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EXECUTIVE SUMMARY

RATIONALE AND PURPOSE

The issue of shipboard manning scales is a complicated legal, economic and human factors
engineering question. The worldwide trend in shipboard manning is toward increasingly smaller
crew sizes - in the case of some Japanese ships, crews are composed of as few as 11 persons.
Crew sizes of this level are made possible by advanced technologies permitting unmanned engine
rooms and one-man bridge operation, as well as reductions of deck crew for cargo handling. A
fundamental question that arises as a result of such crew reductions is the extent to which smaller
crews compromise ship safety and the ability to respond in an emergency. This question has not
been addressed satisfactorily. There is a need for a systematic method of establishing safe crew
levels that can be applied on an international basis. A number of authors share this opinion
(Seitz, 1981; Knudsen and Mathiesen, 1987; Froese, 1987; Joseph, 1987; Gaffney, 1987), but at
this time no comprehensive approach has heen established.

Several issues make the need for a model of ship manning increasingly important. Most
generally, they involve understanding how reduced or modified staffing influences ship safety.
The general issue of ship safety involves several more specific concems, such as the effects of
increased technology, emergency response effectiveness, and maintenance capabilities. In
establishing safe crew levels, the govermnment and industry need to consider demands on the crew,
each vessel’s technology, type of service, crew skills, and quality of management and
management programs. Evaluating how these, and other issues affect ship safety provides a
crucial step toward developing a technical basis for Coast Guard policy.

In evaluating ship safety, a variety of techniques can be used including: simulator experiments,
sea trials, accident analyses, and manning models. Manning models circumvent some of the
problems involved with other approaches. In many cases manning models provide a more
flexible, more economic, and less dangerous method for establishing safe manning levels.

Once manning models have been created, experiments can be conducted to show how changes in
the manning structure might affect ship safety. Models combine data to produce estimates of
workhour requirements, timelines of personnel activities, estimates of mental and physical
workload, and estimates of accident probabilities. These predictions can then be evaluated as
measures of effectiveness, providing estimates of ship safety. With these predictions, users of the
manning models can evaluate how changes in crew configurations, manning levels, and voyage
profiles affect ship safety. Because of the need to collect data and validate the output of 2
manning model, models would be used in conjunction with other techniques, such as sea trials
and simulator experiments.
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Although manning models offer a very promising approach to developing a technical basis for
ship manning, any model developed will have limitations. These limitations include the types of
scenarios it accommodates, decision support capabilides, ease of vs-, and ability to consider
execution of shipboard tasks over time. This report presents a framework for comparing different
modeling approaches so that accurate models can be developed to address issues conceming safe
ship manning.

MODELS IN MARITIME AND NON-MARITIME DOMAINS

The history of models used to investigate the role of humans in domains other than the maritime
industry illustrates the utility of models in assessing the safety and efficiency of complex systems.
While the specific purposes and domain characteristics differ from the manning issues of concemn
to the Coast Guard, the generality of the approaches and the similarity of some characteristics of
these domains make some of these approaches applicable to the maritime industry. More
generally, the success of many of these models illustrates the feasibility of developing models to
establish a technical basis for manning decisious. In addition, the limitations of these models
illustrate some of the potential problems that a manning model may face. In general, the
limitations of these mudels fall into two categories: (1) limitations of the modeling tools and, (2)
limitations of the content incorporated into the model. If either the tool or content fails to match
the characteristics of the system to be modeled, then the manning requirements produced by the
model may seriously underestimate the actual manning requirements. A review of models
developed for non-maritime applications illustrates the great diversity of possible models, and the
need to develop models with capabilities tuned to the specific issues involved with ship manning.

A detailed examination of six models developed for the maritime domain illustrates how limits
associated with tools and content, as well as the complexity and diversity of issues involved with
manning requirements, make it difficult to use any of these six models as a technical basis for all
ship manning decisions. However, these models were designed for specific functions and in most
cases they were successful, illustrating the potential of developing a technical basis for ship
manning. Therefore, this review shows that it may not be possible to develop a comprehensive
manning model. Instead, the wide variety of issues related to safe manning may require a number
of specialized models. While no one model is comprehensive enough to examine all issues
regarding manning decisions, many of these models offer the potential to resolve specific issues,
such as the ability of a manning structure to meet workhour requirements. Taken together, they
illustrate the feasibility of developing manning models to estimate safe manning requirements.

A PLAN FOR MANNING MODEL DEVELOPMENT

Developing a comprehensive approach for estimating manning requirements must go beyond
previous studies. Much of this effort involves determining what factors need to be included in the
model and then collecting data to model these factors. An economical approach to this challenge
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is to develop a relatively simpie model that determines manning requirements based on workhour
limits, then enhance and expand this model as factors are identified and data are collected. The
efforts of Argent Marine and the National Research Council (NRC) indicate that a model based
on workhour limitations is practical, and collecting the requisite data is feasible. Likewise, the
studies by Kurke (1961) and Madni, Chu, Purcell, and Brenner (1984) show that detailed models,
developed to address specific issues, are also feasible.

The development of manning models must meet several criteria. First, a general functional
analysis needs to be performed. This analysis would specify the general functions that the ship
personnel must fulfill, providing the basis for estimating ship manning requirements. A general
functional analysis would provide a template for estimating the time, expertise and number of
crew members needed to fulfill the duties and tasks identified in the functional analysis. Second,
a profile of factors needs to be compiled that enumerates what should be considered when the
Coast Guard evaluates proposed manning structures. This profile defines the model content, and
should include guidelines regarding model scope, level of detail, and organization, as well as
requirements for addressing such issues as: the limits of human performance, effects of
automation, capability to respond to emergencies, ability to accommodate unplanned maintenance
activity, and capacity to comply with statutory provisions and intemational standards. Third,
developing a validation process will ensure that the recommendations provided by the model
accurately reflect the conditions onboard ships, ensuring safe manning levels, This validation
process should provide a structured method that can apply to the analysis of all aspects of model
development and use, including: data collection, modeling tool selection, model content
specification, and model use and interpretation. It would provide a method for the Coast Guard to
evaluate data and models that industry might submit in support of manning proposals. This
validation process would extend to sea trials and evaluation of safety records after the
introduction of changes to manning complements. The fourth criterion requires development of a
baseline estimate of manning requirements for a wide variety of ships, based on the functional
analysis of ship requirements. This estimate would depend on approximations of task times, but
would provide a starting point for more refined estimates. Any successful approach to a technical
basis for determining minimum manning requirements should begin by meeting these four
criteria.

