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Augmenting the Operator Function Model with

Cognitive Operations: Assessing the Cognitive

Demands of Technological Innovation in Ship
Navigation

John D. Lee and Thomas F. Sanquist

Abstract—The increasing technological sophistication of ship an array of imperfect information sources makes inferring
navigation systems may significantly alter the skills, knowledge, the intentions and future courses of other ships problematic.
and strategies involved in navigating large ships. Many examples tpage challenges, combined with the potentially disastrous

in other domains illustrate the dangers of technology-driven fi t decisi ke th igator’
innovations. These examples show that without a systematic CONS€QUENCES O INCOITECL decISions, make the navigalors

method to detect design flaws and training requirements, tech- job @ singularly stressful one. This stress is magnified by
nology-driven designs may degrade rather than enhance maritime the multiple, often competing tasks and responsibilities of
safety. The operator function model (OFM) provides the basis for navigating a ship, all of which must be carefully coordinated.
examining technological innovations; however, the OFM does not While technological innovations seek to ameliorate these

describe specific cognitive demands. Augmenting the OFM with a difficulti igation technologi Iso burden th
description of cognitive operations provides a structured cognitive imculues, new navigation technologies may aiso buraen the

task analysis tool-OFM-COG-that can identify the design and human operator with increased cognitive demands.

training requirements needed to safeguard system performance. The mariner will confront a range of new technology in the
This approach identifies how to tailor designs, develop training, coming years. One popular innovation integrates a global po-
and adjust qualifications to minimize the human errors thatmight  gjtinning system (GPS) with digital charts to create electronic
otherwise accompany technological innovation. This paper shows hart disol dinf fi t ECDIS). Th techno-
how OFM-COG can catalog differences between traditional nav- c a'lr !Sp ay a_n In orma. lon sy's em's (. ). These ef:, no
igation systems and those augmented with electronic charts and logical innovations, combined with existing advanced maritime
collision avoidance systems. Specifically, it examines the cognitivenavigation systems (e.g., Automatic Radar Plotting Aid) tend to
demands of collision avoidance and track keeping, with and reduce repetitive physical activity while potentially increasing
without advanced technological aids. This analysis demonstrates i,a mental demands made on the crew. The reduction in physical

that some advanced radars may in fact increase the likelihood d d tsth ibility of reducing th ber of
of certain collisions, and that the current certification process emands suggests the possibility ofreducing the number ot crew

does not reflect the cognitive demands of the new technology. The"équired on the bridge from as many as four people (captain,
analysis also indicates that electronic chart display and informa- watch officer, helmsman, and lookout) to one. Recent studies
tion systems (ECDIS) can reduce the redundancy that has served suggest that under proper conditions, workload declines and
to make traditional systems quite reliable. Drawing upon these performance rises with one-person operations [1]; however, this

examples, this paper describes OFM-COG and demonstrates hh dd d onl fi f dh t
how this novel, model-based analysis technique can document thel®S€ArC Nas addressed only routiné performance, and has no

cognitive implications of technological innovations. considered more stressful conditions. Studies in other domains
Index Terms—Automation, cognitive risk analysis, failure anal- SU99ESt thfﬂ poorly .d.eSIQHEd automation may reduce workload
ysisl operator function model navigation_ under routine Condltlons, but can actuajmreaseworkload

during stressful operations [2], [3]. In addition, computer-based
decision aids can also introduce new cognitive demands such
as the need to monitor more ships during collision avoidance,
AVIGATION of large ships involves many inherentto form mental models of the new technology, and to perform
difficulties. Because of the ship’s tremendous inertia, aflomplex mental scaling and transformations to overcome the
maneuvers must be carefully planned in advance. In additidimits of electronic versions of paper charts. Although problems
abound, properly implemented, these technologies promise to
Manuscript received June 14, 1999; revised February 7, 2000. This Woe;phance ship safety as they eliminate time-intensive, repetitive,
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poorly designed and improperly used technology may jeopar-
dize ship safety. In addition, as increasingly sophisticated navi-
gation technology works to eliminate many physical tasks, com-
plex tasks may appear to become superficially easy, leading Transition conditions/  Transition conditions/
to less emphasis on training. Further, navigational knowledge triggers triggers

and skills may degrade because they are used only in rare, but
critical, instances. Advanced technologies may also introduce
new phenomena that affect mariner decision making, such as
over-reliance on a radar display to steer a ship. In this situa-
tion, if the display fails to contain the information necessary
to specify operator actions, errors will result [6], [7]. Thus, itig. 1. Relationship between basic elements of the OFM.

is clearly important to understand the cognitive tasks involved

with advanced navigation technology in order to guide design N

and training development. This paper describes how the op\é'to-le_ a formal structure for system analysis. Fig. 1 shows the
ator function model (OFM) can be augmented with a descriptiG}?SIC elements of the OFM. Each node represents an operator
of cognitive tasks. This approach, termed OFM-COG, idenfctVILy. The arcs that I|nI_< Fhe nodes represent the triggers or
fies how to tailor designs, develop training, and adjust qua”ﬁ[_ansmon condltlorjs that initiate, terminate, or sequence activ-
cations to minimize human errors that might otherwise accomies [16]. These triggers can 0r|g!nate frpm OL_“S'de the syste_zm
pany technological innovation. To demonstrate how OFM-CO¥ they can represent the dynamic relationship between activi-

functions, we will show how automation changes the cogniti\ﬂaes' State transitions can be nondeterministic, and so are able to
demands’ of ship navigation represent operator choice in selecting which activity to pursue.

