa sequence
diagrams, prototyping, work profiles, and other methods are discussed in Chapters 2 and 3.
Congder this guiddine dong with Guiddine 6/6 in planning optimum workload.

Asemphasized in Chapter 2, user-centered design must view the operation of the total system.
Since jobs do not develop fully until Iate in the process of system design, and are influenced by
avaiety of factors, integrated design is essentidl.
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6/8 Competing Tasks (Observation)

Integrate system and job design of systems as a means of preventing
tasks from competing for the operator's attention.

Piecemeal design (and thus piecemeal assignment of corresponding tasks
assigned to the operator), will often inadvertently cause periods of overload.
Where incremental design cannot be avoided, prototyping of the new tasks
in the real work environment can help to alert designers to the potential for
conflicts and overloads.

6/9 Peak Load and Task Distribution (Observation)

Design work and training scenarios such that tasks can be re-
assigned during peak load.

Obviously, task reassignment does not work if all operators tend to be
overloaded at the same time, but often one operator can take on some of
another's tasks to relieve a short-term overload. The feasibility of task
reassignment should be considered when systems and jobs are being
designed.

Since TMC workload can vary not only within asingle day, but during specia conditions— for
example, late afternoon before a*“long” weekend, mgor sports and cultura events, extreme
wesather conditions, and disaster evacuations — there should be provison in design for
additiond gaff. This variable saffing will usudly be a short-term measure.

6/10 Variable Staffing (Observation)

Consider variable staffing, with more operators working during peak
or other demanding periods, as a means of reducing workload.

This method is frequently used in existing TMC'’s, as is the use of “on-call”
workers. One center assigned only one operator to monitor operations
during off-peak hours. If an incident occurred during those hours, creating a
work overload, other workers left their routine tasks and assisted in the
control room.

Work Pacing

The pacing of work is an aspect of job and system design that may have some gpplication to
the TMC environment. The mgjor consideration here is whether the pace of the work is set by
the worker, “self-paced,” or by the technology, “system-paced.” Thetypica assembly linejob
isan example of system pacing. The work pieces are ddivered to the worker at a system-
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determined rate, and he or she must work at the system's pace. Typicaly, workers express
dissatisfaction with machine pacing of their work, but research findings are not clear on whether
sdlf pacing or system pacing leads to better performance. 29 Generaly, system pacing should
be avoided, if possible, if only to avoid the negative effects on worker motivation or satisfaction.
Clearly, some tasks must be performed a regular intervals (e.g., traffic reports every ten
minutes during rush hour), and, where this is understood to be essentia to job completion,
workers are typicdly willing to comply.

Shift Scheduling

Studies have investigated the effects of various work schedules on worker performance and
well-being. Most of this research has concentrated on the effects of working shifts other than
norma daytime hours, and is covered in Chapter 5 on congtraints to work performance. The
scheduling of shift coverage may be considered a part of job design.

Most TMC services are needed from the beginning of morning rush hour (5:30 to 6:00 AM) to
the end of evening rush hour (6:30 — 7:00 PM), athough some centers are Saffed 24 hours per
day. Typicaly, the workday is too long to be covered by asingle team of operators, but it may
not require two full 8-hour shifts. Schedule requirements can be satisfied in anumber of ways,
including overlapping shifts, and assgnment of other dutiesto fill the shift time not spent as an
operator. College sudents, for example, can serve as an excellent resource for augmenting the
TMC team because their schedules are often flexible enough to alow them to sandwich their
classes between two short, rush-hour shiftsin the TMC. Any of these gpproaches may be
effective, if the basc guiddines given in Chapter 5 are followed.

Assgning workers permanently to night shift work is not recommended, but rotating shifts can
be difficult aswell, especidly if careful scheduling isignored. The following guiddines are
suggested for scheduling rotating shifts.

6/11 Forward Shift Rotation (Recommendation)

Shift rotation should always be in a forward direction.
A "forward direction” is, for example, from day to evening to overnight.
People adapt more easily to a longer than normal day than to a shorter one.
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6/12 Sudden Shift Rotations (Observation)

Avoid quick changeovers between shifts (with less than a normal
interval between successive workdays) for any worker.

Sudden shifts can cause temporary disorientation as the circadian cycle
catches up. For example, a change in shift assignment from day to overnight
should allow a full day of adaptation time between the old and new
schedules.

6/13 Preferences for Shifts (Observation)

Where possible, individual workers' preferences for early or late day
shifts should be accommodated.

The differences between "morning people" and "night people" are real, and
workers are most effective when they are working in harmony with their own
internal rhythms.

A seemingly minor issue, but one which can have serious implications if not consdered, isthe
need to dlow for sufficient overlap between outgoing and incoming shifts. A 30 minute overlap
ensures that the new shift has time to be briefed on system status and to receive information
from the outgoing team.

6/14 Shift Turnover Timing (Observation)

Shift turnover should be scheduled for periods of lower workload.
This allows time for transfer of information between incoming and outgoing
shifts.

Task Allocation Influences Job Design

The dlocation of operator tasks to individual positions or teamsisajob desgnissue. The
authors observations of existing TMC's showed that the alocation of tasks to team members
appears to be based on habits that groups develop on their own, dthough some specialization
was observed (e.g., dedicated radio communicators). In this section, three mgjor questions are
addressed:

I How arethe normd tasks assigned to jobs or positions (default allocation)?
I How are peak load tasks assigned (dynamic allocation)?
I How should tasks be apportioned within teams (shared allocation)?



6.6.1 Default Task Allocation

The most basic question in the design of any job is“what tasks should be assgned to this
position?” Some of the principles to be consdered in answering this question have dready been
discussed in Chapters 2 and 3, and the desirable overal characteristics of ajob have been
liged. The system andytic agpproach fird identifies those functions which the sysem must
perform and then decomposes these functions into tasks. The tasks are dlocated to human and
meachine components of the system or, more frequently as information system interfaces evolve,
to a combination of human and machine components. The output of this processincudes alist
of tasks the operators must perform, either alone or in concert with the system, and detailed
task requirement information. Thisinformation may include: the knowledge, the skills, and the
abilities required to perform the tasks; the timing and the frequency of each task; the links
that define the relationships between tasks; the characteristics of the interface required for
task performance; and the information flow between the operator and the automated system
for each task.

The job designer (often an engineer) must then use thisinformation, dong with information
about available human resources and the congtraints applicable to task assgnment, to determine
who will perform which task(s) on aregular basis. This decision processis required not only for
the addition of new tasks (when systems are changed), but aso for the origina tasks. The
following guiddines should be consdered (in addition to those in Section 6.3) in making such
decisons.

6/15 Operator Workload Capacity (Observation)

The total and peak workloads for any one operator should not
exceed the operators’ capabilities.

If peak workloads are expected to require assistance, then design of the job
of the person expected to assist should include relief tasking.

6/16 Tasks Distribution Over Time (Observation)

Distribute tasks over time as evenly as possible.

In a TMC, task pace is largely dependent on the demands of the traffic
system. Design of individual tasks can worsen difficult situations, especially
when performed concurrently with other tasks. In iterative tests and
evaluations, designers should identify scenarios that are vulnerable to
overload and then reduce that overload to manageable levels.



6/17 Task Distribution Among Operators (Observation)

Assign multiple operators those tasks that require conflicting actions
or simultaneous attention to several information sources.

Such problems may not be evident without prototyping and evaluation under
realistic conditions.

Figure 6-1 shows the output of atime-line analysis for multiple tasks under consderation for
assgnment to a single operator, showing the distribution across time of the defined group of
tasks. This generic example shows a convenient method for predicting operator overload. The
list of tasks represents aword module composed of 10 tasks. Note the periods of heavy
activity, particularly in the firgt ten minutes. Such an analysi's can reved where task overloads
are likely to occur and can help prevent the designer from dlocating conflicting tasks or
overloading asingle operator. If such information is not available from atask andyss, a
designer should generate it before performing the dlocation of tasks to individuas. Sources of
information can include data from similar tasks currently being performed, estimates from
operators, and estimates from system designers. Chapter 3 provides information on generating
such task andytic information, aong with references for appropriate methods which may be
used.

Time

Manipulation of control

A Manual recording of data
O Visual observation

Decision

Figure 6-1. Sampletimeline analysis (after Woodson, Tillman & Tillman, 1992).



6.6.2 Dynamic Task Allocation

When more than one operator is on duty in afacility, adynamic task alocation is often
gppropriate, where the existing conditions determine who does a particular task a a particular
time. Operator A may routindy perform task A while performing other tasks, but when he or
she is overloaded, Operator B may take responsbility for that task. The following guiddlines, in
addition to dl those for normal workload alocation, are appropriate.

6/18 Operator Availability (Observation)

Ensure availability of additional operators for task transfer when
operator workload becomes excessive.
Analyze task requirements for all operators to project their workloads.

6/19 Task Transfer and Task Shedding (Observation)

Provide rules or guidelines governing the transfer and shedding of
tasks.

With these rules each operator's responsibilities are clearly defined, all tasks
are assigned, and priorities for task transfer among operators and task
shedding are established. Task shedding refers to allowing some low priority
tasks to remain undone under defined circumstances.

6/20 Task Transfer and Operator Workstations (Recommendation)

Ensure that the system hardware and interface support the transfer of
tasks between operators.

If Operator B must take over Operator A's task under overload conditions and
use Operator A's equipment to perform the task, problems are likely to occur
if the equipment is different. An appropriate approach is to standardize the
capabilities and user interfaces across all operator stations.

6/21 Cross Training (Observation)

Include cross training of tasks in training plans such that a task may
be performed by different operators under different conditions.

An operator whose primary duty is managing the CMS system may also need
to be available for verifying and managing incidents.

Based on TMC surveys, three basic schemes were identified for divison of the tasks among
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operators. Perhaps the most common was divison by function — one operator might be
respongble for identifying and verifying dl incidents within the area assgned to the TMC while
another was responsible for communication responses to the incidents. A second scheme was
by geography — each operator was respongble for dl traffic management functionsin a specific
area of the city. In the third and least common scheme, there was no divison of [abor.
Operators sought and addressed traffic management problems in the metropolitan area without
regard to their location or nature.

Research has examined the differences between functiona and geographic task assgnments.
While differences were minor, they tended to favor functiond tasking. Thus, specidizing in
specific TMC tasks, operators responded more quickly, produced higher quality responses,
and avoided more incident-related congestion.

Functional teams have one disadvantage that needs to be addressed in TMC design.
Significantly more communication and coordination between team membersis needed because,
for example, the team member finding and verifying the incident must communicate adetailed
incident report to the team member conducting the incident response. Means of facilitating this
communication by voice, computer, or gesture should be taken into account in TMC job design
and procedures (see Guideline 6/23).

Shared Task Allocation

The design of teams, team tasks, and team training has received much atention, especidly in
the military and the aerospace industry. 9 Most likely, the majority of TMC operator tasks
are best performed by single operators, but certain tasks lend themselves to team work. In
generd, tasks requiring (1) smultaneous gathering, transfer or processing of information
(monitoring and reporting on system parameters); (2) the following of complex procedures
while observing system feedback (troubleshooting); and (3) problem-solving activities may be
best performed by two or more persons. They should be designed as team tasks.