MODEL VALIDATION

A crucial step in the development of any of these models is validation. The validity of a model
depends on its ability to replicate the behavior of the actual system. Because any model
represents a simplification or abstraction of the actual system, the behavior of the model will
never be isomorphic with the behavior of the actual system. Therefore, any model will never
achieve perfect validity, however, 2 model’s behavior must replicate the behavior of the actual
system closely enough to support decision making. Thus, while validity of a model will never be
complete, it should be measured with respect to the purpose of the model and the decisions it
supports. Model validity can be defined and measured in a number of ways. This report presents




severil definitions of validity from experimental psychology, along with validation methods
derived from systems engineering. A specific example of some of the steps included in the
validation of a functional model to evaluate workhour requirements include: 1) verify functional
listing, 2) verify capabilities of modeling tool, 3) compare output with validated measures of
effectiveness, 4) verify time and skill expertise estimates associated with shipboard functions
against standards and against actual practice during sea trials, 5) check software configuration to
ensure accurate estimation of workhour requirements, 6) evaluate the match between the stated
purpose of the model and the current application, and 7) establish whether special restrictions
should be placed on the conclusions drawn from the model.

CONCLUSIONS

This report addresses the need to develop a technical basis for ship manning. The goal of such a
technical basis is to provide information ¢ it decision makers need to balance the effects of
technological advances and economic pressures with ship safety. The models presented in this
report illustrate the potential for estimating the effects of manning structures on ship safety.
Although a variety of methods could serve this purpose (such as adjusting ship manning and
evaluating the rate of subsequent accident reports), manning models offer a safer, more efficient,
and more cost-effective approach. Therefore, the Coast Guard should begin to develop manning
models.

The development of manning models should begin with the construction of a functional model to
evaluate workhour requirements. Constructing such a model, based on the data and techniques of
the NRC and Argent Marine, provides a cust-effective way of developing a basic manning model
and evaluating the need for additional data collection and model development.

Developing a functional model to evaluate workhour requirements would provide a foundation,
upon which the Coast Guard could build more detailed models. This basic model could then be
elaborated upon with more specific models that indicate the ability of a proposed crew to
accommodate factors such as emergencies, maintenance, automation, and port operations. The
additional models would elaborate on the basic workhour requirements model by expanding its
scope and verifying its assumptions. The report includes an outline describing how several
models might be constructed, the first providing the foundation, upon which subsequent models
can build. The proposed models include: (1) the ability of ship personnel to meet workhour
requirements specified by regulations, (2) the ability of ship personnel to manage emergency
situations, (3) the effect of crew reductions, facilitated by automation, on the navigation
performance, and (4) the ability of a reduced crew to meet demands of scheduled and unplanned
maintenance.

Thus, the development of a technical basis for ship manning should begin by defining detailed
specifications of 2 manning model 10 estimate workhour requirements, based on a functional
analysis o7 the ship system. These specifications, developed in close coordination with the users
of a manning model at Coast Guard headquarters, would identify its scope, flexibility, operation,
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and role in the regulatory process. The most practical method of generating these specificaticns
would be through an iterative process, where manning model prototypes are developed and
presented to the Coast Guard s.aff. These prototypes could be quickly refined, based on Coast
Guard critiques, and presented for further evaluation. The end product of this process would be a
basic manning model that provides a first step towards a technical basis for manning levels. In
addition, it will focus subsequent data collection and model development.
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L INTRODUCTION

1.1 BACKGROUND

The issue of shipboard manning scales is a complicated legal, economic and human factors
engineering question. The worldwide trend in shipboard manning is toward increasingly smaller
Crew sizes - in the case of some Japanese ships, crews are composed of as few as 11 persons.
Crew sizes of this level are made possible by advanced technologies permitting unmanned engine
rooms and one-man bridge operation, as well as reductions of deck crew for cargo handling. A
fundamental question that arises as a result of such crew reductions is the extent to which smaller
crews compromise ship safety and the ability to respond in an emergency. This question has not
been addressed satisfactorily. There is a need for a systematic method of establishing safe crew
levels that can be applied on an i ‘>mational basis. A mumber of authors share this opinion
(Seitz, 1981; Knudsen and Mathiesen, 1987; Froese, 1987; Joseph, 1987; Gaffney, 1987), but at
this ime no comprehensive approach has been established.

Although a variety of methods can be used to evaluate manning requirements (such as adjusting
ship manning and evaluating the rate of subsequent accider.: reports), the 1990 National Research
Council (NRC) report illustrates the limitations of these techniques. For example, the many
concurrent changes that might accompany manning reductions make it very difficult to identify a
causal link between manning reductions and subsequent changes in accident rates. One
promising method of addressing these problems is through the development of a modei! that
predicts the consequences of manning changes on system? safety.

Mechanical, electrical, material and structural engineers have used models to evaluate the
consequences of design modifications on ship performance for many years. Most recently,
advances in computer aided design, particularly finite element analysis, have led to more optimal
designs, which have greatly increased ship efficiency. As technological and economic pressures
combine to modify manning structure, more advanced models of the human element aboard ships
may provide a method to evaluate the safety consequences of proposed changes.

1 In the context of this report, “model” refers to a representation of a System that transiates input variables,
such as changes in manning, into output variables, such as changes in ship safety. In essence, a model
provides a simplified, abstract, representation of an actual system, for the purpose of evaluating system
effectiveness.

2 In the context of this report, “system” refers to a collection of interacting components and may be limited
to bridge personnel interacting with navigation aids, all ship personnel interacting with ship hardware, or
even the interaction between ship personnel, ship hardware, and shoreside personnel and hardware.
Therefore, a “system™ can include a variety of factors, and can be used to illustrate many points where the
exact definition of the “system” is not important.




The 1990 NRC study entitled “Crew size and maritime safety” states:

In establishing safe crew levels, the government and industry need to consider
demands on the crew: each vessel’s technology, type of service, crew skills, and
quality of management and management programs. Systems engineering
methods, including functional task analysis, offer an objective basis for such
determinations. The model developed is one approach o implementing systems
engineering approaches to determining safe ship manning. (NRC, 1990; pp. 73)

As this quote from the NRC report states, a variety of techniques, encompassed by systems
engineering, might address a wide variety of factors to establish safe manning levels. Using
functional task analysis to develop a manning model of the ship system, the NRC implemented
one approach to estimating manning levels, based on task time aggregations. The NRC could
have chosen from many other systems engineering approaches to produce a variety of models,
each with different capabilities and limitations. Any model developed will have limitations that
include the types of scenarios it accommodates, decision support capabilities, ease of use, and
ability to consider execution of shipboard tasks over time. This report presents a framework for
comparing different modeling approaches to determine which modeling techniques might best
address the issues conceming safe ship manning. The complexity of a ship system makes it
impossible for any one model to portray the whole system accurately. It would be very difficult
to construct a single that would incorporate all the factors concemed with ship manning.
Therefore, the basic assumption of this framework is the need to match modeling capabilities to
the issues that need to be resolved. In this light, the worth of a model lies in the ability to
represent crucial characteristics of the system under consideration, rather than simply the number
of features it includes.