Because the state transitions can be nondeterministic, the OFM
can also express the stochastic relationships between triggers
and state transitions. The flexibility of the finite-state automata
enables the OFM to accommodate a variety of operator control
Traditional approaches to task analysis have been oriengdthtegies, while capturing the environmental and system con-
largely toward the progressive description of jobs and taslgraints that shape behavior.
emphasizing the observable aspects of performance [8], [9].The network of operator activities (nodes) and transition con-
These methods have not kept pace with the increasinglifions (arcs) can be decomposed hierarchically, with the levels
cognitive nature of jobs, leading to a gap between the ability ¢f the hierarchy representing the activities at different levels of
analyze human performance and the information needed to sapstraction and detail. At each level of the hierarchy, nodes can
port equipment design and mariner training [10]. Many oth@lso be arranged heterarchically. The heterarchy represents ac-
researchers have identified similar concerns in other domaitigities that can occur in parallel, or alternate activities that are
and the development of cognitive task analysis techniques laagilable to the operator. Additionally, a recent development to
become an important research issue [11]-[15]. As maritinigFM is a well-defined set of properties that describes the or-
jobs come to involve increasingly complex technology, it igering of activities [16].
necessary to develop cognitive task analysis techniques td\tthe top levels of an OFM hierarchy, the nodes represent ab-
describe how this technology affects mariners’ cognitive taskgract, high-level functions that describe overall activities. The
and to design equipment, training, and licensing proceduredewgels of the hierarchy are defined so that functions are decom-

Function/Activity

Function/Activity

Il. EXTENDING OFM TO ADDRESS THECOGNITIVE DEMANDS
OF ADVANCED TECHNOLOGY

reflect these changes. posed into subfunctions, tasks, and control mechanisms [21].
For example, activities related to maritime navigation can be de-
A. Operator Function Model composed from overall system functions, such as “Course exe-

The OFM describes and/or prescribes the role of an oper %J;uon, to the level of specific control actions, such as adjusting

in a complex system [16]-[18]. OFM provides a framewor e gain on the radar. Activities at a higher level of the hier-

for a precise specification of what information the operatoarrChy specifyvhyan activity is being performed (the operator's

will need, how it should be combined. and when it should oals) and activities at lower levels spedifgw the activity is

displayed. Furthermore, OFM details how this informatioHerformed' The appropriate number of levels to be included in

. an OFM hierarchy depends on the particular application, with
must be transformed to support system operation [18]. Rae' etailed analysis of a more complex system requiring more
cently, this model has been used to identify training needs a]néj Y P Y q 9

decision support [19], [20]. Specifically, OFM has been use@yels than a 'hlgh-leyel analysis of a simple system. The flex-
; ; : iDility of the hierarchic structure allows the development of an
to differentiate between generic process-control knowled . ;
iy . o FM that has the detail necessary for many different types of
process-specific knowledge, and interface-specific knowled%e. . o
. . X . Halysis. Amore complete description of the OFM methodology
Thus, the OFM should help identify potential design flaws .
- . e 2 iagan be found in [22].
training requirements, and qualification standards associate
with the human role in ship navigation.
The OFM draws upon discrete mathematics to characterBe
operator activities as a network of nodes that are linked by arcsOFM defines operator activities, transition conditions, inter-
The nodes and arcs represent finite-state automata, which peationships between operator activities, and overall system

Consistent Vocabulary for Cognitive Operations



LEE AND SANQUIST: AUGMENTING THE OFM WITH COGNITIVE OPERATIONS 275

TABLE |
MILLER’S COGNITIVE TASK TRANSACTIONS AND THEHUMAN INFORMATION PROCESSINGRESOURCESTHEY DRAW UPON

Cognitive Agent Task General Category of Human Information
Information Processing Processing Resources

1. Input select. Selecting what to pay attention to next.  Acquisition Selective attention,
Perceptual sensitivity

2. Filter. Straining out what does not matter. Acquisition Selective attention

3. Detect. Is something there? Acquisition Perceptual sensitivity,
Distributed attention

4.  Search. Looking for something. Acquisition Sustained attention,
Perceptual sensitivity

5. Identify. What is it and what is its name? Acquisition/Interpret Perceptual discrimination,

Long-term memory,
Working memory

6. Message. A collection of symbols sent as a Handling Response precision
meaningful statement.
7. Queue to channel. Lining up to process in the future.  Handling Working memory,
Processing strategies
8. Code. Translating the same thing from one form to Handling Response precision,
another. Working memory,
Long-term memory
9. Transmit. Moving something from one place to Handling Response precision
another.
10. Srore. Keeping something intact for future use. Handling Working memory,
Long-term memory
11. Store in Buffer. Holding something temporarily. Handling Working memory,
Processing strategies
12. Compute. Figuring out a logical or mathematical Handling Processing strategies,
answer to a defined problem. Working memory
13. Edit. Arranging or correcting things according to Handling Long-term memory,
rules. Selective attention
14. Display. Showing something that makes sense. Handling Response precision
15. Purge. Getting rid of the irrelevant data. Handling Selective attention
16. Reset. Getting ready for some different action. Handling Selective attention,
Response precision
17. Count. Keeping track of how many. Handling/Interpretation Sustained attention,
Working memory
18. Control. Changing an action according to plan. Handling/Interpretation Response precision
19. Decide/Select. Choosing a response to fit the Interpret Long-term memory,
situation. Processing strategy
20. Plan. Matching resources in time to expectations. Interpret Working memory,
Processing strategy
21. Test. Is it what is should be? Interpret Perceptual sensitivity,

Working memory,
Long-term memory

22. Interpret. What does it mean? Interpretation Long-term memory,
Sustained attention
23. Categorize. Defining and naming a group of things. Interpretation Long-term memory,
Perceptual sensitivity
24. Adapt/Learn. Making and remembering new Interpretation Long-term memory
responses to a learned situation.
25. Goal image. A picture of a task well done. Interpretation Long-term memory,

Processing strategies

functions. OFM was developed to prescribe the activitiemyes OFM’s description of domain-specific procedural and
required for adequate performance without describing tls@uational constraints to identify relevant domain-independent
cognitive processes associated with those tasks [23]. Thizgnitive constraints that may affect performance. We use OFM
provides an efficient tool to examine the role of procedurab link basic psychological findings to the operational context
and situational constraints on operator activities. It does netith the aim of developing insights regarding the cognitive
however, indicate the specific cognitive demands associaietplications of technological innovations. OFM identifies
with operator activity. Yet, such cognitive demands are critictthe required operator activities and OFM-COG examines the
for many systems. To establish the cognitive demands imposedntal demands of those activities.