One advantage of team task performance is that the specialized skills and knowledge of each
team member can contribute to the performance of atask that would be difficult for any sngle
individua. Many aspects of the design and management of team work, including personnel
section, training, and communications, are not discussed here. The following guiddines
concentrate on the design of team jobs and tasks. The guidelines assume the availability of
human resources, and that gppropriate human resource and operational management actions
will be taken.
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6/22 Support Team Communications (Observation)

Provide technology and design that supports all required team
communications.

Facilitate team communications by implementing workspace design
principles. This includes both formal verbal and electronic communication and
informal gestures and body language. Principles of workspace design are
covered in Chapter 10.

6/23 Formal Task Assignments (Observation)

Develop team procedures that (1) clearly assign responsibilities to
particular team members or that (2) clearly state that any team member
may perform given steps or tasks.

Take advantage of the specialized skills and training of each team member in
assigning these responsibilities.

6/24 Team Procedure Testing (Observation)

Test prototype team tasks and procedures before using them.

This approach will ensure that team tasks/procedures are feasible and are
supported by the technology. In addition, it will ensure that time estimates are
realistic.

Design for Best Operator Performance

As noted earlier, jobs and technology should not be designed separately, but rather should be
treated as aspects of an overdl operationd system. Many of the human factors issues discussed
elsawhere in this volume with reference to the design of technologica systems and interfaces are
a0 relevant to the design of jobs. The guiddines given serve as reminders of those factors that
can influence the speed and accuracy of performance and the attitude and well-being of the
operator. They are intended to remind the design team that many features grouped under other
chapters influence job design.

6/25 Task Transition Time (Observation)

Minimize the transition time between related sequential tasks.
Task analysis data and link analysis are useful workstation design tools for
reducing idle time and transition times between tasks.



6/26 Workstation Flexibility (Observation)

Design control, display, and work area layouts to support the range
of tasks an operator will perform.

The optimal layout for a single function may not be the best for the job as a
whole.

6/27 Consistent Information Presentation (Observation)

Select information presentation and coding techniques to support
the range of tasks the operator will perform.

Ensure that coding, nomenclature, and presentation style are consistent
across tasks to the greatest extent possible.
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7.1 TheDimensions of People

People come in abroad range of sizes, shapes, strengths and agilities. It is a challenge for the
designer to be sure that the TMC workgtations and jobs are designed to physicaly “fit” the
entire staff of operators. In order to ensure that TMC operators can see al of their displays and
monitors, reach dl of their controls and keyboards, and till maintain a safe and comfortable
posture, designers must take the operators physical dimensionsinto account.

The science of anthropometry measures and documents the physical dimensions of humans -
both gtatic measures such as height and dynamic measures such as strength - and applies them
in the design of human/meachine sysems. A full understanding of anthropometry blends
knowledge of arange of topicsin physiology, biophysics, and biomechanics.

The samples of data and guiddinesin this chapter were selected for their pertinenceto TMC
human factors design. They form the basis of design guidelinesin Chapters 8, 9, 10 and 11 that
are specificaly related to control room design.

In addition, other topics — such as standards for lifting tasks — reflect the redlities of the work
place. Operators who normally occupy TMC work stations may be required on occasion to
perform physicaly demanding work (for example, unloading a fresh box of printer paper or a
computer monitor). The first sections of this chapter concerning structural anthropometry (the
size of human bodies) contain only reference information. Specific guiddines based on
anthropometry are grouped under their respective design topicsin later chapters. This chapter
may be used to provide human dimension data for specific design tasks. The find section on
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srength and movement include guiddines on strength and functiond anthropometry.

The Principles of Anthropometry

Anthropometry isliterdly trandated as measurement of humans. Aswith dl desgn sciences
that involve measurement of physica properties, there are accepted, standardized techniques
concerning who to measure, what to measure, and how to measure it. Theseissues are
addressed in the following sections. Understanding the principles of anthropometry can forestall
employee hedth problems, lost work time, and even litigation.

Thetarget population

Dimensons of the human body vary widdy. Sources of this variation include gender, nationdlity,
and other predictable factors. Maes are typicaly taler than femaes. Northern Europeans are
typicdly taler than east Asans. Individuasin some jobs may tend to be larger or smaller than
those in other jobs. But, even within a single defined group, thereis sgnificant variability. Figure
7-1 shows the digtributions of standing height for American femaes and males.

FRECQ.
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STATURE {inches)

Figure7-1. Staturedistributionsfor American femalesand males.

The stature of American maes ranges between gpproximately 155 cm and 193 cm (61 in and
76 in). This 95" percentile range does not include extremely tall or short individuas. The mean
dature of American women is gpproximately 13 cm (5 in) less, and ranges from 142 cm to 180
cm (56 to 71in).

Figure 7-2 illudtrates the size contrast between alarge American male, 191 cm (75in), and a



gmal American femae 142 cm (56 in). These figures represent individuas who are three
standard deviations taler or shorter than the means of their respective groups. Figure 7-3
shows mean differences in dature for young maesin five countries.
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Figure 7-2. Large American male with small American female.

It isimportant to recognize that when we identify a population with restricted membership
criteria, satistics on the sSze of the populations may differ from the norms of the broader
populations. It should aso be recognized that this difference may have design implications. A
population of professona basketbd| players, for example, will be substantidly larger than a
population of jockeys. Shower fixturesin Nationa Basketbal Association locker rooms may be
ingtaled somewhat higher than in the jockeys locker rooms.

When we specify the height of work surfaces, the height of chair seets, the reach distance and
reach angle to controls, and the height of console tops, we might prefer to pick dimensons that
would accommodate the entire normd range of humanity (from the smdlest Asan femdeto the
tallest Scandinavian mae). Thisisnot apractica goa, because the compromises necessary
would usudly result in an unwieldy design. In generd, human factors engineers will make a
diligent effort to identify and accommodate the largest possible fraction of the expected users,
the target population.
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Figure 7-3. Mean heights of young malesin five countries.

What target population must the TMC designer seek to fit? Since TMC operations exercise the
abilities of the mind much more than those of the body, there gppears to be no need to recruit
individuals who are tdler, shorter, longer-legged, or longer-armed than usud. If sdection
criteriafor employment at a TMC will not be congtrained by size, the design of the TMC must
accommodate a target population representing the full range of American workers.

Varidtion islarge within the sdlected target population, and there are extremes that may not be
practically accommodated through the normal design process. Exceptiondly tall, short, or
obese operators may be handled by exception (that is, by making modifications to
accommodate a rare employee who is at the upper or lower end of the range). The rule of
thumb that is used to determine the design dimensonsisto design the system to fit minimum and
maximum body dimension that range from the 5™ per centile to the 95" percentile of the
target population.

Thus, by design and adjustability we try to accommodate the middle ninety percent of people.
But on what dimensons? Height? Weight? Reach distance? Thisis not atrivid question. There
are many commonly used anthropometric measures (we will examine only those that have the
most gpplicability to the TMC). These anthropometric dimensions are not as strongly correlated
with each other, as would be liked from a design standpoint. A person who is average on one
measure (e.g., sanding height) may be well outside of the 5 to 95 percentile range on another
parameter (e.g., am length).

Thus, determining Sze guidelines is complicated, and designers often end up ignoring
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anthropometric data and making the decison to just dlow for avery wide range of physicad
dimengions. This can be done by sdecting adjustable tools and furniture, by providing arange
of dzes, or by sdlecting a“one-sze-fits-dl” design to which outliers must adapt.

Design aids are available to help the designer fit the workstation to the operator. Scale mode,
two-dimensiona human manikins representing different body sizes have been used to check
workstation designs. Many computer-aided design (CAD) tools now provide asmilar
capability incorporated in their software.

Structural anthropometry

The science of anthropometry, like any other field, hasits own conventions and vocabulary.
Structural (or static) anthropometry is the measure of body dimensionsin a series of andard
fixed postures. Included in this section are commonly used measures and data for US adults.
Both the Society of Automotive Engineers (SAE) and the Nationd Aeronautics and Space
Adminigration (NASA) have published anthropometric data bases that are widely used for
design. Not dl pertinent dimensions are included in both data bases so the numbers presented
here are a combination of the two.

In Chapter 10, guidelines will be provided for the design of operator workstations. The
commonly used measures described in this chapter provide the foundation for many of the
conventions and guiddlinesin Chapter 10.

Standing measur es. The following measures gpply to standing workers.

I Standing height. Thisis a measure that is sometimes used for screening candidates for
gpecid jobs. Itiscritica for minimum head dearances. In TMC's, it might be used in
design of accessto eectrica cabinets or other areas where entry is not frequent and
where standard doors and passages are impracticd. (Figure 7-4)

STANDING HEIGHT (STATURE)

Standing helgnt is the primary indicator by which one selects
gereral 1ast sublacts 1o evaluata vatialus designs when thers is no
specific aspect of the design perlaining 1o an individeal body
componont.  The dimension ie pertnent for adjusting head
clegrances,
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Figure 7-4. Standing height.

Eye height. Inthe TMC, providing an unobstructed view of critica displaysis



important. Since views may be blocked from certain points of observation by
equipment racks, partitions, or other obscurations, line-of-sight information isvita.
(Figure 7-5)

EYE HEIGHT (STANDING)

This dimension is pertinent to the location of visual displays andfor
the sizing of visual abstructions, where a small person may have to
see over the obstruction or over someone wha is taller. When
peopie stand normally (e, with soma somp), thair eye hedght
lowers by about 1.6in (4.1 cm) for rades and by abowt 1.2 i (3.0
o) tor females.
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Figure 7-5. Standing eye height.

Forward reach. Adjustment of controls on standing-height consoles, particularly where
workers must reach forward (e.g., over work surfaces), requires consideration of
forward reach. (Figure 7-6)

FORWARD REACH (STANDING)

This dimension is pertinent to evaluating reach conditions
within the dasign slituation. This dimension should be
ugad in conjunclian with lag=reach dimensicns when the
design situation calls for a seated aperatar tacperate bath
hand and fadt controls.
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Figure 7-6. Standing forward reach.

Overhead reach. If controls or maintenance access are overhead, this measure is
critical. Woodson and associates (1992) suggest that its use should also take operators
dature into consideration since overhead arrangement that fits a shorter person may
create awkwardness for taller people. @ (Figure 7-7)



OVERHEAD REACH (STANDING)

This dirnengion s perlinent 1o localing sontrols that are guerhead.
It should bz used in conjunction with stature because, although a
short person must be able to reach a control, itshould not be 50 low
that it bacomas an obstructizn for the teller person. Use this
dimension for evaluating the accessibility of ohjscts on high

shelves.
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Figure 7-7. Standing overhead reach.