12  SCOPE OF REPORT

The scope of this report includes a discussion of capabilities and limitations of previous manning
models, and provides a framework for evaluating and developing future maritime manning
models. We do not provide a fully developed manning model. Instead, we describe approaches
and assumptions that must be considered in model development. The report focuses on four
major areas. First, this report provides a short summary of modeling efforts in other industries
such as military systems, nuclear power plant operations, process control plants, and the aircraft
industry. This review illustrates the diversity of modeling techniques and model content, showing
that no one model will answer all manning questions. Second, because no one mode! answers ail
manning questions, this report describes a framework for evaluating the validity of potential
manning models. It describes the capabilities and limitations of modeling tools, as well as the
consequences of including various kinds of information in a model. Third, this framework is used
to evaluate six existing models developed for the maritime industry, illustrating the capabilities
and limitations of these models. Fourth, the report describes four specific potential manning




models, together with a description of an overall strategy to guide the development of a series of
manning models.

13 THE NEED FOR A MANNING MODEL

Several issues make the need for a model of ship manning increasingly important. Most
generally, they involve understanding how reduced or modified staffing influences ship safety.
This general issue involves several more specific concems, such as the effects of increased
technology, emergency response effectiveness, and maintenance capabilities. Developing an
understanding of how these, and other issues affect ship safety provides a crucial step wowards
developing a technical basis for Coast Guard policy.

Introducing increasingly sophisticated technology poses two problems. First, technology may
change the nature of the work, shifting the role of people from direct involvement with the ship to
monitoring the performance of automation and intervening when it fails. The consequences for
human effectiveness in this new role are poorly understood (Sheridan and Hennessy, 1984;
Moray, Ferrel, and Rouse, 1990). Second, automation promises to reduce the physical and mental
workload of ship personnel; however, the capability of automation to reduce workload in a way
that promotes ship safety, especially in abnormal situations is poorly understood. Research in the
aviation and process control domains suggests that introducing automation often compromises
system safety rather than enhancing it (Woods, Potter, Johannesen, and Holloway, 1991; Wiener,
1985). In many instances designers automate what is most easily automated, leading 0 a
patchwork of systems that inhibit rather than support personnel. In addition, automation often
operates smoothly during normal operations, but fails when the personnel need it most, during
abnormal operations, leading to workload peaks greater than those experienced without
automation (Wiener, 1989). Similarly, Bainbridge (1987) suggests that highly automated systems
may lead to a loss of skills needed when the automation fails. Therefore, simple assumptions of
workload reductions accompanying the implementation of automation may not provide a valid
estimate of the manning requirements necded to ensure ship safety. This implies that a predictive
model of the human-machine system may promote the successful introduction of automation, and
better estimates of manning requirements. Sheridan (1987) developed the concept of supervisory
control 10 describe how humans interact with semi-automated systems. Sheridan and Hennessy
(1984) discussed modeling approaches appropriate to this situation and concluded that, while
human interaction with highly automated systems lacks a comprehensive model capable of
making exact predictions, specific models have been used successfully in the process control,
aviation, and manufacturing domains (Sheridan and Hennessy, 1984),

In addition to the problems associated with introducing new technology, emergency response
capabilities represent an aspect of ship operations that may be especially sensitive to changes in
manning. Emergency response requires a coordinated effort of the crew, often in unfamiliar and
adverse situations. This response may require more people than normal operations do, and the
demands on these people may exceed those of routine activities. In addition, the ability of




personnel to react efficiently to emergencies has immediate implications for the safety of the crew
and for the integrity of the ship. Therefore, a model that could relate the consequences of
modified manning structures to the ability of the ship’s personnel to mitigate emergency
situations would provide crucial information on how changes in manning structure would affect
overall ship safety.

Like emergency response capabilities, the ability of ships’ crew to maintain the ship effectively
may be particularly sensitive to changes in the manning structure. Because the ship’s safety is
directly dependent on the quality of the maintenance, conditions which lead to inadequate
maintenance require identification. Preventive and shore-based maintenance both act to alleviate
unexpected maintenance demands. However, the effectiveness of these techniques in conjunction
with reduced manning has not received a detailed examination. A model incorporating the
interaction of shore-based and preventive maintenance with modified manning structures, will
reveal the capabilities of different crew structures, combined with different maintenance
schedules, to maintain a ship effectively. For manning models to provide a technical basis for
manning decisions, they must address the impact of increasing technology, emergency response
capabilities, and maintenance effectiveness, as well as other specific issues that relate to the more
general question of how changes in manning structure affect ship safety.

A wide variety of techniques, ranging from accident analysis to simulator experiments and
manning models, can be used to evaluate ship manning. One of the simplest methods is sea trials,
where a proposed crew structure is placed on ships and the resulting changes are carefully
monitored. These changes might include increased workhours, increased workload (as measured
by subjective questionnaires), decreased safety (as reported by onboard observers), and increased
statutory violations. These changes could be used to determine if the changes in ship manning
have compromised ship safety. While sea trials might provide valuable data regarding the effect
of changes in the manning structure, this technique should not be used exclusively because the
consequences (collisions and groundings) of inadequate manning are so severe,

Because of the inherent dangers of sea trials, other methods of evaluating manning proposals need
to be considered. For example, critical incident analysis (semi-structured interviews focusing on
dangerous or unusual situations) could provide a better understanding of the current demands
placed upon ship personnel. Data collected through critical incident analysis would include a
catalog of potential problems caused by inadequate manning. For example, critical incident
analysis might reveal particular tasks or situations that require an unusually large number of
people. While critical incident analysis provides useful guidance regarding ship manning, it alone
does not include a method of summarizing the data to provide precise guidance for manning
decisions. Simulator experiments are another alternative that could help determine manning
requirements. More specifically, they could help specify how many people are required on the
bridge to manage the ship under a variety of conditions. Experiments can be designed to evaluate
precisely the effects new technology on the workload and performance of different configurations
of bridge personnel. Unfortunately simulator experiw.cnts are limited to evaluating bridge




personnel, providing little information on the potential effects of different manning structures on
the workload of other ship personnel.

Computer-based manning models can provide another alternative for evaluating ship manning.
Manning models represent simplified versions of the actual ship system. Therefore, once
manning models have been created, experiments can be conducted to show how changes in the
manning structure might affect ship safety. Model development requires data collected from task
analyses, expert judgment, historical records, simulator experiments, and operating procedures.
Models combine these data to produce estimates of workhour requirements, timelines of
personnel activities, and estimates of mental and physical workload, estimates of accident
probabilities. These predictions can then be evaluated as measures of effectiveness, providing
estimates of ship safety. With these predictions the users of the manning models can evaluate
how changes in crew configurations, manning levels, and voyage profiles affect ship safety.
Because of the need to collect data and validate the output of a manning model, models would be
used in conjunction with other techniques, such as sea trials and simulator experiments.