on an operator by specific activities requires analysis beyondA cognitive analysis requires a consistent vocabulary for
that currently supported by OFM. We have developed amental activities [24]. Miller [25] studied this problem ex-
approach, OFM-COG, which augments the OFM by describingnsively in a project for the US Air Force concerned with
the specific cognitive tasks and associated mental demanidseloping a generalized taxonomy of human task perfor-
of the activities described by the OFM. Our approach levemance. The result of Miller's work was a list of generalized
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information-processing task transactions, which are shown
in Table I. These tasks are not a model of human cognition,
but rather, a description of the information transformations
and control activities needed for system operation (see [25]
for more complete definitions.) We have adopted Miller's

terminology for OFM-COG because it offers an analytic and Intonsied course
descriptive framework that is consistent with the OFM method Waypoint reached specified

of activity analysis.

With OFM-COG, the activities, characterized as finite-state
automata in the OFM, are further analyzed according to the
25 generalized information-processing transactions of Miller,
which are organized into three categories: 1) information
acquisition, 2) handling, and 3) interpretation. Information Intended course )

T . specified Potential threat
acquisition and handling tasks tend to depend upon percep- identified
tual sensitivity, working memory, and response precision. In
contrast, information interpretation tasks tend to depend on
long-term memory (expertise) and processing strategies. Miller
uses generic terminology to describe information-processing
transactions so that the approach can be used to degittiee
humanor machine functioning. For this reason, the tasks in Course change required
Table | are labeled “Cognitive Agent Task,” where agent can
refer to either a technological aid or a human. The principfl- 2. OFM for ship navigation composed of a network of functions and

. . y . transition conditions.
advantage of using Miller's approach for task analysis and
description is parsimony—it does not postulate task-specific
cognitive processes, such as situational awareness. navigation activities using OFM reveals that navigation can be

Each cognitive task transaction demands certain inform@escribed by several high-level functions. Each of these func-
tion-processing resources of the humans performing them. Tiimns can be broken down into subfunctions. Together, the func-
third column in Table | identifies the range of human informations and subfunctions represent a normative model of ship nav-
tion-processing resources, which are derived from generaifjation, and indicate the required activities and triggering con-

|
Destination identified

Voyage Planning

Course Execution

Safe situation
identified

Course
Adjustment

Target Evaluation

accepted models [26], [27]. They include the following: ditions associated with navigation. Fig. 2 shows the high-level
1) perceptual sensitivity; functions and their interrelationships. Fig. 3 shows the subfunc-
2) perceptual sensitivity; tions associated with the high-level function “Target Evalua-
3) distributed attention; tion.” The complete description of the high-level functions and
4) distributed attention; subfunctions associated with ship navigation is included in [10].
5) working memory; The functions shown in Fig. 2 consist of Course Planning,
6) long-term memory; Course Execution, Target Evaluation, and Course Adjustment.
7) response precision. Course Planning identifies course changes given the final des-

Other taxonomies of cognitive tasks exist and could be usigation and waypo_ln_t_s that "“‘?t be re‘?“’hed- Cpurse Executlo_n
to code the cognitive demands, but the information processiﬁ';?resems the actlv!t|es associated with ensuring that the ship
approach provides a useful starting point [28]-[30]. These rBroceeds along the intended course. As the ship advances, po-
sources should be interpreted in the context of recent reseafcifia! threats may be identified which trigger the Target Evalu-
that has demonstrated the importance of processing strate fan function. Target Evaluation represents the activities asso-

and their dependence on information representation [31]-[3 lated with evaluating whether an actual threat exists. If a ship

More specifically, the actual cognitive resources demanded b9 aother obstacle threatens ship safety, then the need for a course

task will depend on the computational constraints built into thc@ange tngggrs the Course Adjustment'functl'on. Course AqJUSt'
tools available to the mariner [34]. ment determines a new course, and this revised course triggers

Course Execution and the voyage continues. These functions
provide a very general description of the essential aspects of
ship navigation.

Each high-level function can be hierarchically decomposed

The information for the OFM and the cognitive analysis wasto subfunctions, and an examination of these subfunctions
collected during a series of shipboard observations, interviepovides a more detailed description of voyage planning and
with navigation experts, discussions with instructors at maritimavigation. For example, Fig. 3 shows the subfunctions that sup-
training academies, and an examination of technical trainipgrt “Target Evaluation.” The activation of these subfunctions
manuals. This iterative process began with shipboard obserdapends on the triggers for “Target Evaluation.” For instance,
tions, which were used to define high-level functions. Furthéne subfunction “Identify Target” becomes active when a poten-
observations and interviews refined these functions and ideia threat has been identified. The output of this subfunction de-
tified subfunctions and triggering conditions. Examining shipends on a number of variables, including the immediacy of the

C. Operator Function Model and OFM-COG for Ship
Navigation
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Target Evaluation

/_————— ————

Safe situation ~

/ identified \

Extrapolate
Paosition

/ Potential threat

/ identified Target identified

Threatening
situation identified

Target path estimated
for a threat situation \

Identify Target Rules considered

‘Communicate with
other Ship

Intentions of other
\ ship identified l
Rules considered Intentions of other
\ Immediate threat ship identified
identified /

Apply Appropriate

Rules of the Road Rules considered

Consider Course
Change

\ Course change required
-

e e e e, . e— a—

Fig. 3. OFM subfunctions for target evaluation.