I Maximum body width. Thisdimenson might be consdered criticd in the TMC for
passage of personne through narrow spaces (e.g., clearance between console and
wall). (Figure 7-8)

MAXIMUM BODY WIDTH

A5 indicated by the |lack of data belowe, this measurement is
seldom  taken dunng typical anthropomatric  surveys.
Howeaver, it is pertinent to lataral clearance requiremants in
design wark.  |F would be ussful, for instance, to evaluate

il lalaral corridor clearancs.
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Figure 7-8. Maximum body width.

Sitting measures. A number of anthropometric measures are related to the operators
requirements to work in a safe and comfortable posture while seated. Most TMC workstations
are designed for seated operation, athough, in redlity, they are used from both standing and
seeted positions. The following measures are commonly used in the design of seated
workgtations.

1 Sitting height. Thismeasureis critica to avariety of functions, particularly with respect
to seating and control placement, described in Chapter 10. (Figure 7-9)



Y SITTING HEIGHT

This dimension is pertinent to the estaklishment of proper
owverhead dearances lor sgated persons.
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Figure 7-9. Sitting height.

I Sitting eye height. This measure isimportant for TMC' s because it affects the
placement of video displays a work stations; detailed discussion is found in Chapters 9
and 11. (Figure 7-10)

EYE HEIGHT (SITTING)

This dimension is partinent to the design of work. stations in
which wisual displays andior oulside viewing requires
accarmmodation of a range of oparator sizes. VWhan pecple sit
marmelly [vith soma slump), thair eyve haight lowars by about
1.2 in (3.0 cm) for malas and by about 1.2 in (3.0 cm).
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Figure 7-10. Sitting eye height.

I Buttock-to-popliteal length. The poplited isthe point at the back of the leg where the

knee bends. Buttock-to-poplitedl isthe dimension that defines the seat pan depth of
chairs. Because of the requirement for fatigue-free posture and accommodation of a
wide range of body size, this and smilar measures are essentiad to the design of seeting.
Further discussion isfound in Chapter 10. (Figure 7-11)



BUTTOCK-TO-POPLITEAL LENGTH

This dimansion is parinant 10 seal lendth.  Although it is
desirable to provide adaquals suppart for the lamgyar person, it
i5 the shorter parson wha will have the most problems if this
dirnansion is ignonad.
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Figure 7-11. Buttock to popliteal length.

I Midshoulder height (ditting). Thisis essentidly the height of the shoulder above the
chair. This measure and forward reach are essentia to the placement of controls,
including communication devices, display adjustments, camera remote controls and
other key elements of TMC work station design. (Figure 7-12)

MIDSHOULDER HEIGHT {SITTING}

This dirmension is pertinent o the lpcation of contrals (e, most
sontrals shauld ot be insated above the shoulder).
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Figure 7-12. Sitting mid-shoulder height.

I Buttock-to-knee length. While buttock-to-popliteal length defines the limits of seat
depth, this measure alows for accommodation of knee clearance at work stations (See
Chapter 10 for specific design guiddines). (Figure 7-13)



BUTTOCK-TO-KNEE LENGTH

This dimension i5 pertinant te establishing under-censale knee
degrance for the seated operater. It should be used in
conjuncticn  with  knee—h&ight  and  thigh-clearance
dimensions.
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Figure 7-13. Buttock to knee length.

1 Popliteal height (sitting). Thisisthe height of the back of the knee above the floor.
Seat height must be adjustable to alow for population variance in this dimension (See
Chapter 10 for specific design guiddines). (Figure 7-14)

POPLITEAL HEIGHT {SITTING)

This dimension |5 pertinent to the establishrment of appropriate
seat heights, need for foot reste, snd position of faot controls.
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Figure 7-14. Sitting popliteal height.

I Kneeheight (sitting). Along with hip breadth and buttock-to-knee length, knee height
alows specification of knee clearance (for clearance envelope in design of work
stations, see Chapter 10). (Figure 7-15)



KHNEE HEIGHT (SITTING)

This dimension s pertinent to the establistmeant of
under -consale knee clearance. |t should be used in
conjunction  with  buttcck—to-knee  length  and
thigh-clearance dimensions.
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Figure 7-15. Sitting knee height.

I Elbow rest height. Thisdimenson is criticd to specification of seeting adjustment since
work surface heights are generdly fixed. (Figure 7-16)

ELBOW REST HEIGHT

Mot onby is this dimension pertinant to the establishmant of
armrest heights, but it also provides a basis for establishing
the beval of g writing =urface andfor the approximate
pasition of tha middle row of & kevboard, the location of
joy—stick handle or control whessl, ste,
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Figure 7-16. Elbow rest height.

I Shoulder breadth. Side-by-sde seating space and latera clearance in passageways,
that for some operationd reason cannot be built to the more spacious and comfortable
widths specified in Chapter 10, are derived from this measure. (Figure 7-17)



SHOULDER BREADTH

This dirncnsion is pertinent to the estatlishment of latoral
dearance botween persons who may e requircd to sit side
by side and ta the establishmeant of the lateral clearancs
requirernent for a worker who may have to squeczo into a
tight space to work on an item of eguipment.
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Figure 7-17. Shoulder breadth.

Anthropometry of personsin wheelchairs. Severd TMC's have reported positive
experience with operators who use whedlchairs. The TMC design should be planned from the
outset to accommodate such workers. Consoles/desks should be designed to accommodate a
gandard whedlchair. Limitationsin the reach envelopes of wheel chair-bound operators should
aso be taken into account in control placement. The following measures are provided to alow
design consderation for handicapped employees as may be mandated under the Americans
with Disabilities Act. (Figure 7-18)
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Figure 7-18. Forward reach limits of adultsin wheelchairs.

The standard reach envelope. Particularly pertinent to TMC design isthe standard reach

envel ope, a series of measures designed to alow good placement of controls and displays
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relative to a seated operator. These measures will be of great importance in the design of TMC
work stations.

Figures 7-19 and 7-20 show standard reach envelopes of seated and standing “ average’
operators. All frequently touched items (knobs, instruments, pushbuttons, keyboards,
touchscreens, etc.) should be positioned within these reach envel opes.

Strength and Functional Anthropometry

This section provides a grounding in the biophysics of the application of force by the human
body which, combined with data from the section on structura anthropometry, will help
designers gpply human measure in a dynamic setting. We have limited our discussions to those
topics and measures that have relevance to a control room environment; but we include within
that category the normd lifting, pulling, and other displacements common to any work place.

Strength and for ce limitations
Muscle force is composed of the following factors; 129

1 Muscletension. Muscle tenson decreases as the muscle shortens and asitsrate
of shortening increases, it is a its maximum when the length of the muscleis
greatest.

M echanical advantage. Muscles can apply force best when links are properly
positioned; this dmost never occurs for any complex action, because most muscles
are obliged to operate a some mechanical disadvantage. “Curling” abarbdl (lifting
the weight up with upper ams pardld to the trunk) is rdlatively advantageous.
Lifting the same weight with the arms extended pardlld to the floor is not
advantageous.
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Figure 7-19. Reach envelope of average seated operator.

Age and gender. Maes and females have different mean strengths (adult females
are gpproximately two-thirds as strong as adult males — though we should bear in
mind that these are mean vaues, and variance is high, which means that some adult
femaes will have more strength than some adult males). Both tend to build strength
to amaximum between ages 30 and 40, with a decline to about 75 percent of
maximum strength at age 65.

Body build. In generd, persons with larger and more muscular body builds have
more strength. However, more dender persons may have more efficient oxygen
consumption for a given task and may perform better a rapidly fatiguing tasks
involving strenuous exercise.
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Figure 7-20. Reach envelope of average standing oper ator .

Thethermal environment. Heat may have a tendency to decrease strength
(particularly in hot and humid conditions); however, genera body mohbility and
finger dexterity are not sgnificantly affected.

Emotional condition. Strength may increase under conditions of fear or distress,
however, skill and accuracy may be degraded. In emergency conditions, for
example, an operator may tend to press the wrong control buttons or enter
erroneous keyboard data.



I Body position. Humanswill generdly assume an advantageous posiure for
applying force (lifting, pushing, etc.) when they are uncongtrained. A control room
environment will not, however, be unconstrained. Operators may pass objects
across obstructing work surfaces, pick up heavy objects while they are seated
(which leads to frequent muscle strain), or perform other actions that may cause
faigue or grain.

I Limb postion. Based on the principles of mechanicad and vantage and the
application of concentric and eccentric force, individuals will try to apply forcein a
mechanicaly advantageous way. This effort is hampered by poor design (eg.,
crates and boxes without hand grips that must be carried in an awkward way,
heavy equipment from a control rack that must be supported while being pulled out
for maintenance).

7.3.2 Lifting

Most goplications of Sgnificant strength in the TMC environment will involve lifting and carrying
tasks. Important considerations include; 12

I Thelocation (accessibility) of the object to be lifted.

I The size and shape of the object.

I The heght from and/or to which the object isto be lifted.

I Theweight and weight distribution of the object.

1 The relation between the object's center of gravity and grasp points.

I Whether the object islifted by handles.

1 Working-position characterigtics (e.g., awkward or normal).

I Manipulatory accuracy requirements.

I Frequency and duration of lifting and carrying movements.

I Age gender, fitness, and body dimensons of persons doing the lifting.

1 Experience and training of persons doing the lifting.
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DESIGN AND PRECAUTIONS

Possibly the least efficient load in the modern information processing arsenal is the boxed large
computer monitor. Components of information systems are packaged for ease of storage and
shipment, not for ergonomic acceptability. Such containers are often oversized and without handy
grasping points. The usual way of carrying such a load involves grasping the far edges, with the
near side pressed against the abdomen. This method places undesirable strain all at once on the
wrists, fingers, arms, shoulders and, especially, the back muscles, since the center of gravity is
shifted well forward of the carrier's unburdened state.

Since the load is also both expensive and fragile, there is also a certain mental stress to be
considered. No one, however burdened, wishes to be responsible for damaging an expensive
electronic component; the average worker will suffer painful consequences rather than drop the
thing or admit physical incapacity.

The packaging engineers have also made alternative strategies difficult. Most such delicate
computer components are packed very tightly in form-fitting foam packing inserts. The worker who
decides to open the crate and remove the monitor before carrying it to its destination often finds
that the only way to accomplish this is to put the box on the floor, open the top, and pull the whole
foam-packed weight up and out of the container. But many foam-pack liners are divided in such a
way that the contents must be removed as a unit, foam and all (often a balancing act, since there
is a tendency for the foam to detach itself from the monitor only after it is released from the
restraints of the cardboard carton.) This task is made even more undesirable because the
requirement to grasp the contents firmly assures that maximum strain will be placed on the back
muscles.

Carrying

Maximum burdens for tasks thet involve carrying objects are caculated not only for weight but
aso for configuration. The following guiddines cover mogt Stuations encountered in the TMC:

7/1 Carrying Packages with Handles (Recommendation; 125)

When the package has smooth sides (e.g., a suitcase or similar
package) and a top-mounted handle, it can be carried against the hip
or leg without stress if weight does not exceed 20 kg (45 Ib) for males
and 18 kg (40 Ib) for females.