As a supplement to other methods used to verify ship safety, models could provide information
needed to resolve issues regarding manning levels. The following list of potential questions and
the information that manning models may provide serve to illustrate the capabilities of manning
models:

1) Is the proposed manning structure able to attend to ship functions within the statutory
workhour limitations?

Given estimates of the time and skill requirements associated with ship functions, a manning
model could identify instances where the time and skill demands cannot be met by the proposed
manning structure.

2) How would the incapacitation of one or more crew members affect the ability of the remaining
crew to satisfy ship functions within the workhour limitations?

Given estimates of the time and skill requirements associated with ship functions, a manning
model would provide a timeline of the hours worked each day by each crew member for the
duration of the proposed voyage. Timelines could be generated for a variety of combinations of
personnel incapacitation, showing how robust the manning structure is to disruption.

3) Would the proposed crew be able to accommodate emergency situations?

Based on emergency procedures followed by the crew, combined with time and expertise
estimates of the tasks involved, a manning model would show how changes in the manning
structure affect the interaction and coordination of the activities of all ship personnel involved in
responding to an emergency. These effects could be combined with model output that shows




changes in emergency response times 10 determine whether the proposed manning structure can
adequately respond to emergencies.

4) Changes in manning structures require that certain maintenance activities occur during port
calls. However, some unplanned maintenance may need to be done during voyages because of
safety considerations. Is the proposed manning structure able to attend to unplanned maintenance
activities?

Given the probabilities of various maintenance tasks, their time demands, their skill requiremenis,
and the proposed manning structure, 2 manning model could calculate the probability that a
failure would occur to which the proposed crew could not respond. Given that the crew could
respond, the manning model could also calculate the expected delay associated with the repair.

5) Does increased automation on the bridge justify manning reductions?

Given a detailed cognitive task analysis of the navigation, management, and communication
tasks, a manning model would provide data conceming workload and the ability to manage the
ship. A simple estimate of mental workload based on the time required divided by the time
available would indicate possible operator overload. In addition, increased time to respond to
potential collision situations would also reflect the safety consequences of reducing bridge
manning in response to increased automation.

The answers to each question are not directly tied to ship safety. Instead, the users of the model
must interpret the results and decide whether the changes predicted by the model compromise
ship safety. In some instances this may be refatively simple. For instance, given the current
regulations, a manning structure that leads the model to predict 15 hour workdays may be deemed
unsafe. In other instances interpretation of the model output is less clear. For instance, increased
automation may lower mental workload, resulting in either increased safety or decreased safety.
While overload can lead to unsafe situation, underload can also compromise safety. Very low
workload could actually threaten ship safety by increasing boredom and compromising vigilance.
Other measures, such as the probability that ship personnel will be able to respond to unplanned
maintenance, are more straightforward. However, it is not ciear what probability represents an
unacceptable threat to ship safety. An initial task in developing a technical basis for manning
decisions would be to agree upon measures of effectiveness that would combine the output of
manning models and provide criteria for judging *ship safety”.

14  THE ROLE OF MANNING MODELS IN THE REGULATORY PROCESS

A manning model may play a variety of roles in the Coast Guard's regulation of ship manning.
At one extreme the Coast Guard could collect data, construct 2 model, maintain a model, and
develop regulations based on the model output. At the other extreme, the Coast Guard could
leave it to the maritime industry to collect data, construct models, maintain the models, and




develop manning levels based on the output of these models. In this situation the Coast Guard
would evaluate models developed by industry to ensure that their proposed manning levels are
accurate. In the first case, the Coast Guard acts to develop and operate manning models, and in
the other they would act to evaluate and guide the maritime industry in developing their own
manning models. Each of these scenarios has benefits and limitations and requires different types
of commitments from the Coast Guard.

The scenario where the Coast Guard develops and operates a manning model would require a
substantial investment in the development of a manning model. Since this model must apply 10 a
wide variety of ships, in a wide variety of circumstances, the model must provide a framework
that would be able to represent any ship that might apply to the Coast Guard for a reduction or
modification in their crew structure. As part of developing and operating a manning model the
Coast Guard might also need to collect data. Alternately, the Coast Guard might require ship
owners to provide data. As the 1990 NRC study suggests:

In the vessel certification process for vessels employing new manning concepts,

each operator should conduct a thorough assessment of shipboard functions and

tasks required by the particular vessel and should submit a functional analysis

(with specified crew numbers and structure, skills and training, voyage profiles,

:lzgggpemsional and maintenance plans) to the Coast Guard for approval. (NRC,
: pp. 87)

Using these data as inputs into a manning model, the Coast Guard could provide a technical basis
for manning level certification. This scenario has several requirements. First, the Coast Guard
must develop a manning model, or series of manning models, capable of representing a wide
variety of ships and operating circumstances. This model (or models) must be able to incorporate
a large profile of factors that might influence safe manning. For example, the model should be
flexible enough to include factors such as: human performance limitations, special qualifications,
unplanned maintenance, emergencies, and statutory requirements. Second, the Coast Guard must
either collect data regarding task time and expertise requirements, or provide industry with a
generic template for this data collection that would then be “filled in” and submitted to the Coast
Guard for approval. Third, after developing a new manning level the Coast Guard must evaluate
whether the workload estimates produced by the model are accurate. This validation process
might be guided by a standardized procedure or checklist, and could involve direct observations
during sea trials, or examinations of vessels’ safety records. Part of this validation process might
include verification that the crew allocation and task times on an actual ship match those included
in the model. The results of this validation procedure would indicate whether the manning level
is appropriate and could signal the need to revise the manning model.

In the other scenario, the Coast Guard would not base manning decisions on a model developed
and operated by the Coast Guard. Instead, they would guide the maritime industry to develop the
appropriate manning models that would be submitted to them when they seek approval for a new
manning structure. The Coast Guard would then evaluate the validity of the manning model as
part of the centification process. This scenario would require the Coast Guard to develop a
prototype manning model (or models) to be disseminated to industry. Companies could then use




this prototype as a guide for developing models that they would submit to the Coast Guard for
approval. This scenario goes a step beyond the NRC recommendation that suggests industry
might submit a functional analysis in support of their manning proposal, since it requires them to
develop and operate a complete manning model. Therefore, the Coast Guard would not have to
develop and operate a3 manning model, but they would need to guide industry and evaluate their
models and the model output. Although this scenario alleviates the Coast Guard of much of the
work involved with developing manning models it has several requirements. First, the Coast
Guard must develop explicit guidance conceming what types of models should be developed. As
part of this guidance the Coast Guard should provide model templates or prototypes that include a
generic identification of tasks and functions that should be considered. In addition they should
provide a repenoire of modeling tools and guidance for selecting the most appropriate tool for
model development. Second, the Coast Guard should describe a general profile of factors that
need to be included in manning models. This profile might include the effects of human
performance limitations, special qualifications, unplanned maintenance, emergencies, and
statutory requirements. Third, the Coast Guard needs to develop a validation process to evaluate
the models submitted by companies. This validation process should examine the modeling
technique adopted, the underlying assumptions, the data collection methods, and the output of the
model. As a final step in this process, a standardized procedure or checklist could guide direct
observations during sea trials, or examinations of vessels’ safety records, with the results
supporting decisions concerning manning levels and model validity.