threat, the estimated path of the other ship, the rules of the roafl,each OFM subfunction. OFM provides a well-defined
and desired safety margins. Like the “Identify Target” subfunstructure to describe operator activities, and Miller’s cognitive
tion, each subfunction becomes active in response to conditidask transactions help catalog the cognitive demands associated
shown as arcs. These arcs reflect the system conditions that weith these activities. Table 1l lists the cognitive tasks and
changed by functions, subfunctions, or external events. The aiesnands associated with one of the subfunctions depicted
connecting the system states are triggers that initiate subfuic+ig. 3, “ldentify Target.” The cognitive transactions and
tions. For example, “Extrapolate Position” provides a best estissociated information-processing resources all derive from
mate of the future course of the potential threat and this triggéfable 1. OFM-COG identifies the cognitive tasks and the infor-
“Consider Course Change” if the extrapolated position posesration-processing resources associated with each subfunction.
danger to the vessel that would require a course change. TEM-COG also identifies the tasks and environmental de-
subfunctions and the arcs that link them illustrate how the sutmands that may affect human performance. For example, Table
functions interact to represent the dynamically changing opérshows that OFM-COG describes “Identify Target” in terms
ator activities. of three cognitive tasks. The information processing resources
At the level shown in Figs. 2 and 3, the OFM prescribeassociated with these tasks include long-term memory, per-
functional requirements for navigation and route planningeptual sensitivity, and sustained attention. The prevalence of
These represent system requirements that remain the same ieitig-term memory indicates the strong influence of experience
any type of technology. Thus, this network does not depend and training in identifying the nature of a threatening ship.
the type of technology available for navigation. As technologynportant task and environmental factors affecting human
changes, the role of the mariner in each of these activitipsrformance include the number of targets, rates of change,
may change, but the same activities must be performed, witisibility, time available, expertise, and display representation.
some of these activities accomplished by technological aid$he complete OFM-COG analysis uses the format shown
Thus, Figs. 2 and 3 provide a formal structure to analyze Table Il to describe each subfunction in the OFM. The
how technology might affect navigation and voyage-planninfpllowing examples demonstrate how OFM can be augmented
While the relatively abstract representation of the system showith a description of cognitive tasks and their information-pro-
in Figs. 2 and 3 remains constant regardless of changescéssing resources to identify the consequences of introducing
technology, a more detailed representation will show the effemtw technology.
of technology on cognitive activities. The lowest levels of a
very detailed OFM representation could specify the specifiq)|. A ppLYING OFM-COGTO ENHANCE MARITIME SAFETY
interaction syntax required by a particular interface for a . ) .
particular piece of technology. A. (_)I_:M-COG Identifies the Potential for Technology-Assisted
OFM represents only activities and the conditions th&tllisions
trigger them, not the cognitive demands associated with thes®ne aspect of vessel navigation that has witnessed dramatic
activities. OFM-COG expands OFM using Miller's cognitivetechnological advancement is collision avoidance. Radar is an
task transaction vocabulary to describe the cognitive demarnitegral element of collision avoidance and development of the



278

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART A: SYSTEMS AND HUMANS, VOL. 30, NO. 3, MAY 2000

TABLE I
OFM-COG ANALYSIS FOR THE“| DENTIFY TARGET” SUBFUNCTION OF THEOFM
OFM Function/ Cognitive Input Human Information | Output Task &
Sub-function Agent Tasks Processing Resources Environmental
Demand
Target IDENTIFY Potential threat | Long-term memory, Narrowed field to Number of
Evaluation/Identify seen on horizon | Perceptual sensitivity monitor targets, Rates of
Target or radar change
INTERPRET Narrowed field | Long-term memory, Estimate of target Visibility, Time
to monitor, Sustained attention behavior and available
Rules proximity
considered
CATEGORIZE | Estimate of Long-term memory, Categorized as an Expertise,
target behavior | Perceptual sensitivity immediate threat or Display
and proximity not representation
TABLE I
THE OFM-COG ANALYSIS OF THE “CONSIDER COURSECHANGE” SUBFUNCTION OF THEOFM
OFM Function/ Cognitive Input Human Information | Output Task &
Sub-function Agent Tasks Processing Resources Environmental
Demand
Target INPUT Radio, Radar, Selective attention, Target path Salience of
Evaluation/Consider | SELECT Visible information | Perceptual sensitivity information for information
Course Change concerning target consideration source, Expertise
path and intentions
COMPUTE Target path Processing strategies, Potential course Computational
information for Working memory changes aids, Expertise
consideration
INTERPRET Potential course Long-term memory, Relative merit of Expertise,
changes, Rules Sustained attention alternatives Display
considered representation
DECIDE/ Relative merit of Long-term memory, Course change Expertise,
SELECT alternatives Processing strategy required Number of
viable
alternatives