7/2 Carrying Packages (Recommendation; 125)

When package surfaces are not smooth (electronic equipment
chassis, etc.) limit weight to about 16 kg (35 Ib).



7/3 Team Carrying (Recommendation; 125)

An equipment package weighing over 20 kg (45 Ib) normally should
be carried by two persons using dual handles. Two people should
not be required to carry 45 kg (100 Ib) more than a short distance.

7.3.4 Pushing and pulling
The act of pushing or pulling an object involves not only the object's weight but aso inertia and
friction. Table 7-1 shows alowable push and pull forces. %8 129)

Table 7-1. Horizontal push and pull for ces exertable inter mittently
or for short periods of time (male personnd).

HORIZONTAL FORCE?; APPLIED WITH CONDITION
AT LEAST (u: Coefficient of friction)
100N (22.5 Ibf) push or pull Both hands or one With low friction

shoulder or the back 0.2<u<0.3

200N (45 Ibf) push or pull Both hands or one With medium friction
shoulder or the back y-0.6

250N (56.2 Ibf) push or pull One hand If braced against a vertical wall,
51 cm -152 cm (20 in - 60 in)
from, and parallel to, the push
panel

300N (67.4 Ibf) push or pull Both hands or one With high friction
shoulder or the back u>0.9

500N (112.4 Ibf) push or pull Both hands or one If braced against a vertical wall,
shoulder or the back 51 cm -178 cm (20 in - 70 in)
from, and parallel to, the push
panel or if anchoring feet on a
perfectly nonslip ground (like a
footrest)

750N (168.6 Ibf) push or pull The back If braced against a vertical wall,
58 cm -110 cm (23 in - 43 in)
from, and parallel to, the push
panel or if anchoring feet on a
perfectly nonslip ground (like a
footrest)




CHAPTER 8: DISPLAY DEVICES
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8.1 TheDisplay of Information

The ITS-class advanced traffic management system alows the designer to specify a broad
range of sensors and information sources, each of which can provide crucid dynamic
information about roadway and resource status. A typical ATMSwill collect and make
available to operators highly detailed information about some or dl of the following:

1 Current traffic conditions. 1 Current roadway conditions.
I Location of incidents. 1 Type/severity of accidents.

1 Emergency resources. I Current/predicted wesather.

I Current and future demands. I Public confidence levels.

I Panned and unplanned events. 1 Status of ATMS resources.

Asthe nerve center of the ATMS, the Traffic Management Center serves as the collection
point for information. The TMC computers and operators must interpret thisriver of datato
maintain awareness of traffic and roadway conditions. Then they must make gppropriate
decisions about how to use available resources to manage treffic, to provide advisory
information to the public, to repair or work around mafunctioning components, and to support
other agencies such asfire and police.
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Without computer assistance, the volume of raw information would overwhelm TMC operators
and hamper their performance. With well-designed data anadlysis software and user-computer
interfaces, the operators can maintain agood menta picture of the roadway system.

Maximizing the usability of the information isamgor concern of human factors engineers when
designing the TMC. The design of information displays, their content and format is discussed in
Chapters 11-13, which dedl specificaly with computer interface issues. In this chapter, we ded
with more generd display issues.

Visual displays

The bulk of numerica, spatid and system condition-related information is presented to
operators usng visud displays. Visud display systemsin amodern control center encompass a
range of technologies from smple sgnsto complex digita and screen displays. Care must be
taken to sdlect or design display types and formats to meet the requirements of the task.
Sdection of avisua display mode should be based on three fundamenta criteria:

I Thetype of information to be displayed (map information, sensor status, VMS
messages).

1 The degree of operator interaction (advisory, integrated control, etc.).
1 The workspace conditions (lighting, distances, etc.).

The discussions and guiddines that follow provide criteriafor selecting and specifying the
configuration of visud displays.

Specifying visud displays requires some understanding of the principles thet underlie light and
vigon. A visud display must meet certain guiddines with repect to the amount of light, its
quality, and the configuration.

This section dedls exclusvely with the characteristics of visua displays. A generd treatment of
light in the workspace is found in Chapter 9. Discussions of color and other human/computer
interface issues are in Chapter 11.

Pictorial displays

Mogt TMC' s employ large-scale maps, Situation boards, and other information displays of
ggnificant Sze, designed to be viewed from a distance. Such designs should be guided by two
fundamentd congderations: (1) what information does the user need, and (2) how should
that infor mation best be presented? (9

Big board displays are configured to provide an overview of the highway system map and



infrastructure that can be observed by most or dl operators. These displays usudly are one of
three types:

1 Static wall maps. Often displayed as“wallpaper” mapsinthe TMC, these are
generdly less useful than displays that show changesin traffic or system status. Within a
fairly short time, most operators master the layout of the highway system under TMC
management, and the static map quickly becomes more decorative than informetive.

I Dynamic wall maps. These map displays show changing status information such as
traffic volume or sgna status by colored lights. These may not be cost effective in smal
TMC's, however, at larger and more complex facilities where coordination among
operators is important, these maps are said to be useful for maintaining situationd
awareness.

A disadvantage of such displaysisthat, because of the complex dectrica circuits, they are
difficult and expengve to produce and maintain. Map changes typicdly involve cutting aholein
the map, patching it, and drawing in the revisons. These maps are often not updated with
changes in the infragtructure. One innovative system in which the roadway map is computer-
printed on amatrix of smal plagtic tiles provides a partia solution. Map changes require only
that the outdated tile be popped out of the matrix and an updated tile popped into the empty
gpot to replace it. This gpproach is commonly used by therailroad industry in the United States.

I Projection television screens. These displays areincreasing in populaity and have
the advantage of being easer to change than fixed dynamic displays. Anything that can
appear on a computer or closed-circuit televison monitor can be displayed on a
projection televison monitor. However, limitations in resolution make finer details more
difficult to discern. In addition, maintenance and eectro-opticd adjustment are

frequently necessary. ™

General guidelines. The following approaches are recommended for large-scae displays:

8/1  Amount of Detail (Observation; 125)

Avoid excessive detail on the large map or status board.

Leave the detail to individual operator displays. Packing in detail usually
requires reduction in size of individual characters and symbols, which may
be hard to discriminate in a TMC control room environment. This is
particularly true for video-projection displays, which at present have an
inherently limited resolution.

This recommendation cannot be defined in terms of a single, precise, and prescriptive guiddine.
What condtitutes too much detail will be afunction of anumber of variables such as range of
distances from which datawill be reed, control room illumination, arrangement of information,
and other factors. Asagenerd rule, if there is doubt asto the need for detaill on amap or big



board, put the detail on individud displays and reserve the large display for integration of
datus (e.g., keep information that pertains to the traffic flow as awhole on the central map, but
place detail for a particular area on the operator’s persona display).

8/2 Moving Objects (Principle; 125)

If moving objects are individually displayed on a map, keep the
number at a minimum and display only those that move fairly slowly.
In cases where moving objects are displayed, there is information to be
gained visually in two cases: if the number of targets is small, they may be
tracked individually; when the number is large, only patterns of movement are
readily discernible. Rapid movements, particularly numerous independent
movements, are very difficult to track.

8/3 Neutral Background Color (Recommendation; 125)

If the display area must have a low ambient illumination in order for
individual operator displays to be used effectively, use white or light-
colored markings against a dark background for maps and status
boards.

TMC's are generally kept at a relatively low level of illumination because of
the video and CRT — and particularly video-projection — displays (See
Chapter 10 for further discussion of illumination). A large highway map on a
white or light-toned board will tend to distract the gaze of operators and may
be hard to read when the operator has adapted to lowered light levels.

8/4  Background for Color-Coded Data  (Recommendation;125)

If color-coded object information is to be used on the large map
display, use a neutral color, such as dark gray, for the map
background; this allows the color targets (e.g., map symbols) to have
better contrast.

Color interactions in the eye often cause distortion. A bright or saturated
background color is almost certain to conflict with a detail color. Flat black or
a dark neutral gray are recommended. Care should be taken with projection
displays because colors can often be customized with distracting results; in
addition, the low luminance of such displays makes contrast critical (see
Section 8.2.5).

8/5  Front Projector Position (Principle; 125)

When front projectors are used to project information on a large map



display, the projectors should be positioned so that they do not
produce glare on operator workstation displays.

Such projectors are common in TMC'’s and other control rooms, and are
generally effective. A possible mistake is to position the source of the
projection before deciding where the operator stations and displays will be
placed, resulting in the risk that the light source behind the operators will be
reflected in the glass of the CRT screens. This could force the TMC manager
to move the operator stations after installation or — more likely — turn off the
projector. Video projectors, which convert video or computer display images
to projected images, are not as likely to cause problems since they are
generally mounted no more than three meters from the display screen,
probably between the operators and the display. Rear-projected displays
are an attractive alternative although they require substantially more space.

8/6  Viewing Distance (Principle; 125)

Determine and provide the proper alphanumeric and/or symbol sizes
on the large-screen displays in terms of the maximum viewing
distances at which each set of characters and symbols must be read
(see Section 8.2.2).

8/7 Coding Rapidly Changing Data (Observation)

Use clear coding techniques to help operators easily discriminate
between rapidly changing data versus slowly changing data.
Incident management information is typically refreshed at an interval of 5 to
10 minutes, while real-time status on system and traffic information through
automated sources may be refreshed every two seconds. The coding
system used to describe traffic or system status should draw the eye toward
a new value or condition. The more critical the new information, the more
eye-catching the code should be (e.g., a flashing light or, redundant coding
such as flashing light and audible tone).

8/8  Map Orientation (Observation)

Orient maps with north at the top.

There is a temptation to rotate maps of highway sections that run north to
south in such a way as to make the best use of available wall space. This
creates a confusing display, since most operators will tend to see the map
as directionally skewed; this distortion will conflict with internal, map-oriented
configurations.



Color coding. Color coding, particularly in combination with other techniques, can be helpful in
providing the “big picture’ for operators. In dynamic situation maps, color codes may be
gpplied to critical sections of roadway in response to sensor input and other sources of
information about traffic conditions. Loca emergencies — accidents, blockages, mafunctioning
ggnds, the start of aqueue, etc. — may beindicated by visudly attractive points (e.g., flashing
lights). Such options are expensive and difficult to maintain for hard-wired dynamic displays,
but are worth conddering when the main display is projected from a computer-generated
source.

8/9 Color Coding Practices (Principle; 38)

Color codes should agree with commonly accepted practices.
Typical guidelines are presented in MIL-STD-1472:

Flashingred  Emergency

I Red Alert

I Yellow Caution, recheck

I Green Safe, go ahead

I White Used when there is no right or wrong entry or
condition

1 Blue Can be used to denote advisory, but

preferential use should be avoided

Arbitrary use of color can degrade visual processing and hence operator
performance. Search time increases if other items differ only slightly in color
(e.g., a yellow light among orange lights). Fewer errors will occur in counting
tasks if items counted are the same color.