Whether the Coast Guard acts to develop and operate manning models, or to evaluate and guide
the maritime industry in developing their own manning models, several criteria must be met.
First, a general functional analysis needs to be performed. This analysis would specify the
general functions that the ship personnel must fulfill, providing the basis for estimating ship
manning requirements. A general functional analysis would provide a template for estimating the
time, expertise and number of crew members needed to fulfill the duties and tasks identified in
the functional analysis. Second, a profile of factors needs to be compiled that enumerates the
factors that should be considered when the Coast Guard evaluates proposed manning structures.
This profile defines the model content, and should include guidelines regarding model scope,
level of detail, and organization, as well as requirements for addressing such issues as: the limits
of human performance, effects of automation, capability to respond to emergencies, ability to
accommodate unplanned maintenance activity, and capacity to comply with statutory provisions
and international standards. Third, developing a validation process will ensure that the
recommendations provided by the model accurately reflect the conditions onboard ships, ensuring
safe manning levels. This validation process should provide a structured method that can apply to
the analysis of all aspects of model development and use, including: data collection, modeling
tool selection, model content specification, and model use and interpretation. It would provide a
method for the Coast Guard to evaluate data and models that industry might submit in support of
manning proposals. This validation process would extend to sea trials and evaluation of safety
records after the introduction of changes to manning complements. The fourth criterion requires
development of a baseline estimate of manning requirements for a wide variety of ships, based on
the functional analysis of ship requirements. This estimate would depend on approximations of




task times, but would provide a starting point for more refined estimates. The remainder of this
report examines the feasibility of developing a manning model (or models), and provides
suggestions to guide model development so that these four criteria can be met.

This report provides a basis for selecting the most appropriate modeling tools, and criteria for
specifying model content. In addition, it outlines a strategy for model development, and presents
validation methods that can verify the quality of the final model and its recommendations.
Chapter II reviews modeling efforts in other domains, and shows how the use of models in other
domains might guide the use of models in the maritime industry. Chapter IIl presents a brief
summary of classifications of modeling tools and their content, illustrating how various model
characteristics influence model validity. Chapter I'V reviews current maritime models, illustrating
how future manning models might build upon these efforts. Chapter V illustrates how modeling
tools combine with content to form models capable of addressing issues central to ship manning.
This section also provides a strategy for model development and validation.




IL  APPLICATION OF MANNING MODELS IN NON-MARITIME
DOMAINS

Human factors modeling techniques have been used for many years, not only in the maritime
industry, but also in the aviation, nuclear, military and process control industiies. A review by
Dutton and Starbuck (1971) found 2024 studies, published before 1971, that discussed modeling
of humans either as individuals or within systems. The availability of computing resources has
increased the rate of model development since 1971 (Elkind, Card, Hochberg, & Huey, 1990).
Because of the large number of models, this report includes only a brief summary, examining
several representative models, rather than providing a comprehensive catalog of models. More
comprehensive reviews include Pew and Baron (1983); Pew, Baron, Fechrer, and Miller (1977);
Booher and Hewitt (1990); Farooq and Dominick (1988); Woods, Roth, and Hanes (1986);
Bogner, Kibbe, Laine, and Hewitt (1990) and Elkind, Card, Hochberg,, and Huey (1990). While
most of these models do not address the exact issues of the maritime industry, the different
techniques and approaches provide a base on which the maritime industry can build. In addition,
the success of many of these models illustrates the feasibility of developing models for maritime
applications.

2.1 COMMERCIAL AIRCRAFT

Similar to the issues involved with ship manning, the aircraft industry has faced requests for
reduced manning in conjunction with increasingly automated systems. During verification of the
flight deck crew reduction (from three to two), models were developed to analyze the effect of
crew reduction on aircraft safety (Straus and Stein, 1981). This research has continued as more
automation finds its way into the cockpit, endeavoring to predict pilot workload as a function of a
variety of factors including manning level, automation, and flight scenarios. One of the primary
criticisms of the original research was the tendency to amalgamate workload estimates across
time, making it impossible to evaluate the potential for short-term occurrences of extreme levels
of workload (Straus and Stein, 1981). In this case the evaluation criterion was an estimate of the
average workload experienced by the pilots. Ideally, the output would consist of a timeline that
identifies and estimates peak workload levels. More recent efforts have addressed this issue
(Parks and Boucek, 1989). In addition, validation tests during the development of the Boeing 757
and 767 airplane programs showed the timeline analysis technique predicted flight data with more
than 90% accuracy. Furthermore, estimates of pilot workload, gathered through subjective scales,
physiological measures, and secondary tasks, had correlation coefficients with the predicted
workload that ranged from 0.51 to 0.91.

Although the original aircraft manning models depended on a timeline approach (Parks, 1978),

other efforts include task network models (Laughery, Drews, and Archer, 1986) and optimal
control theory approaches (Pew and Baron, 1983). (See Appendix B for a detailed description of
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these approaches.) Specifically, Baron et al. (1980) developed PROCRU (Procedure-Oriented
Crew Model), a highly sophisticated model that supports systematic investigation of issues
conceming how design changes of commercial aircraft influence performance and safety during
the landing phase of flight. This highly complex model not only represents the motor responses
of pilots, but also the cognitive activity involved in goal selection and procedure execution, The
data requirements of this model are extensive. First, PROCRU requires a system model that
represents the dynamics of the plane. Second, it requires a representation of the cognitive and
decision making aspects of human performance, including decision time and processing effort.
Third, the model must represent communication between crew members. Fourth, the model must
include crew members’ knowledge of the state of the world, conditions of the system, and goals.
The output of PROCRU includes a wide variety of performance metrics that include a complete
description of the simulated path of the plane. It also provides timelines of crew activity,
showing how certain segments of the flight might overload a given crew member. This output
allows designers to perform a sensitivity analysis to determine how design parameters affect
operator workload and system performnance. The sophistication of the output of PROCRU
enables it to support designers in their development of cockpit instrumentation and control
algorithms for aircraft.