Automatic Radar Plotting Aid (ARPA) has eliminated many oiihterviews with mariner and training instructors validated the
the tedious, error-prone aspects of radar use. ARPA radars gigbfunctions and identified commonly used heuristics. For ex-
play a wide range of graphic and numeric information, includingmple, in observing several vessel interactions, it was possible
the relative and absolute speed and direction of any ship withim identify the sources of information mariners used as well
radar range. In addition, ARPA radars can calculate the distaraethe associated physical activities (i.e., radio communication,
and time of the closest approach, and they provide a varietydi$cussions between crewmembers, and use of radar functions).
trial maneuver functions that can generate a ship’s future tfBhese observations formed the basis for the initial description of
jectory given proposed speed and course changes. Some ARfRAsubfunctions and the triggering conditions, which were val-
radars display this information numerically, while others conidated and expanded with interviews onboard and with training
bine it into graphical icons that represent safety zones aroundtructors. Table Il describes the cognitive tasks and the asso-
the ships. These labor-saving features stand in contrast to traifited cognitive demands of the subfunction “Consider Course
tional radar, which requires operators to calculate this inform&hange.” “Input Select” is one critical cognitive task associ-
tion. With traditional radar, operators must take carefully spacatkd with this subfunction; this cognitive task determines what
observations and integrate them using relatively complex genformation will be included in the decision-making process,
metric calculation procedures. and depends on the information-processing resource of selec-
Fig. 3 shows the OFM of the function “Target Evaluationtive attention. Importantly, selective attention is influenced by
and Table 1ll shows the OFM-COG analysis of one subfunthe salience of the information source and by the expertise of the
tion, “Consider Course Change.” Shipboard observations warariner. The level of expertise will govern how much consider-
used to identify the subfunctions of “Target Evaluation,” andtion is given to potentially unreliable information [35]. Inex-
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perienced mariners may be drawn to the salient and seemingigad that are likely to influence the course of the other ship.
reliable information shown on an ARPA radar. The cognitiv&hus, “safety zones” generated by the ARPA oplgrtially
task “Compute” describes the process of calculating alternatgecify a safe course. However, mariners occasionally act as if
courses, which can be quite demanding if performed manuallye ARPA display represents the situaticompletely and in
Fortunately, modern radars include trial maneuver functions thaing so fail to recognize that the rules of the road will govern
show mariners the consequence of various course changestaedfuture path of other ships and should also govern their
support less demanding processing strategies. “Interpret” gourse. The safety zones only reveal the physical constraints
volves a consideration of potential course changes in the cgwoverning ship interaction (speed and heading) and do not
text of the rules-of-the-road, which should constrain course smvey intentional constraints (rules of the road). The OFM
lection by limiting the viable options and estimating likely beshows that multiple sources of information must be combined
havior of the target vessel. Some radar designs may undermiméConsider Course Change,” some of which are not included
this process by encouraging overly simplistic heuristics, suchiasthe ARPA display. Specifically, Fig. 3 shows four events
“maneuver to keep safety zones separated.” This heuristic dtiest should contribute to a course change decision. The ARPA
not consider the rules of the road in interpreting the merit ofiacludes only one, so mariners must be trained to attend to
potential course. The final cognitive task “Decide/Select” idemnrformation from less salient sources.
tifies the most promising course change. As in other domains,In the process control domain, Vicente and Rasmussen [7]
when the situation is routine and the mariner is experienced, t@ve documented similar instances where displays have failed to
decision will be based on recognition. Whereas less experiencigbcribe a system completely. They note that operators often act
mariners will rely on a more deliberate evaluation of optioras if the process was physically structured as shown on the dis-
[36]. play. However, the perceptual characteristics of most displays
While ARPA radar eliminates many of the error-prone tasldon not match the characteristics of the underlying process. This
of tracking and avoiding other ships, it may not increase shg@an induce poor decision-making because operators fail to con-
safety [5]. Infact, in some circumstances, certain types of ARPAder the properties of the process not represented in the display
radar may actually promote poor decisions that lead to col[i#]. This seems to occur with sophisticated ARPA's, where per-
sions. Interviews with radar training instructors and analysieptually salient features of the display capture mariners’ atten-
using OFM-COG provide specific examples of how the percepion while their conceptual knowledge of the rules of the road
tual characteristics of the ARPA radar might lead mariners gmes unused because the display does not contain this informa-
misuse it. Specifically, observations of mariners using a traininign. This analysis indicates a need to augment ARPA displays
simulator have led instructors to identify aspects of ARPA dige provide a more complete representation of the collision avoid-
plays that tend to mislead mariners. The OFM-COG analysisce situation. Alternately, this analysis indicates the need to
explains and generalizes these findings. train mariners to use the ARPA as a tool in the context of colli-
The training simulator involves presenting several marinersipn avoidance, rather than as the sole source of information.
each controlling a separate simulated ship, with a variety of
navigation scenarios to give them experience in navigating pgst OFM-COG Identifies Distinct Training Requirements for
each other using actual radar equipment. The simulator provigg3pa Compared to Standard Radar
a relatively realistic representation of how several ships might _ )
actually interact. Some scenarios present mariners with situat he Previous example shows that while ARPA radar reduces
tions involving a collision course with another ship while they’® many elements of the operator’s task dramatically, it may
are near land. In these situations, the safety zones gener&%'aerate additional requirements for training and ce_rt|f|cat|or_1.
by some advanced ARPA's seem to indicate an obvious couf$& technology has automated many tasks that require special-
change, a deviation to the left that increases the distance to bl knowledge of complicated procedures; however, proper op-
the land the other ship with a minimum of maneuvering. Hov"ation of ARPA radar and interpretation of the data may require
ever, this maneuver violates the rules of the road, which specRyen greater amounts of specialized knowledge. Failing to rec-
a deviation to the right in such circumstances. Because the rfggize the complexity of ARPA operation and its possible inter-
of the road are international standards that govern how Shﬁlglonswth the fundam.e'ntall skills of collision avoidance might
should respond to each other to avoid collision, it is likely thag@d 0 inadequate certification procedures. _
the other ship will adhere to the rules and deviate to the right,USing the subfunctions identified in the OFM analysis, we
placing the ships back on a collision course. These scenafigherated a series of tables similar to Tables Il and Ill. With this
often end in a near miss or a collision. Mariners involved ifiiformation, we analyzed 40 questions taken from practice tests
the same scenario who have standard radar seldom violate f¢he radar observer certification [37]. Each question was in-
rules of the road and deviate to the right. Thus, in some situ#gPendently assigned by the authors to one of the cognitive op-
tions, ARPA radars that display safety zones around ships tefigtions that de;cnbe poII|S|on avoidance using ;tandard radar
to lead mariners to ignore the rules of the road and select cours@l- The resulting entries were then compared with the cogni-
changes that result in collisions and near misses. tive operations describing collision avoidance with an ARPA.
An explanation for the errors induced by sophisticated The resultsindicated that three general categories of cognitive
ARPASs lies in the parameters used to generate the safety zopRerations could be identified from the questions:
The safety zones consider only the current speed and directiorl) Computing, which involves derivation of quantitative re-
of the ships, and do not consider information about rules of the  sults, based on a straightforward method;
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Fig. 4. OFM subfunctions for the “Course Execution” function, with those subfunctions associated with track keeping shaded.