Closed-circuit TV displays. Some TMC'suse an array of Closed Circuit Televison (CCTV)
monitors that display selected areas of highway which also have loop detectors. Loop detector
occupancy data might suggest congestion at a particular location and display this on adynamic
big board. Operators could then ingpect the gppropriate CCTV view to verify the Situation and
obtain a better understanding of the state of traffic and any required response.

Experience a TMC' sindicates, however, that operators tend to become overly dependent on
CCTV digplays, probably because of the natura presentation of information and the potentia
for detecting atraffic flow problem margindly earlier than would be likely with sensors done.
Over dependence on CCTV for incident and congestion detection can creete a significantly
higher workload than a well-designed graphics display that summarizes, for example, loop
detector data. While no definitive guidelines are presently available, it would seem prudent to
limit the number of monitorsin use. (™

A second problem with large CCTV wall displays arises when there are more cameras than
monitors. Some TMC' s use a salvo procedure in which groups of CCTV viewpoints occupy



the digplays on atimed basis. A problem associated with this practice isthe difficulty in
recognizing at a glance the locations of the views currently being displayed. One ad to the
operator isthe use of location information superimposed on the video image (though contrast
between such data display and the unpredictable background of the TV image should be
considered (See Section 8.2.5 on contrast).

Findly, it isdifficult — particularly with cameras remotely adjustable for pan and tilt — for the
operator to tell a a glance which direction the camerais pointing. Time may be logt in critical
gtuations as the operator attempts to orient the view and map it to the actud highway
directions.

8/10 Camera Location (Observation; 75)

The name of the geographic location of the camera should be
superimposed over the image on the monitor screen.

Or, for dedicated monitors, the name may be placed in a consistent location
(e.g., above the screen).

WHIcH CAMERA 1S THAT?

A TMC control room frequently includes a bank of monitors displaying traffic conditions under
observation by CCTV cameras. One such center had two large arrays of this type, but no monitors
were labeled — typically, the operators had simply memorized the locations. In another center, the
monitors had been labeled with 2 cm (0.75 in) marker tape. Because these characters were not
visible from normal operating distances, they had been supplemented by a paper label taped on
each monitor frame.

8/11 Camera Pointing Angle (Observation; 75)

The display at the operator's station should indicate the direction of
view of each camera.

A rotating camera icon superimposed on the graphics display or a text
display of the camera's compass pointing angle (i.e., N, NE, E, SE, S, SW,
W, or NW) might be suitable.

8/12 Consistent Camera Location (Observation)

Consider using a consistent rule for camera location.
One TMC, for example, places all of its cameras on the south side of the



roadway.

8/13 Preset Pointing Angles (Observation)

Specify control systems that have preset pointing angles.

Systems are available that can program the camera to turn to several
selected positions. The operator can command, for example, “Central Street
West” and the camera will realign itself to that angle from its previous
viewing position. Such presets allow more efficient camera control. If they
are used, though, the operator still needs the ability for fine control of the
camera after it reaches its programmed position.

8/14 Multiple Camera Operators (Observation)

Where cameras and monitors are controlled by more than one
operator, develop procedures to give override authority to the
operator whose task has the highest priority (e.g., an operator who
has just received an incident alert in the given location).

8.2.2 Alphanumeric characters, words, and numbers
Much of the information on visud displaysis composed of dphanumeric characters. Many of
the digplay deficienciesin control centers are the result of poorly planned use of characters, in

particular failure to provide for three essentia dimensions, Y

I Vigbility. The qudity of acharacter or symbol that makesit separately discriminable
from its surroundings.

L egibility. The attribute of an dphanumeric character that makes it possible for each
symbal to be recognized.

Readability. The quaity that makes possble the recognition of the information content
of materid.

Character size. The determination of character Sze on pictorid displaysiscritica, and
interacts with distance of observer from the display, character style, color and contrast.



8/15 Legibility (Principle; 125)

To be legible, minimum character size should be 16 min of arc, and a
maximum character size should be 24 min of arc.

The preferred size is 20 to 22 min. The maximum reflects the limits of the
eye; the central area of vision imposed by the fovea of the eye is too small to
read large text efficiently because too few letters can be recognized on one
eye fixation.

Reducing this to more familiar terms. 22 min of visud arc is equivaent to a printed type face of
12 pointsin height (this handbook is printed in 12 point type), the designation generaly used by
printers and word processors, when viewed a normal reading distances. A point is
goproximately 0.35 mm (exactly 1/72 in). The point has no commonly used metric equivalen.
A face of 10to 12 pointsis preferred for readability at distances of 30 to 40 cm (12 to 16 in).

To compute a given character height use the following formula:

h= 2dTan§e§g Eq 1

where h isthe character height, d is viewing distance, and x is the desired angle subtended in
radians. One radian equals 3437.747 arc minutes, or 57.296 arc degrees. Table 8-1 shows
selected preferred character heights (21 arc min) for selected near viewing distances. Figure 8-
1 shows recommended character heights (21 arc min) for viewing at long distances.

Table 8-1. Viewing distance, character size, and readability.

Viewing Distance  Character Height

mm n mm in

400 15.6 24 0.10
500 19.5 3.1 0.12
600 234 3.7 0.14

700 27.3 4.3 0.17
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Figure 8-1. Recommended character height for longer viewing distances

Character style. The desgn style of aphanumeric characters aso has an effect on legibility
and readability. The wide range of typefaces now available at the touch of akeystroke has
made this problem acritica one.

Figure 8-2 gives examples of the rdationship between legibility/readability and such factors as
groke width, height to width ratio, and letter, word and line spacing. In many cases, these
variables are driven by the defaults of adisplay. Newer computer systems, however, dlow the
operator to vary these factors, dong with font and color arrangement.
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Figure 8-2. Recommended character and word dimensions.

In addition, large fixed digplays (such as maps and the labels for monitorsin an array) require
design decisions with respect to character Size and arrangement.

The shape of characters — font and other consderations — and their effect on legibility and
readability have been studied extensvely. The problemsin this area of design have been
increasing with the variety of font choices. Powerful graphic and word processing packages,



combined with laser printers, have provided the designer with awide selection of confusing
typefaces and the temptation to explore inconsistent gpplications.

Mogt printed text materid uses a Roman-style serif face. This yle is very legible and readable,
and provides high discrimination between characters. In addition, its wide use has made us
comfortable with the Roman “look.” But this styleis as “fancy” as good design permits. For
sgnsand large displays, smple sans-sexif fonts (such as Helvetica, Swiss, or Arid) are
acceptable. Table 8-2 shows some undesirable styles.

8/16 Typeface Characteristics (Principle; 125)

Avoid typefaces with these characteristics:

Letters with extended height-width ratios.

Odd or stylized shapes, which are easily confused.
Excessive stroke width or widely different stroke widths.
Script faces.

Excessive slope.

Large serifs.

Readability. Readability isimproved by the following messures:

8/17 Text Reading Level (Observation)

Design text to be easily read and understood by the least educated staff
member.

Generally, for high school graduates, a sixth to eighth grade reading level is
recommended. This is about the level of a general circulation newspaper. In
general, a lower reading level is achieved by using shorter, more common words
and shorter and less complex sentences. For reading during high workload and
emergency situations, the lower the reading level, the better.



Table 8-2. Undesired type styles.

Undesirable Type Styles

a ATMS VERTICALLY EXTENDED
CHARACTERISTICS

b A T M S ODD SHAPES, EASILY

CONFUSED;EXCESSIVE STROKE

WIDTHS
C A I IVIS SCRIPT, EXCESSIVE SLOPE, WIDELY
DIFFERENT STROKE WIDTHS
d AT M S ILLEGIBLE SCRIPT
ATMS ITALIC

ATMS LARGE SERIFS

A T M S STYLIZED KERNING
ATIVB LARGE SERIFS

>0 Q|+~ | D

8/18 Common Language (Principle; 125)

Use common language terms on displays and user aids.

Jargon and acronyms are often hard to avoid, but the effort is usually well
spent. For inexperienced staff members with limited detailed technical
knowledge, jargon-filled messages may be meaningless or misleading.

8/19 Whole Words (Principle; 125)

Use whole words rather than abbreviations.

Space is sometimes at a premium in displays, and there is a natural
tendency to save it by using abbreviated forms. Consider the possible errors
and confusion that could result if the abbreviation is not universally
understood.



8/20 Instrument Labels (Principle; 125)

To identify an instrument or graphical data presentation, use terms
that indicate what the instrument measures.
For example, “Temperature: EC” rather than “Thermometer.”

8/21 Homonyms (Principle; 125)

Avoid words that have multiple meanings or might be interpreted as
verbs or nouns in different contexts.

For example, "file" might refer to a record or to the action of filing information
as a record. "Save" better conveys the intended meaning of the latter.

8/22 Letter Case (Principle; 125)

Use capital letters for labels and short instructions. Where full
sentences and punctuation are used, employ mixed upper and lower
case.

Mixed upper and lower case is significantly easier to read when phrases are
assembled in sentences and paragraphs.

8/23 Make Instructions Brief (Principle; 125)

Make instructions as brief as possible while preserving clarity.
To improve readability, use short, common words and arrange them in
simply constructed sentences averaging between 10 and 12 words in length.

8/24 Confusing Alphanumeric Symbols (Principle; 125)

Avoid using alphanumeric symbols that can be misinterpreted.
For example, "I" and "1" can be an easily confused pair.



SETTING UP THE OPERATOR FOR A KEYING ERROR

In one TMC, the operators were given a user aid in the form of a printed set of coded keystroke
sequences for control of signals in emergencies; the characters were sans-serif (like this text), and
the characters "O" and "0" (zero) were indistinguishable. The purpose of the keystrokes was of
such importance that confusion of these characters might cause system malfunction. In addition,
the use of this procedure was so infrequent that the job aid, not memory, was the major source of
information. This further increased the likelihood of error.

8/25 Character Orientation (Principle; 125)

Characters should be oriented left-to-right, not around corners, on
the side, or up and down.

For example, a display data field or window on a Video Display Unit might
preserve active data space by labeling the window vertically down one side.
It is more difficult, though, to read such labels, particularly if the letters are not
rotated.

8/26 Manufacturers' Labels (Principle; 125)

Manufacturer brand-name label should not overshadow the primary
display labels.

Delete or cover manufacturers’ brand names on visible parts of equipment to
avoid visual clutter and distraction.

8/27 Consistent Label Positions (Principle; 125)

Place identification labels for controls and displays in a consistent
position (e.g., above the component).

This is particularly important on control consoles where controls and displays
are densely arranged. Mistakes are extremely easy to make, for example, in
an array of push buttons, a configuration common in older TMC’s.

8/28 Adjacent Labels (Principle; 125)

Allow sufficient space to avoid running adjacent labels together. This
often occurs in older TMC's that use push button arrays.



8/29 Size or Color Code (Principle; 125)

Use size coding and/or color coding to help the operator differentiate
between levels of importance.

A malfunctioning signal controller may be more urgent than a malfunctioning
loop detector and, if so, this difference should be indicated by a difference in
color or size of the associated icon on the screen.