PROCRU represents one of the most complex models of human-machine interaction; however, as
with other comprehensive engineering-based models, it requires a more complete validation. In
other words, the predictions of PROCRU may not correspond to actual human behavior. Optimal
Control Theory, upon which PROCRU is based, has been validated in a large number or contexts.
In addition, many of the submodels included in the model have been validated and used
elsewhere. However, PROCRU itself has not been completely validated. While a number of the
submodels and assumptions that form the basis of PROCRU have been validated, this does not
guarantee the validity of the overall model. The severe technological and economic problems
associated with collecting data required to validate a model like PROCRU make it unlikely that it
will ever receive a complete validation (Baron and Corker, 1989).

In addition to PROCRU, Human Operator Simulator (HOS) predicts human performance through
a complex set of micromodels that can predict the effects of human performance limitations on
system effectiveness. The micromodels include representations of short term memory, control
manipulation, eye movements, and decision time. The data for the micromodels come from
empirical studies, while a detailed task analysis specifies how the micromodels will interact. The
output of this model includes predictions of system performance and potential for human errors.
Lane et al. (1981) identified several applications where HOS has supplied valuable data
conceming different design altematives. HOS has been used to simulate a variety of commercial
and military systems, not only guiding designers’ choices, but validating the model. The most
fruitful application may be in detailed examinations of specific design alterations, and not the
effects of modifications to a manning structure. While the specific aim of HOS and PROCRU
may differ from those of manning models in the maritime domain, the success of these models
illustrates the feasibility of developing formal models of human behavior. This suggests that the
behavior of ship personnel can also be modeled to evaluate manning proposals.
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2.2 NUCLEAR POWER PLANTS

Several modeling efforts have addressed the effect of human behavior on the performance of
nuclear power plants, but no models have been used tc evaluate staffing requirements directly.
One of the most popular attempts to estimate the influence of hurnan reliability on the
performance of nuclear power plants was THERP (Technique for Human Error Rate Prediction)
(Swain and Guttmann, 1983). The objective of THERP is to incorporate the likelihood of human
errors into the engineering estimates of plant failure. To do this THERP requires a detailed task
analysis that specifies operator actions. Data regarding the potential for errors for many of these
tasks has been collected primarily from subjective estimates. Although this database has not been
substantiated, it enables THERP 10 combine data regarding error probabilities for individual tasks
in event trees that illustrate the probability of various system states, given the probability of
human error. Since THERP considers only manual control and low level perceptual errors, rather
than decision making errors, it may underestimate the actual influence of human reliability on
plant performance. Even with these limitations, THERP has been used to estimate the affect of
human reliability on system effectiveness in a variety of settings, most importantly the nuclear
industry. In an experimental examination of THERP, Kirwan (1988) compared the predictions of
THERRP to actual data and found a strong comrespondence, illustrating that THERP has the
potential to model failure rate of operators’ procedural activities.

Because analysis of nuclear power plant accidents has revealed that decision making failures have
been an important cause of plant failure, compared to failures in procedural activities, researchers
have tried to model the cognitive functions involved in human decision making (Woods, Roth,
and Pople, 1987). The Cognitive Environment Simulation (CES) provides a model of human
error in the area of intention formation. It predicts errors based on a mismatch between cognitive
resources and task demands. Therefore, this model includes a representation of the physics that
guide the evolution of plant failures, and the operator’s knowledge and skills that might apply to
mitigating the consequences of these failures. The output of this model consists of simulated
decision making behavior. By varying the knowledge base used in the simulation, the model can
reveal the types of errors humans with different level of expertise might commit. In addition, this
model provides estimates of decision times that reflect process dynamics and expertise. This
model represents an extremely high level of modeling sophistication that would likely exceed the
requirements of most manning decisions. As such, it demonstrates the potential for developing
models that address complex decision making processes, if they are identified as being important
in manning decisions. This work represents the state-of-the-art in modeling human decision
making. As such, it is a complicated model and its use requires experts familiar with simulation.
While the model could not be directly applied to the maritime domain, it demonstrates the
possibility of using models to estimate the reliability of human decision making. Future versions
of this model will become increasingly sophisticated as the number of incidents covered expands
and a wider variety of factors that influence decision making, such as reliance on automation, are
included in the model.
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Overall, techniques like THERP have been widely used to estimate the effect of humans on
system reliability and could easily be applied 1o the maritime domain. However, these techniques
apply only to well-defined sequences of activities or procedures. When activities are not well
defined, and cognitive activities of the operators must be incorporated into the analysis, other
techniques must be used. CES illustrates an example of how human decision making activity
might be included in a reliability analysis. However, this model has not been thoroughly
valicated or extensively used. Additionally, the complexity of this approach makes development
and validation of this type of model difficult and expensive. Therefore, even though CES is one
of the few techniques able to evaluate decision making reliability it may not be cost-effective to
extend it to the maritime domain.

On the more specific issue of manning levels, the nuclear industry has sponsored very little
research. Current manning regulations focus on the control room, neglecting other areas of the
plant. In addition, regulations concerning the control room specify manning levels that depend on
simptle distinctions between plants, such as the number of reactors and the number of control
rooms. Currently, the nuclear industry routinely staffs plants with more personnel than specified
by NRC regulations. This indicates that the regulations do not accurately reflect the demands on
the operators. At the same time there is no guarantee that industry has accurately determined
adequate staffing levels. The lack of a systematic technique to evaluate manning requirements is
ot limited to the U.S. nuclear industry. Melber et al. (1983) reviewed international personnel
and staffing regulations and found a similar situation. No technical basis has been developed, ar -
manning requirements generally depend on: (1) prior experience with comparable fossil fuel
plants, (2) empirical reviews of plant performance, and (3) union demands and labor laws. No
systematic method exists to translate task demands into manning requirements. Thus, the nuclear
industry has developed sophisticated technologies for evaluating human reliability for specific
procedures, but no systematic technique has been use to estimate manning requirements.

23 MILITARY COMMAND AND CONTROL

The military has developed a number of manning and workload evaluation models that illustrate
how automation influences the performance of command and control systems. Command and
control systems oversee the planning and execution of tactical activities associated with battle
operations. While the models generally estimate system effectiveness, based on various hardware
and manning configurations, the scope and level of detail of these models vary tremendously.