2) Computing and Interpretation, which entails an iterativ€. OFM-COG Identifies New Failure Modes for Track
process of quantitative manipulation and application ¢feeping with ECDIS Compared to Paper Charts

the data to an ambiguous situation; Track keeping is an important shipboard activity that helps
3) Interpretation, which involves application of storedn,intain vessel safety. The goals of track keeping are to ensure
knowledge, such as rules of the road. that the vessel is within an acceptable margin of the intended

An example of a straightforward computing task is one in whicfPyage track, and to determine if course changes are required
the examinee is asked to determine the direction of true nSed onchanges in the ship’s position, such as reaching a way-
tion and speed of a target. Computing and Interpretation is illU2Qint- The shaded portions in Fig. 4 illustrate the subfunctions
trated by questions that are less constrained to specific pardiiolved in track keeping. Currently, track keeping is primarily
eter derivations, such as determining which of a range of potétzcomplished with paper charts, but the electronic chart display
tial maneuvers would increase the point of closest approach fg}d information system (ECDIS) and global positioning system
all targets. Interpretation might also involve determining targégPS) ill radically change track keeping in the coming years.
ship orientation based on running light configuration. These two technologies are compared using OFM-COG.

The Computing category contained 30 test items, the Com._TabIe IV shows the cognitive operations for 'track keepmg
puting and Interpretation category four items, and the Interpret3ith paper charts. The first activity in this table is "Determine

tion category six items. Comparison of the classification of theB@S!tion. This activity starts with the cognitive operation of

exam items with the cognitive operations required by ARPA ins_earching and identifying landmarks using charts and the visible

dicates that the 30 Computing items assess skills that are Coerﬂ\_/ironment as guides. The resultipg setof pqtential Ia}ndmarks
pletely automated with the ARPA. Thus, 75% of the items ilnS reduced to two or three good points for taking bearing mea-

L. o surements, where “good” points are separated by an angle close
a test similar to the USCG Radar Observer examination ass 90 and are easﬁy ideﬁtified on theppaper c%art Mgriners

skills that are notrequired by thg new technology. Paradoxicallyy e each landmark by reading the bearing from the electronic
the capability of ARPA to monitor a greater number of targe{g. 5ing line on the radar, or the visual bearing, to the selected
enhances the need for interpretive skills such as understand’jjla%t_ The bearings are coded in written form, and then plotted
of the rules of the road and the use of various trial maneuvgt the paper chart. “Record position” involves coding bear-

functions. These are the very skills that are underrepresenteqﬁg, plotting them on the chart, and identifying their resulting

the test. The comparison of ARPA and standard radar showgeztor intersections; the intersections reveal the position of the
major discrepancy between licensing requirements and the gpip. When the vectors are plotted on the chart, the quality of
erational demands of an ARPA. This in turn demonstrates haie position estimate is immediately obvious to the person cal-
OFM-COG can support the detailed analysis needed to ensonéating the vessel position—vectors with extremely acute an-
licensing requirements keep pace with technological changegles are suspect. In addition, the quality of the estimation is
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OFM-COG ANALYSIS OF TRACK-KEEPING SUBFUNCTIONS WITH PAPER CHARTS
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OFM Function/ Cognitive Input Human Information Output Task &
Sub-function Agent Tasks Processing Resources Environmental
Demand
Course Execution/ SEARCH/ Expected Sustained attention, Set of potential Chart features,
Determine position | IDENTIFY position, Perceptual sensitivity, landmarks Visibility
Acquisition Landmarks Long-term memory
SELECT Set of target Processing strategy, Two or three "good" | Angle between
Interpretation potential Long-term memory landmarks landmarks,
landmarks Quality of radar
return
IDENTIFY Two or three Perceptual sensitivity, Bearing of landmarks
Acquisition "good" Working memory
landmarks
CODE Bearing of Response precision, Written record of Correspondence
Handling landmarks Working memory bearing between chart
landmarks and
radar image
IDENTIFY Previously Perceptual sensitivity, | Points to plot on Correspondence
Acquisition/ identified Working memory chart between
Interpret landmarks visual/chart
landmarks and
radar image
Course Execution/ CODE Points to plot Response precision Bearing from
Record position Handling on chart, landmarks, their
Written record intersection revealing
of bearing, position, and present
Time time
Course Execution/ TEST Estimated Perceptual sensitivity, Deviation between Knowledge of
Monitor progress Interpretation position Working memory actual and planned location
location, or arrival at
a waypoint.
Course Execution/ DECIDE/ Estimated Long-term memory, Decision to contact The number of
Coordinate with SELECT arrival ata Processing strategy Vessel Tracking other competing
VTS and Pilots Interpretation waypoint Service (VTS) or activities
pilot
IDENTIFY Conversation Working memory, VTS Quality of radio
Acquisition with VTS or Perceptual sensitivity recommendation contact, Language
pilot barriers

available to others who might consult the chart. As each posiack keeping with ECDIS. For example, the subfunction
tion is plotted, the navigator also extrapolates the current spe@termine Position” depends entirely on the quality of the
and heading to estimate the future position of the vessel. D8PS signal and does not include any redundant information
viation of a plotted point from the extrapolated estimate indsources. In addition to this reduction in redundant-position
cates an error in course execution, position measurementjrdormation, electronic charts also introduce failure modes
in extrapolation. Monitoring the progress along the track irassociated with errors in system configuration and a false
volves comparing the actual position of the ship with the irsense of position-estimation precision. The initial task of
tended position (based on the voyage plan). The track keptaetermining position is completely automated by the GPS.
the paper chart provides both a test of current position relatife ECDIS can even automatically test actual position against
to intended position, and a historical record of location. Thatended track using a feature in which an acceptable error
manual process of taking bearings and recording positionsnisirgin can be specified. If the ship deviates beyond this
easily observed by other crew and includes substantial reddiistance, an alarm sounds (provided the feature was engaged
dancy, which preserves system performance in the face of and the GPS is functioning normally). Failing to engage
evitable errors. Hutchins [34] provides a detailed description tifis feature could jeopardize ship safety if mariners have
the robust nature of the traditional track-keeping process. come to rely on the automated warning. Also, because
The data in the column labeled “Task & Environmental Deany one of several mariners can configure the system, the
mand” in Table V identify several important failure modes assystem configuration and behavior can change in unanticipated
sociated with the subfunctions and cognitive tasks involved ways. The danger of an inappropriate or unanticipated chart
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TABLE V
OFM-COG ANALYSIS OF TRACK-KEEPING SUBFUNCTIONS WITHECDIS
OFM Function/ Cognitive Input Human Information | Output Task &
Sub-function Agent Tasks Processing Environmental
Resources Demand
Course Execution/ IDENTIFY GPS AUTOMATIC Estimate of current Quality of GPS
Determine position . position signal
Acquisition
Course Execution/ CODE Estimate of AUTOMATIC Position plotted on Precision of the
Record position Handii current chart, annotated with | electronic chart
andling position, the current time
Electronic chart
Course Execution/ TEST Actual position | Perception, working Deviation between Proper
Monitor progress I . memory/ AUTO actual and planned configuration of
nterpretation location, or reaching | ECDIS
a waypoint.
Course Execution/ DECIDE/ Estimated Long-term memory, Decision to contact The number of
Coordinate with VIS | SELECT arrival at a Processing strategy Vessel Tracking other competing
and Pilots . waypoint Service (VTS) or activities
Interpretation il
pilot
IDENTIFY Conversation Working memory, VTS Quality of radio
. with (VTS)or | Perceptual sensitivity | recommendation contact,
Acquisition pilot Language
barriers