8/30 Resistance to Damage (Principle; 125)

All labels should be as permanent as possible for resistance to
damage and wear.

This is particularly important for labels that will be touched by operators’
fingers on a regular basis, such as labeled buttons and entry keys. In
particular, labels that have painted or dry-transfer characters are likely to
wear excessively. If possible, labels should be engraved.

8.2.3 Segmented and matrix displays

Many instruments use segmented LED numeric displays, because of their smplicity, to indicate
changing quantitative status. More complicated matrix displays are generdly reserved for large
aphanumeric displays that carry changing information (e.g., Variable Message Signs). Such
digital digplays have limitations imposed by their lack of visud continuity in individud letters.

Resolution, construction, selection. Matrix or segmented units are easly reconfigured and
relatively inexpengive. Variable message signs, for example, dmog invariably use matrix
screens to display their information. The matrix provides adequate contrast and vigihility for
letters and numbers provided that matrix dengty is high enough (e.g., a5 x 7 matrix may be
difficult to reed rapidly).

The matrix display isusudly preferred if both letters and numbers are to be displayed, snce the
discrimination of |etters relies heavily on curved components. Ten numeric characters can be
differentiated adequately in ardatively low-resolution display (such as the ssgmented LCD
displays on hand caculators). But displaying a phanumeric characters requires differentiation
among a least 36 forms, beyond the range of smple segment configurations (which cannot, for
example, digtinguish between 5and S, D and 0).

Higher resolution matrices are required if easy readahility iscritica (asin the highway varigble
message sign, because drivers should not be required to fixate on messages more than briefly).

8/31 Segmented Characters for Numbers (Principle; 125)




Segmented characters are adequate when only numeric information
is displayed.

8/32 Matrix Characters for Alphanumerics (Principle; 125)

Matrix characters may be used for alphanumeric (words and
numbers) displays. Higher-resolution matrices should be used for
displays that require high readability.

Matrix or other digital displays have limited capacity to present the features
that allow us to differentiate characters. Remember, for example, that VMS
displays with small matrices tempt drivers to stare at a hard-to-read
message instead of the road.

Standardsfor resolution. MIL-STD-1472D provides detailed guidance for determining
minimum resolution for matrix displays. @ The limits are summarized in Table 8-3.

Table 8-3. Standar ds for segmented and matrix displays.®®

Segmented Displays Dot Matrix Displays

Character Type Recommended Use Character Type Recommended Use

7 Segments Numerica 5X 7 Matrix Minimally
Informeation Only Acceptable
14 Segments Preferred for 7 X 9 Matrix Preferred
Generd Applications
8 x 11 Matrix Minimum if symbols
are Rotated
16 Segments Preferred for 15 x 21 Matrix Preferred if Symbols
Generd Applications are Rotated

8.2.4 Visual alerting and warning displays

Coding of information for visud displays should support the operator’ s ability to differentiate
between routine information and information that requires immediate attention.



8/33 Visual and/or Auditory Coding (Principle; 125)

Emphasize the following kinds of information with visual and/or
auditory coding.

I Critical information. This must be considered with some care. Indication
of a marginal or failed road sensor, for example, might not require
immediate operator action; information relevant to an accident or highway
safety condition usually will require immediate action. The coding system
should differentiate between "action required at some point" and "take
immediate action."

Unusual values. Such output often indicates system malfunctions or
other uncommon conditions.

Changed items. Actions are most frequently required when a status
changes, not when it is static. Special attention should always go to the
design of change indicators, particularly if TMC experience shows such
changes to be operationally significant. Designers from outside the TMC
environment cannot be expected to know these priorities. Remember also
that no two TMC’s — or the traffic systems they manage — are alike. A
display system that is perfectly satisfactory in Anaheim may not be the
best for New York.

Items to be changed. When dealing with a special situation, an operator
may set some system specifications to special values or protocols (for
example, defining a "greenway" for fast throughput of emergency vehicles
or a temporary change of a VMS status); the operator may benefit from a
reminder if there is a natural way of sensing that a change is needed.
High priority messages. Information relating to accidents, traffic
blockage, impending weather, the imminent raising of a drawbridge, police
alerts and other messages must not be allowed to go into a queue with
routine information. Many serious errors have historically occurred
because urgent information was not highlighted.

Special areas of display. The location of traffic congestion might, for
example, be highlighted or color-coded or indicated with a blinking signal.
Errors in entry. This is particularly important in computer interface, but
may occur in more traditional controls and displays as well. If activation of
a procedure requires depression of push buttons in a sequence, for
example, there should be some ready indication if an improper sequence
has been entered ("You have dialed the wrong number . . .").

Critical operator command entries. If an operator command must be
received by the system to cause a necessary event to occur (such as
removing or changing a VMS message when it has become obsolete), the
advisory signal should be readily discriminable from the background.
Targets. ® A target is a variable object of small size (e.g., an LED
indicator) that must be visually discriminated from the background. A
flashing LED on the big board that indicates possible congestion should,
for example, be readily detectable against the other visual clutter.

The overriding congderaion in visud derting is thet the display dement should be Sgnificantly
easier to detect than its background, ® and should conform to commonly accepted practice.
109, 113 This reguirement is supported by the following guiddines:



8/34 Warning Light Visibility (Principle; 125)

Warning or alert lights should be visible from the widest possible
viewing angles.

Warning or alert lights should not be recessed in panels. A recessed light will
be hard to see except from directly in front of the display.

8/35 Systematic Use of Color (Recommendation; 113)

Use color systematically to highlight information and promote
understanding. Arbitrary use of colors can degrade these effects. The
modern computer system can produce far more colors than can be used with
any reliable discrimination by the user, and it is too easy to "customize" a
display into a confusing demonstration of computer capabilities instead of
highlighting vital information. Use of color should always be to highlight
information, not to create distracting decoration.

8/36 Blinking Lights Draw Attention (Recommendation; 38)

Blinking or flashing lights can be used to draw attention to a warning.
Use the following rules:

I Use no more than two different blink rates; recommended: one
at 3-5 Hz, one at less than 2 Hz.
Operators will not be able to differentiate readily between more than
two flashing signals if the purpose is to attract attention.

Time ON should be greater than or equal to time OFF.
A 50 percent ON/50 percent OFF cycle is preferred.

Use blinking/flashing lights for alarms and for target detection
in a high density display (such as malfunctioning signals on a
wall map). ®

In displays where information is displayed as dense arrays of points,
a blinking light will be far more detectable than a different color,
unless the color of the points is very uniform and contrasts with the
target point.

Do not use blinking/flashing targets on long-persistence
phosphor displays. ® A phosphor that is slow to fade will tend to
add a ramp-down intensity function that defeats the purpose of the
ON/OFF contrast.



8.25 Videodisplays

This section covers physical characteristics of video displays, human/ system integration
guestions that relate to the software interface are covered in Chapter 12.

Display screen visual characteristics. Theterm video display is used to describe the type
of CRT used in desktop computers, work stations, and smilar configurations. Most
contemporary video displays are capable of color display and are of high resolution. The critical
characterigics of the visble display itself are luminance and contrast.

L uminance isameasure of the amount of light emitted from a surface generdly measured by a
photometer. 1% The common term brightnessisnot quite equivalent to luminance. Brightness
is the observer's perception of luminance.

Luminanceis generaly expressed in the metric term candelas per square meter (cd/n?), and
this measure will be used here in preference to the English equivaent foot-Lambert (fl). The
unit cd/n? is formaly defined as aluminous intensity from a point source of light equivaent to
one candela reflected from a spherical surface with an area of one square meter. In practice,
this parameter is Smply expressed as areading on alight meter or photometer .

8/37 Video Display Brightness (Recommendation, 4)

A video display's brightest area should have a luminance of no less
than 35 cd/m? (10 fL).
This should be specified before purchasing equipment.

Contragt ratio (Cg) is sometimes specified. It isthe ratio of the higher luminance to the lower.
As a consequence, it has no units of measure. Contrast ratio has been specified in anumber of
guiddinesfor Chapters 10 and 11.

8/38 Contrast Ratio (Recommendation)

Contrast ratio between character and background on a video display
should be no less than 3:1.

Coalor. Thecolor of agimulus condds of three dimensons

I Hueisthewavdength compostion of avisua eement within the visble spectrum.
Different wavelengths correspond to different “colors.” Hue isthe characteristic we
usudly intend to communicate when we use the term “color” in a conversationd sense.



In most color video digplays, hue is produced by the summation of differing intengties
of three primary colors (red/greenvblue) at a given location.

Saturation isthe measure of wavelength purity. A saturated blue, for example, will
appear intensaly blue to the eye; as saturation decreases, the apparent color will begin
to “gray out” until it reaches minimum saturation, & which point it will appear asa
neutral gray.

Brightness is the effective luminance of the visua eement. The combination of hue and
saturation is caled chromaticity. (A hdpful way to think of thisisthat chromaticity
refers to the frequency or frequency spectrum of the light, while the brightnessrefersto
the amplitude.)

Color offers a sgnificant advantage over monochrome displays. Color can add clarity to
location, association, grouping, coding, and image memory; it can highlight, segregete, imply
physical characteristics, and aid learning.

Research suggests that color may be used effectively for visud coding, particularly if the task
involves searching for an item, grouping items, or tracking amoving object. Search timefor a
visud target increasesif color differences are dight, or if the number of items Smilar in color to
Eﬂ% target increases. Few errors occur in counting tasks if the items counted are the same color.

Redundant coding (using color in addition to blinking, font, or other measures) can be more
effective than a single code. Redundant coding aso supports color-deficient operators, who, for
exayple, may not distinguish between red and green, but will recognize other redundant codes.

8/39 Color Discriminability (Principle; 4)

When color is used for discriminability or to alert the operator, colors
should differ significantly from each other.

All colors should differ from each other by at least 40 delta-E (CIELuv)
distances (a reference to the 1976 CIE (Commission Internationale de
I'Eclairage) color space). For design purposes it is probably sufficient to use
colors that do not appear similar to a trained operator (avoid discriminating
between similar colors such as red and orange, for example, or between
blue and cyan). Where this appears to be a critical design issue,
knowledgeable engineers with specialized measuring equipment should be
consulted.



8/40 Number of Codes (Principle; 109)

No more than six colors should be used to for coding on information
displays.

Suggested are: white, red, green, yellow (amber), magenta (purple), cyan
(aqua) on black, gray, blue, or brown background for shading. Use the
smallest number of colors possible. This may become a difficult design
issue for large situation displays in the TMC. If more than six colors must be
used, expect performance declines on search, identification and coding
tasks.

8/41 Size and Color Interaction (Recommendation; 67)

Size of the symbol on the screen interacts with color identification.
For small targets, use warm colors.

For symbols of less than 2 deg visual angle, "warm" colors (red, orange) are
more readily detectable than "cool" colors (blue, purple).

8/42 Color Contrast for Readability (Recommendation)

When color contrast is being used to enhance readability and
absolute color identification is not required, text and background
should differ significantly in brightness.