For example, studies by McCallum and Underwood (1991) and Underwood, McCallum, O'Herin,
Penner and Tyler (1991) illustrate how a spreadsheet can combine data about system information
flows and task times with different combinations of automation. The data incorporated in this
model are derived from subjective estimates of the frequency of event occurrence. By
incorporating detailed task information (receiving information from databases and
communicating specific intelligence information to other members of the staff), their model
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provides predictions of how the influence of automation on individual tasks contributes to the
overall effectiveness of a military command and control center. The model output shows how
system effectiveness changes as a function of the effect of automation on individual task times.
More specifically, the output shows< how automation affects the percentage of time operators are
occupied. Thus, this model provides valuable data conceming the effectiveness of introducing
automation. Failing to consider the dynamic nature of the task imposes one of the prime
limitations on this modeling effort. This model does not reflect possible bottlenecks in the
process caused by the dynamic nature of the system or the psychological limitations of the
personnel. Another possible problem associated with the model lies in collecting data to enter
into the model. The model relies on subjective estimates of changes in task time and therefore
may not always reflect the actual task time. However, future versions may resolve these
problems by using a more sophisticated modeling tool and validating subjective estiinates with
actual measurements.

A model developed by Corker, Cramer and Henry (1990) addresses some issues not encompassed
by McCallum and Underwood (1991). This model cf a command and control system also
estimates the effect of automation on system performance; however, it incorporates a model of
the cognitive and perceptual characteristics of personnel. In addition to estimating system
performance, this model also estimates subjective workload, illustrating how the mental ioad
varies across time. Thus, the output of this model allows designers to anticipate the effects of
automation on the performance of command and control centers. Both of these models have been
used by the military to anticipate the effects of various design decisions on system performance.

24  MILITARY WEAPONS SYSTEMS

Along with command and control systems, modeling techniques have been applied to a variety of
military weapons systems. In particular, modeling efforts have investigated the effectiveness of
weapon systems. For example, IDEAL (Chubb and Hoyland, 1988) represents a technique used
to investigate the performance of a surface-to-air missile battery. The IDEAL methodology
combines SADT (Structured Analysis and Design Technique) with SAINT (Systems Analysis of
Integrated Networks of Tasks) to facilitate development of models of complex systems. SADT
acts as a front-end analysis tool for SAINT, providing a structured appruach to a top-down,
hierarchical decomposition of systems that tracks the relationships between components. Since
the description provided by SADT reveals only the static relationships between system
components, a complete description requires a representation of performance over time. The
SAINT portion of IDEAL incorporates the SADT description of the system into a model that
represents the behavior of the system over time. Comparing the output of the model of a surface-
to-air missile battery to empirical results, Chubb and Hoyland (1988) _howed that the model
succeeded in predicting the effects of implementing automatic tracking and variations in the types
of sensors used to support manual tracking. Thus, the output of this model was used to guide
system development. This model included the capabilities to provide a wide range of output data.
In this application a key parameter was the time taken to respond. Other important parameters
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included elevation and azimuth tracking errors, and the probability of a hit. One of the primary
reasons for the success of this modeling effort lay in the developers’ ability to base parzmciers of
the SAINT model on information drawn from a large body of empirical data. These empirical
data included a detailed task analysis, estimates of task durations, and probabilities of errors. A
similar maritime manning model might not have the same volume of data to draw upon. Other
models, such as a model of howitzer crew drills (Bolin, Nicholson, and Smootz, 1990),
demonstrate the continued success of these techniques.

While the studies of McCallum and Underwooa (1991), Underwood, et al. (1991), Corker,
Cramer and Henry (1990), and Chubb and Hoyland (1988) provide a detailed representation of a
relatively stnall number of people, other models provide a much broader description of how the
behavior and capabilities of many people may interact with a proposed system. For example, the
Army uses HARDMAN 111 to deliver information on a wide variety of aspects of systems
development. Composed of six modules it uses task network modeling (MicroSAINT) and data
base access 10 generate data to guide system design. This system provides information about
issues such as personnel availability, training requirements (given the current pool of available
personnel), and effects of individual aptitudes un system performance. The scope of many of the
analysis tools available through HARDMAN III exceeds the scope of interest for ship manning
evaluations (Booher, 1990).

A Department of Defense initiative (MANPRINT) stipulates including human performance limits
into military system design. To meet this requirement many tools have been suggested. In
addition to the techniques already mentioned, a review by Booher (1990) describes a wide variety
of models used to evaluate the effectiveness of military systems. These techniques range from
models of a single person to models of large groups of people. The output of these models
provides system designers with information upon which to base interface decisions, evaluate
automation effectiveness, and develop appropriate manning structures. While these models can
not be directly applied to resolve maritime manning decisions, they illustrate the feasibility of
such an approach. Most of the modeling approaches used within MANPRINT are relatively
simple techniques for assessing system user skills and requirements. As such, they do not permit
predictions of system operation so much as serving as design-aiding tools.

25 PROCESS CONTROL INDUSTRIES

The process control industry has used simulation to evaluate the effect of technological
innovations on manning and workplace design. Beville Engineering (1992) has developed a
technique that allows them to compare staff workload, even though the contents of their jobs
differ significantly. The data required for this analysis are based on job sampling, where
intermittent observations of the workers provide snapshots of the workers’ behavior and
workload. Based on these data, “busyness” graphs provide equivalency curves representing the
same level of “busyness” for different levels of time on tasks and tasks to be performed. Buck
and Maltas (1979) used a more formal simulation technique, based on a task network model, to
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evaluate the difference in manning requirements of a hot strip steel rolling mill equipped with
automation and another design that did not include sophisticated automation. The data for this
type of model are derived from a detailed task analysis, based on observations and functional
analysis. The output of this technique consists of timelines that illustrate operators’ workloads
and charts of the fluctuation of system performance over time. Examining this output they found
that the simulation reflected the effects of technology found in the actual plants. These effects
were based on a detailed validation process that compared the task times of selected mill
operations. In addition, the model proved to be a useful decision making aid, enabling the users
to estimate changes in overall system performance with various design altemnatives, to calculate
the time demands of various operator jobs, and to recognize interferences between tasks that
might be alleviated with redesign. The authors concluded that modeling could be an effective
tool for the evaluation of automation in process control plants.

Similarly, Munro, Martin, and Roberts (1968) used simulation to determine the optimum manning
levels for continuous process control plants. This model succeeded in illustrating how manning
structures should be adjusted as automation is introduced. More specifically, they successfully
used the model to show how operators’ workload would change with increased automation and
different manning combinations. Although the model revealed differences between the highly
automated process and the more traditional manufacturing methods, the authors noted several
shortcomings of the model. Most importantly, they cited a difficulty in representing the cognitive
loads and time demands associated with the tasks. Another shorntcoming of the model was the
difficulty associated with simulating a job that has never been performed. Both of these concems
apply to models that might be developed for the maritime industry. While this modeling effort
identifies potential limits associated with developing models to estimate safe ship manning, it also
illustrates the potential for success of such a model.