configuration is not a failure mode associated with pap#ne signal is lost completely a short alarm is sounded and speed
charts. and direction extrapolations (dead reckoning position estimates)
The tendency to select an inappropriate scale adjustmang substituted for GPS data. If the initial alarm is missed, the
is another important failure mode associated with electronicariner may not notice that the GPS signal is no longer the basis
charts. With electronic charts, mariners can select a scé&be position estimates. Furthermore, many electronic charts do
that is beyond the precision of the underlying chart data. Thet maintain a continuous visual record of the vessel track. A
precision of paper chart data, on the other hand, is specifiedtbgck line is shown as long as the same chart or scale is used,
the scale of the chart and cannot be modified. Because the staleif the scale is changed, the track line is lost. The lack of
of an electronic chart does not share the physical constraintgraick line continuity further undermines the ability of mariners
a paper chart scale, it can be changed over a range that doedetect a transition from GPS to dead reckoning position es-
not necessarily correspond to the precision of the original chéirhates. If the mariner does not notice this fundamental shift in
data. The chart data, meanwhile, may not match the precisibe position estimation process, the ship can drift many miles
of the GPS signal, and most electronic charts do not provide fsom the intended course while the ECDIS continues to display
obvious indicator of the precision of chart data. The false sertbe position as if the vessel were following the intended course
of precision associated with the electronic chart and GPS datacisely. This is exactly what happened in the grounding of the
may induce mariners to choose hazardous courses—a failoreise ship Royal Majesty, where the GPS signal was lost and
mode not encountered with paper charts. the position estimation reverted to position extrapolation based
Another important failure mode that electronic charts intran speed and heading (dead reckoning). For over 24 hours, the
duce is a reduction in redundant position estimation, resultiegew did not notice that the GPS signal had been lost or that the
in gross position estimation errors. Unless carefully designamhsition error had been accumulating. The GPS failure was only
the ECDIS removes the mariner from the process of recordingticed when the ship ran aground [38].
vessel position, meaning that the mariner is given little insight Table VI contains a summary of the cognitive analysis
into the factors that might lead to erroneous position estimatessults. As the table suggests, ECDIS eliminates much of the
Recording a position on a paper chart superimposes at least tmark associated with track keeping when performed with
position estimates, one based on extrapolation of the previquaper charts. A reduction of information redundancy accom-
position and one based on visual bearings or other position panies this workload reduction, however. Track keeping with
formation. These complementary position estimates help idgraper charts is based on radar and visual bearing readings (in
tify errors in determining position [34]. Unlike the manual porestricted waters); these are supplemented by position extrapo-
sition recording on paper charts, ECDIS shows the quality laition (dead reckoning) and by GPS or Loran data. Importantly,
the position estimation only indirectly. A numeric measure dfack keeping with paper charts is a highly interactive process
GPS signal quality can be selected from a menu, and on sowleere multiple estimates of position are compared, reconciled
systems it is continuously displayed; however, many marineasd evaluated [34]. Additional functionality could be added
have little understanding of the relevance of these numberstdfsupport redundant information in computation of the vessel
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TABLE VI
FREQUENCY COUNT OF THEMARINERS COGNITIVE TASKS FOR THETRACK-KEEPING SUBFUNCTIONS
Type of Technology Data Acquisition Data Handling Data Interpretation Total
Paper Charts 4 2 3 9
ECDIS 1 0 2 3