Avoid color combinations that provide poor contrast. The eye discriminates
shape boundaries by brightness contrast, not color difference. Green letters
on a red background of the same brightness, for example, will be almost
unreadable. The good color combination if color must be used is yellow on
blue (when saturated they have a strong luminance contrast).

8/43 Avoid Red/Blue Combinations (Recommendations; 4)

Avoid using red and blue together on a dark background.

This combination may result in a visually disturbing effect called
chromostereopsis, which causes the red and blue areas to appear at
different depths (this is most evident when the colors are very bright against
the dark background). It sometimes occurs with green and red as well. This
effect could be distracting in a large projected display, creating an
undesirable illusion of depth.



8/44 Blue on Dark Background (Principle; 4, 39, 109)

Avoid using blue on a dark background for text or fine details.

There are three reasons: (a) blue phosphor has low luminance, (b) a blue
image is likely to be focused in front of the retina because of the optical
characteristics of the eye, and (c) the retina has comparatively few blue-
sensitive receptors. One map display on a large screen and high-resolution
CRT showed streets and street names in blue on a black background. The
result was very difficult to read.

8/45 Color Code Important Dimensions (Observation)

For monitoring or search tasks in which there are non-redundant
coding of two or more dimensions, color code the most important
dimension.

Where, for example, color is used to display one dimension (e.g.,
operational status) and shape is used to display another (e.g., sensor type)
the color coding enhances discrimination of the color coded dimension but
may interfere with the discrimination of shape.

8/46 Contrasting Brightness (Recommendation)

Foreground and background colors should have different brightness
if shape discrimination is important.

Icons or characters of blue or green on a red background will be very
problematic if they are of similar luminance. The eye distinguishes shapes
much more effectively by contours of differing brightness (contrast) than by
differences of hue alone. TMC'’s frequently employ screen formats that can
be "customized" for color in the foreground and background, between
windows, etc. Poor color choices that lack brightness contrast may increase
errors.

Glare Most video displays will produce glare if externd light sources (windows, light fixtures,
other displays) are located where they can reflect off of the screen. Glare can cause distraction



and eye dtrain for avariety of reasons, the most important being the masking of the actua video
display image and that the reflected light is at afocd distance from the eye different from that of
the screen. Glare can cause:

I Didraction (the human eye tends to be attracted to bright sources).

I Reduction of contrast between characters and background which affects
reedability.

1 Shiftsin convergence because specular reflections are responded to asif they
are the screen.

1 For bright reflections, accommodation shifts may hinder reading (The lens of the
eye will shape itsdf to focus on the opticaly distant reflection, causing blurring
of the desired image and eye drain).

I Annoyance.

The types of glare that may be produced depend on the type of video display screen. A screen
with ashiny or specular surface produces amirror-like image. This style will produce no glare
a dl if thereisno light source placed to reflect an image into the eye. If there is such a source,
the glare will be distinct and distracting. A video display screen that uses a crazed or satiny
outer surface (to reduce specular glare) will produce a diffuse valling luminance that may wash
out the contrast and sharpness of the image.

The most important measure for diminating glare isto design the work space to avoid
extraneous light sources. In generd, lighting fixtures (luminaires) will be st well dbovetheline
of sight for operators of computers or work stations, but on occasion sources of reflection will
creep in from subtle sources (desk lamps or exit Sgns, for example).

In generd, glare problems are more common in TMC' s that were established in environments
designed origindly for other purposes (office space, data processing centers, etc.). Windows
are acommon source of digraction in these facilities, but much of the trouble is actudly
incidenta: desk lamps, exit Sgns, and cross-illuminating glare from adjacent units. Many such
sources of glare can be solved by rearrangement of light sources.

Characterigtics of the video display itsdf that may reduce glare include:

I Etching or frosting. Many monitors are provided with this festure, which reduces
specular reflections. However, it does not reduce diffuse reflection, and may cause
some perceived blur and loss of contrast. 7 109

I Quarter-wave thin-film coatings. These reduce both diffuse and specular reflections
by as much as 90 percent; however, they are somewhat ddlicate, and show fingerprints
and scratches. They do not reduce veiling reflections, ¢ 67 10D



I Circular polarizers. Act as neutrd-dengty filters, but generdly have highly reflective
front surfaces, and thus are susceptible to specular reflection problems, 710D

I Neutral dengty filter. This measure reduces the amount of light that passes through it
without changing the color; since the brightness of the charactersis reduced less than
that of the reflection, the intended screen image stands out more clearly. However, the
filter itsalf, unless treated, can be a source of specular reflection. © 67 101

I Micro-mesh screens. These resemble ablack nylon stocking, and dlow only light
traveling perpendicular to the screen surface to pass through, diminating most reflected
room light. If the screen is not viewed head on, however, display brightnessiis reduced,
making this dternative unsatisfactory for display that must be observed from off-axis
locations. In addition, the mesh tends to collect dirt. (667 10D

I Hoods. Thismessureis generdly used in indudtrid settings. The shadowing annoyance
of hoods generally outweighs the possible benefits. ¢ 67

Research indicates that operators prefer treated screens (quarter-wave, mesh, etched) to
untreated, but show no preference among treatment types.

8/47 Video Display Glare Filters (Principle; 125)

The following should guide choice of optical filters:
1 If afilteris to be used, the neutral-density type is preferred
because it minimizes distortion of color.
I If ambient lighting is low (dim-out conditions) and there is a
reflection problem, use a circularized polarized filter.

Above dl, remove sources of glare in the arrangement of the work space. No filtering measure
can match the effects of agood initid design that minimizes glare sources. This can be assessed
most economicaly in the mockup stage, where light sources can be pinpointed and shifted in
the design ingtead of physicdly reingaled. Window blinds should be considered for outside
windows. Operators should be encouraged to wear dark-colored clothing to reduce reflected
light.

Display placement. Many problems can be avoided if the video display is properly positioned
for the operator.

8/48 Video Display Viewing Distance (Principle; 38, 125)

Viewing distance fora30cm to 48 cm (12 to 19 in) video display
should be 46 cm to 61 cm (18 to 24 in).



8/49 Large Screen Viewing Distance (Recommendation; 38)

Large screen viewing distance should not be closer than one-half the
width or height of screen (whichever is greater).

8/50 Video Display Viewing Angle (Principle; 38,125)

Viewing angle should be within a 30 deg rectangle in the horizontal
and vertical directions; that is, 15 deg left, right, above, or below line
of sight. The best position is directly in front of the operator, with the
display at eye level or slightly below. The operator’s line of sight
should be no more than 15 deg below horizontal.

Display control. Mot displays have adjusment controls for position and for image quaity
(brightness, contrast, etc.). In generd:

8/51 Video Display Control Location (Principle; 125)

Adjustment controls should be located on the front of the video
display. Avoid monitors that require the operator to reach around the
structure to adjust brightness, contrast, and color; such adjustments should
be made when the operator's head is in the normal work position.

8/52 Video Display Control Visibility (Principle; 18)

All controls should be easily visible, available, and labeled.

8/53 Video Display Adjustability

Video displays should be able to be adjusted for the comfort of the
individual operator. The unit should tilt 15-20 deg backward and 10
deg forward.

This guideline presumes that the work surface and other variables (See
Chapter on workspace) are configured correctly.

8.3 Auditory Displays
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Theterm display commonly refersto visua presentation. However, much sensory information
is trangmitted using other modadlities such as touch, taste and smell. The most common is sound.
Auditory information may be in the form of voice communications, auditory darms, auditory
feedback to computer keyboard commands, and auditory status information. As adisplay
modadity, sound has unique advantages and unique limitations. For instance, an auditory display
can often atract attention before avisud display. However, the location of an auditory display
may be more difficult to identify.

Display types and selection criteria
Use the following selection guiddines for auditory displays:

For choosing medium of communication:

8/54 Public Address System Applications (Recommendation; 125)

Use PA systems for nonspecific emergency announcements for all
diversely located listeners. Do not use for routine messages intended
for one individual if the announcement may interfere with localized
communication.

The PA message should be audible in all TMC areas, including store rooms,
kitchen, and rest rooms.

8/55 Intercom System Applications (Recommendation; 125)

Use intercoms for small group-specific, two-way communication
and/or for individual communication between people who are
physically isolated from one another, where telephone dialing would
create a considerable waste of time. Do not use where conversational
privacy is necessary.

8/56 Telephone Applications (Recommendation; 125)

Use telephones for situations requiring individual conversational
privacy.

8/57 Two-Way Radio Applications (Recommendations; 125)




Use radio for situations where long distances between conversants
and/or when one or more of the conversants is moving from one
location to another.

If more privacy is desired, cellular telephone should be considered.

For choosing type of communication interface:

8/58 Handset (Recommendation; 125)

Use atelephone handset when at least one hand can always be free
to hold the handset.

8/59 Headset (Recommendation; 125)

Use a headset (earphone or earphones and microphone) when both
hands are often occupied.

8/60 Wireless Microphone (Recommendation; 125)

Use a wireless microphone when a fixed microphone, or hand-held
microphone with cable, would restrict needed movement.

8.3.2 Signal selection

The TMC will generdly use auditory sgnds (other than speech) for warnings. Such Sgnas are
extremdy useful because they are from a different modality, and contrast with the flood of
visud information the operator dedls with in the course of a shift. Signds of this type might
range from the beep commonly used to aert the operator to an incorrect keystroke to an alarm
cdling atention to afaling system. For sdlecting asignal type, the designer should consider the
function of the digplay. Table 8-4 was taken from the current military standard, MIL-STD-
1472D. 8

Table 8-5 provides guidance for sdlection of specific tones.



8.3.3 Sgna erors

8/61 False Alarms (Recommendation; 38)

Minimize auditory false alarms.

The normal channel of information in the TMC is visual; an auditory warning
(such as an advisory of subsystem failure) requires the operator to shift to an
entirely different modality (looking to listening), and frequent false alarms will
make the operator less likely to respond quickly.

8/62 Missed Auditory Signals (Recommendations; 38)

Design auditory warnings to minimize missed signals.
This is the "miss" that is the complement to a false alarm. Both these failures
contribute to a loss of operator faith in the reliability of the alarm.



Table 8-4. Signal selection.

Signal Type Criteria For Use Special Considerations
Continuous Use with tone will be equally loud in Select afrequency outside ranges that make
Tone both ears, or for tracking tasks up background noise and other signas
Spoken C Usewhen communication flexibility Use most concise possible message and
Message iS necessary minimize ambiguity
C Usewhen it is necessary to identify
message source
C Usewhen a stressful situation might
cause alistener to forget a coded
signa
¢ Usewhen acoded signa cannot
provide adequate directions
C Use when ambient masking noises
make simple tone signals hard to
interpret
C Use when complex tone signals have
been exhausted
Intermittent C Single Impulse: Usefor Start and Avoid atrain of signalsthat may be
Tone Stop timing confused with electrical systems noise
C Regular Pulse: Usefor irregularly
occurring signals (alarms)
Warble and Use when masking noise characteristics | Avoid awarble that mimics a beat frequency
Undulating are unknown or cover abroad frequency | effect
Tones spectrum in arandom pattern
Bell, Buzzer, C Usebdl for fireaarm Signa should be distinctive and readily
Siren, Horn, discriminable from other sources
Whistle C Use horn for emergency warning

C Use buzzer for individual operator
dert

Signals should be at least 10 dB above
ambient noise

Caution signals should be provided with
reset and volume controls

Concentrate signal energy between 250 and
2500 Hz, with signal readily identifiable
below 2000 Hz




Table 8-5. Application of auditory signal typesto different information functions.

TYPE OF SIGNAL
Function TONES COMPLEX SOUNDS
(Periodic) (Non-Periodic) SPEECH
POOR POOR GOOD

Quantitative Indication

Maximum of 5to 6
tones absolutely
recognizable.

Interpolation between
signals inaccurate.

Minimum time and error
in obtaining exact valuein
terms compatible with
response.

Qualitative
Indication

POOR-TO-FAIR

Difficult to judge
approximate value and
direction of deviation
from null setting unless
presented in close
temporal sequence.

POOR

Difficult to judge
approximate deviation
from desired value.

GOOD

Information concerning
displacement, direction,
and rate presented in form
compatible with required
response

Status Indication

GOOD

Start and stop timing.
Continuous information

GOOD

Especially suitable for
irregularly occurring

POOR

Inefficient; more easily
masked; problem of

where rate of change of signals (e.g., Alarm repeatability.
input is low. Signals).
EAIR POOR GOOD

Null position easily

Required qualitative

Meaning intrinsic in

Tracking monitored; problem of indications difficult to signal.
signal-response prove.
compatibility.
Good for automatic Some sounds available Most effective for rapid
communication of limited | with common meaning (but not automatic)
Generd information. Meaning (eg., Fire Bell). Easily communication of
must be learned. Easily generated. complex, multi-
generated. dimensiona information.
Meaning intrinsicin signal
and context when
standardized. Minimum
of new learning required.

8.34 Speech

Much of the information in aTMC must be transmitted by speech. Some will be direct and
unaided, some vialoudspeaker (though this should be rare speech), some through headsets and
other hardware. In some cases, computer-generated speech may be used to dert the operator
or to provide status information. Verba messages carry potentia for ambiguity and confusion,




and this problem is particularly acute for speech transmitted through eectronic media We
suggest the following generd guiddines:

8/63 Word Selection (Recommendation; 125)

In selecting words and phrases for use in recorded auditory warning
signals, priority should be given to aptness, conciseness, and
intelligibility. Messages should be tested for these factors before
implementation.

One TMC conducts focus group tests of traffic messages to ensure that their
content and meaning are clear before they are implemented.

How DISTRACTING IS DISTRACTING?

Auditory warnings can be — and should be — distracting enough to be noticeable. Sometimes
this is amazingly difficult. One tragic example is of an airliner that crashed in the Everglades
several years ago. The flight crew was so busy evaluating a landing gear warning light that it
failed to realize the automatic pilot had shut down and the aircraft was losing altitude. The
"black box" flight recording includes the clear sound of the ground proximity warning — a
distracting hornlike sound — that might be expected to command immediate attention, but was
ignored by the preoccupied crew.

A common fate of a distracting auditory warning is illustrated by the TMC crew that solve the
problem of false alarms in the system simply by turning it off.

8/64 Speech Signal Characteristics (Principle; 125)

Speech signals should fall within the range of 200 to 6100 Hz; audio
signal power to the listener's ear should be approximately 300 mW;
signal-to-noise ratio should be at least 5:1.

8/65 Verbal Warning Content (Principle; 125)

A verbal warning display should consist of: (a) an initial alerting
signal (nonspeech) to attract the listener's attention and to designate
the general problem, and (b) a brief, standardized speech signal
(message) that identifies the specific condition and suggests the
appropriate action to follow.



8.3.5 Microphonesand earphones

Headsets incorporating microphones and earphones are used routingly in TMC' sfor speech
communication. Telegphone style handsets are o used where hands-free operation isnot a
requirement. The following guideines are commonly accepted for these speech communication

items

8/66 Earphone Frequency Requirements (Principle; 38)

For all types, minimum acceptable frequency range is 250-4000 Hz;
the system should respond optimally to 200-6100 Hz. Where several
speech channels are to be monitored simultaneously, frequency
range should be 100-4800 Hz.

8/67 Comfortable Handle (Principle; 125)

The handset handle should be designed to fit comfortably in at least
90 percent of operators' hands.

8/68 Talk Switch (Principle; 125)

When atalk switch is provided, it should be configured for easy use
by either hand.

8/69 Telephone Cords (Principle; 125)

Use coiled or retractable cords to minimize cord tangles.

8/70 Handset Weight (Principle; 38, 125)

The total weight of a handset should not exceed 284 g to 312 g (10to
11 02).



8/71 Handset Stability (Recommendation; 125)

Handset bases should be designed so that they are not easily
displaced. Consider the use of rubber feet, suction cups, and/or other
special holding devices to prevent unintentional sliding on the
console surface.

8/72 Microphone Response (Principle; 125)

Microphones should be designed to have smooth frequency
response between 200 and 6100 Hz and a dynamic range great
enough to admit a minimum of 50 dB variation in signal input. A
close-talking microphone should not overload with signals as high as
130 dB.

8/73 Headsets (Principle; 125, 38)

Headsets should be:

I Completely adjustable for comfort.

Lightweight, with minimum tension to hold the earphones
snugly against the head.

Constructed so that no metal components touch the head.

Provided with a padded noise seal cushion large enough to
cover the ear without pressing on it.

8/74 In-Ear Headsets (Observation)

If in-ear headsets are used, each operator should be supplied with a
personal headset.
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9.1 Controlsand the Human/System Interface

Controls allow an operator to select, guide, or influence operations of the
system. Whereas a wesdlth of literature is dedicated to the ergonomics of
controls, only asmall percentage deals with issues specific to control room
environments. Consequently, the control and input device guidelinesin this
chapter address issues most relevant to the TMC.

Many of the concerns surrounding TMC controls arise from the designers
needs to devel op usable computer interfaces. Standards for such interfaces
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are ardatively recent addition to the design guiddlines literature. As such,
they may be subject to modification. In addition, requirements for TMC
information systems change frequently. At this stage in their evolution, TMC
information systems are undergoing a transition from traditional command-
line interfaces that rely exclusively on keyboard control to menu and window
environments for which mice and trackballs are typical control devices.

Such amagor shift in interface design philosophy impacts TMC design. New
control devices contribute to workstation clutter and create new requirements
(for example, room for amouse pad). Selection of appropriate control
devices becomes more complex as such devices proliferate.

Theinitial guidelinesin this chapter deal with input devices for computer
systems (e.g., keyboards, mice, joysticks). The second half of the chapter is
devoted to more conventional controls that might be found in the TMC (e.g.,
switches on a facsimile machine, pushbuttons on a communication panel.)

Guidelinesfor Information System Controls

Although TMC information systems are now in transition between command-based input (discussed at
greater length in Chapter 11) and interface systems using a mouse or trackball, the keyboard will not
disappear. All systemsrequire akeyboard for al phanumeric input and will continue to do so until speech
recognition systems and handwriting recognition software become reliable enough for application in high
risk situations. Thus, in the TMC we must consider guidelines for both keyboards and novel and popular
input devices.

Keyboard
While minor adjustments in function key and cursor key arrangement have occurred, afairly standard

alphanumeric keyboard design has emerged. An appropriate design can be achieved following some simple
keyboard guidelines.

9/1 Keyboard Layout (Principle; 4)

Keyboard layout should follow the QWERTY design standard.
This layout has become the generally accepted standard. It is familiar to
most operators. While there are alternative keyboards available, the
relearning time for a new layout generally serves to prohibit change.



9/2 Numeric Data Entry (Recommendation; 125)

If a primary task requires input of numeric data, a numeric keypad
should be present.

Most modern keyboards have one. The common arrangement is to the right
of the QWERTY area and arranged in the adding machine pattern (rows,
from the top, 789, 456, 123, 0), rather than the telephone style (123, 456,
789, 0).

9/3 Cursor Keys Layout (Recommendation; 4)

Cursor keys should be arranged in a compass-type layout.
Arrangements where up and down arrow keys are aligned vertically and left
and right arrow keys are aligned horizontally are easy to comprehend. The
"cross” and "inverted-T" styles shown in Figure 9-1 are most common. The
box arrangement is more difficult to become accustomed to. It is easy to
miss-position fingers on the wrong row of keys.
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Figure 9-1. Cursor arrangements.



9/4 Keyboard Adjustment (Recommendation; 4)

Ensure that operators can easily reposition the keyboard on the work
surface.

The keyboard should not be permanently mounted to a table top, counsel, or
unmovable keyboard platform. Operators should be able to reposition the
board to suit their individual work space layout requirements.

9/5 Keyboard Height (Principle; 4)

Keyboard height should be adjustable.

There is no set height, as this will vary with operator size and back angle.
Height is measured for a given station as the perpendicular vertical distance
from the horizontal support surface (table top) to the geometric center of the
top key strike area in the home row [A-L] when the key is in the up (non-
depressed) position. Note that the typical height of a writing desk top is too
high for most keyboard users, and extensive use of a keyboard at that level
can cause work-related health problems.

9/6 Keyboard Slope (Principle; 4)

Place the keyboard slope between 0 and 15 deg from horizontal.

Note that an increase in slope causes an increase in height. Whereas slope
is often perceived to be a matter of personal taste, the reason for the slope
recommendation is to prevent an unhealthy bending of the wrist that can
increase pressure in the carpal tunnel of the wrist and contribute to carpal
tunnel syndrome. For this reason, ANSI/HFS 100-1988 recommends a slope
of 0 to15 deg. ™

9/7 Keyboard Surface (Principle; 4)

The keyboard surface should have a spectral reflectance (gloss) less
than or equal to 45 percent when measured by a 60-deg gloss
instrument or equivalent device.

Keyboards — and, by extension, all computer equipment, should cause
minimal glare.



9/8 Key Symbol Height and Luminance (Principle; 4)

Key symbols should be a minimum of 2.6 mm (0.1 in) in height and
have a minimum luminance modulation of 0.5 (contrast ratio of 3:1).
Key nomenclature may be darker or lighter than the background.
Most keyboards now in use exceed this standard. Many older keyboards still
in use in legacy TMC systems have high-gloss key surfaces. These are easy
to keep clean, but because of their smoothness and the concave top
surface, they can present glare problems.

9/9 Stroke Surface Width (Principle; 4)

The minimum horizontal stroke surface width of a key should not
be less than 12 mm (0.47 in).

9/10 Distance Between Keys (Principle; 38)

Center line distances between adjacent keys should be between 18
and 19 mm (0.71 and 0.75in) horizontally and between 18 and 21 mm
(0.71 and 0.82in) vertically.

9/11 Vertical Key Displacement (Principle; 4)

Keys shall have a maximum vertical displacement between 1.5 mm
and 6.0 mm (0.06 and 0.24 in).

The preferred displacement