tracks with ECDIS. However, current ECDIS implementations 3) these promising results suggest that
do not encourage comparison of the multiple position estimates OFM-COG would be worthwhile.
(i.e., GPS, radar bearings, and dead reckoning) that are needefls in many other domains, the introduction of new tech-
for navigators to integrate the redundant information into thaiiology on ships substantially changes the role of the human op-
decision making. erator and can undermine system performance. OFM provides
From the standpoint of providing visual continuity and ena promising structure for assessing technological change. OFM
couraging use of multiple data sources to enhance redundantgscribes activities and the conditions that trigger the transitions
the paper chart appears to be superior at this time. Becauselt®veen activities. It can, for example, clearly identify the ac-
ECDIS track line disappears if display manipulations are mad#jities involved in ship navigation, but it does not specify the
the vessel track is useless for viewing the trend of a deviationgnitive tasks and demands on the mariners’ information pro-
from the intended track. Such information may be useful in déessing resources. We have augmented OFM with a description
agnosing the cause of the deviation, e.g., problems with the aficognitive operations to generate a new approach, OFM-COG.
topilot or rudder control. As demonstrated in three examples, OFM-COG supports com-
Although Table VI suggests a dramatic decrease in worgarison of the cognitive demands made on mariners by activi-
load with ECDIS, there are actually a number of low-level taskies described by the OFM. This description provides a valuable
addedhat are ECDIS-specific. As such, these were notincludeteans of comparing the consequences of introducing new tech-
in the analysis of subfunctions. Included in these added tasiaogy.
are the detailed actions associated with evaluating GPS inputThe analysis of collision avoidance and track keeping activ-
chart manipulations (i.e., pan, zoom), and selecting or desies shows that OFM-COG can address design, training, and
lecting display features such as depth markers. The reduced fiegnsing issues associated with the introduction of advanced
olution and size of an ECDIS display, compared to a paper chaechnology. Error tendencies associated with some ARPA dis-
makes the simultaneous display of detailed and overview infgtays suggest that their design could be adjusted to encourage
mation difficult [39]. Because vessel navigation progresses refaariners to consider the complete set of factors influencing the
tively slowly, the chart manipulations are not likely to overloadollision avoidance situation. Alternately, training should focus
a well-trained operator. However, some ECDIS configuratiaon the use of ARPA as a tool in the context of collision avoid-
tasks may be neglected and features may be used inappropnice, rather than as the sole source of information. Specifically,
ately. For example, mariners may neglect to turn on critical chdraining should stress consideration of the rules of the road and
information, such as depth markers. Thus, ECDIS, like othguide mariners away from overly simplistic heuristics such as
forms of automation, offers potential for enhancing the principainaneuver to avoid overlapping safety zones.” The compar-
functions of track keeping, but it adds numerous device-speciiton of ARPA and standard radar shows that OFM-COG sup-
tasks that undermine workload reductions and open the poteorts a detailed analysis that can help ensure licensing require-
tial for new navigation errors [40], [41]. More generally, currentnents keep pace with technological change. Currently, the ma-
implementations of ECDIS automate many of the manual tagksity of exam questions fail to acknowledge the role of automa-
of track keeping, but may discourage the use of redundant inftien and the increased need for situation assessment skills. The
mation and introduce new opportunities for errors. Analysis @FM-COG analysis of ECDIS shows that while it automates
track keeping with a paper chart and with ECDIS demonstratemny of the manual tasks of track keeping, it may disrupt a ro-
the potential for OFM-COG to identify new failure modes thabust manual process that is less sensitive to sensor failures. The
can emerge with the introduction of new technology. OFM-COG identified three specific failure modes induced by
the ECDIS: errors in system configuration, a false sense of posi-
tion estimation precision, and a reduction in redundant position
information. One of these failure modes has received validation
We draw three principal conclusions from this research. in the recent grounding of a cruise ship [38]. Combined, these
1) Itis possible to augment OFM to represent the cognitivexamples show the broad application of OFM-COG in identi-
tasks associated with advanced navigation technolodying design, training, and licensing implications of technolog-
permitting a comparison of cognitive demands across dital change.
ferent levels of automation; Although OFM-COG has proved to be a useful tool in exam-
2) the OFM-COG technique is directly applicable to issudring maritime navigation, it has several limits that should be
related to design, training, and licensing; considered in future development. OFM-COG does not address

extending

IV. CONCLUSIONS
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personnel allocation. Our analysis concentrated on the cognitimeaningful insights regarding how technology mediates human
operations inherent in tasks, independently of how these tagkesformance in complex systems.

are allocated to crewmembers. Just as OFM has been extended
to multi-person situations [42], OFM-COG can be extended to
incorporate information on task allocation by linking each dis-
crete task with the crewmember performing it. In our analyzes,
the activities are typically performed by one person, with occ
sional input from another person. Augmenting the OFM-CO&
to incorporate task allocation would make more complex te
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activities amenable to OFM-COG analysis, but would requirepélper'

careful analysis regarding the appropriate unit of analysis. The
behavior of some systems cannot be predicted by an analysis
of the individuals, but must take a more holistic perspective. A[1]
level of analysis that considers the distributed socio-technical
system as a whole may be more appropriate than a level of anal,
ysis that focuses on the characteristics of an individual [43].

The OFM-COG also pointed to some important interface
management issues associated with ECDIS. These issues weld
not examined in detail because the OFM-COG was constructed
at a level of abstraction that did not describe technology-spe{4l
cific activities. Even so, analysis of the cognitive operations
and a cursory examination of the potential technology-specific[s]
activities revealed important issues associated with chart®l
manipulation and customization. Addressing these issues in
detail would require a more detailed OFM-COG. This need [7]
points to the critical issue of selecting an appropriate level of
system analysis. The needs and goals of the analysis shoulfg]
match the level of detail used in the OFM-COG.

Although OFM describes the rich combination of activity
sequences, the tabular representation of cognitive operation@]
suggests that they are performed sequentially. In many irf10]
stances this is true; however, there are also situations where
operations can occur concurrently, or in a nondeterministig,
order. This is particularly true in the collision avoidance
function. If OFM-COG is to provide a timeline of workload
demands, this issue must be addressed, which will requir%z]
adapting the OFM-COG analysis to another form, such as the
previously developed computer implementation of OFM. A
computer-based implementation provides the flexibility needed!
to indicate the concurrent, sequential or iterative nature of operi4]
ator functions. Others have used OFM to develop these types of
computer-based models, demonstrating the feasibility of sucﬁ5]
an approach [16], [44], [45]. There is no conceptual difficulty
with incorporating cognitive operations into a computer-base?le]
version of OFM. An interesting challenge will be finding a way
to use the cognitive demand of ongoing activities to specify
nondeterministic activity transitions. Such a feature would helg!7]
model the complex and important problem of task scheduling
and workload management [46], [47]. [18]

OFM-COG builds on OFM to identify relevant cognitive
constraints that may affect system performance. OFM identifie 9]
procedural and situational constraints on acceptable perfor-
mance and OFM-COG uses that domain specific description tg
identify relevant cognitive constraints. By bridging the gap be-
tween an engineering model of the system and a psychological
model of the operator OFM-COG helps identify the cognitive 21]
demands of technological innovations. We hope OFM-CO
will help others translate psychological considerations into
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