26  CONCLUSIONS

The history of models used to investigate the role of humans in domains other than the maritime
industry illustrates the utility of models in assessing the safety and efficiency of complex systems.
While the specific purposes and domain characteristics differ from the manning issues of concem
to the Coast Guard, the generality of the approaches and the similarity of some characteristics of
these domains make some of these approaches applicable to the maritime industry. More
generally, the success of many of these models illustrates the feasibility of developing models to
establish a technical basis for manning decisions. In addition, the limitations of these models
illustrate some of the potential problems that a manning model may face. In general, the
limitations of these models fall into two categories; (1) limitations of the modeling tools and, (2)
limitations of the content incorporated into the model. In some instances the modeling tool or
programming language used to create the model limits the interactions and characteristics of
systems that the model can incorporate. For example, the spreadsheet style modeling tool used by
McCallum and Underwood (1991) makes it impossible to incorporate dynamic characteristics of
the system, such as transient changes in task frequency that lead to performance fluctuations. In
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addition, content or data included in a model may limit its utility. For example, CES provides an
accurate representation of operators’ diagnostic ability, but only for a few types of scenarios.

This examination of the tools and content of previous modeling efforts illustrates the feasibility of
developing models to predict performance of human-machine systems. It also reveals some of
the limits of modeling tools and content that should be considered in any modeling effont
undertaken by the Coast Guard.
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III. FEATURES OF TOOLS AND CONTENT USED IN MANNING
MODELS |

Chapter Il showed that modeling often allows other industries to predict the performance of
human-machine systems, providing a technical basis for decisions involving interface design,
automation implementation, and manning requirements. While the usefulness of models in
resolving specific issues for which they have been designed has been demonstrated, none of these
models could be readily adapted to provide a technical basis for all manning decisions in the
maritime industry. These models are limited by the tools used to consiruct them and the
information they incorporate. Just as each of the models developed for other domains is limited
by the tools and information used in their construction, models developed to evaluate safe
manning practices will also depend on thes= two factors. If either the characteristics of the
modeling tool or the model content is ignored, then the model may not provide a valid technical
basis for manning decisions.

31 FEATURES OF MODELING TOOLS

The brief review of modeling approaches used in other domains illustrates the great diversity of
potential models. Many different tools could represent a ship system, each providing a different
method of translating the characteristics of the ship system into a mode! that can provide
information about the consequences of various manning approaches (¢.g., increased automation,
reduced manning, and emergency response capabilities). The variety of modeling techniques
ranges from simple spreadsheet calculations to complex approaches that combine the state-space
representation of modem control theory with artificial intelligence pattern recognition. Each one
of these tools offers different capabilities for modeling the manning requirements of a ship.
Likewise, each tool requires different resource requirements (e.g., development time and
expertise) for model development and use. Therefore, the development of a valid and economic
model depends on balancing model capabilities with its resource requirements.

Differences in tool characteristics can have a substantial effect model validity. For example, one
difference between the tool used by Argent Marine and that used by the NRC is that the Argent
Marine model predicts peak periods of overioad that the NRC model would ignore. Thus, the
characteristics of the modeling to0l used to create the manning model can lead 1o underestimating
ship personnel requirements. Because limitations of modeling tools can generate inappropriate
recommendations for ship manning, it is crucially important to match the capabilities and
limitations of the modeling tool to the characteristics of the system to be modeled. Modeling
tools contribute to the validity of a manning model by limiting the types of and nature of the
relationships that a model can include. If the model capabilities fail to match the characteristics
of the system being modeled then model validity will suffer.
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Some prototypical modeling tools include: spreadsheet, flow diagram, event tree, timeline, task
network, control theoretic, queuing theory, and artificial intelligence. Table 1 summarizes the
limits and capabilities of a variety of modeling tools; these are discussed in more detail in
Appendix A. Because of the diversity of features available in modeling tools, no one tool
contains all possible features. Some tools contain many different features and others contain
relatively few. The techniques that include more filled dots in Table 1 offer the capability of
mudeling a wider variety of systems; however, these differences do not necessarily imply the
superiority of any one tool. For example, the task network approach supports a wide variety of
modeling capabilities, but the diversity of capabilities alone does not guarantee success.
Specifically, the timeline approach has far fewer capabilities, but it includes the ability to model
continuous variables, which could be essential in modeling some systems. This comparison
shows that the number of dots on Table 1 alone is not a good metric of a modeling tool. Instead,
the worth of a tool depends on how closely tool characteristics match system characteristics.
Therefore, the choice of a tool depends on the match between the capabilities of the tool, the
characteristics of the system, and the types of decisions a model is meant to suppont.

For example, to evaluate whether a proposed crew configuration will satisfy workhour regulations
does not require an extremely sophisticated modeling tool. Instead of developing a complicated
task network representation of the ship system, a more simple representation, based on a
combination of the timeline and spreadsheet tools, would suffice. Although a task network
representation captures the probabilistic and contingent nature of shipboard activity, these subtle
details may not have a significant influence on the ability of the proposed crew to meet workhour
limitations. Likewise, an artificial intelligence-based model might accurately portray the decision
making of ship personnel, but this level of sophistication may have little effect on the estimation
of workhour requirements.

To support matching system characteristics and tool capabilities, Table 1, and the more detailed
discussion included in Appendix A, can be used as a checklist to verify that the tool can model
the system. Appendix A provides a classification of modeling tools to illustrate their various
capabilities, followed by a comparison of the capabilities of these tools based on the
classification. The comparison of different modeling tools illustrates how their capabilities and
limitations influence the ability of a model to represent the ship system accurately.

In addition to the implications for model validity, the characteristics of modeling tools also
influence the resources needed for model construction. Specifically, differences in ol
complexity lead to differences in the expertise and time required to develop and operate a model.
Some tools offer simple intuitive interfaces that enable novices to enter data and create a model.
Other tools require much specialized knowledge. The spreadsheet, flow diagrams, event trees
and timelines require little training for model development. These tools require only a thorough
knowledge of the specific system, a few modeling formalisms, and a knowledge of the limits of
the tools. Task network modeling approaches require substantial knowledge of the specific tool,
comparable to leaming a programming language. Models relying on control theoretic, queuing
theory, and artificial intelligence all require substantial expertise related to the theories underlying
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Table 1. The relationship between modeling tool capabilities of modeling tools and tool

characteristics.

Tool
Types

Spread-  Flow
Diagrams Trees

Tool Characteristics

Timeline Task Control  Queuing  Artificial
Network Theoretic Theory  Intelli-
gence

VARIARLE
REPRESENTATION
Coatinuous

Discrete
Combined

TASK ORDERING
Concurrency

Priority
Deterministic
Couatingent
Probabilistic

EVENT TIMING
Deterministic

Contingent
Probabilistic

RESOURCE
REQUIREMENTS
Deterministic

Contingent
Probabilistic

RELATIONTO
SYSTEM
Task sequence

Open loop
Closed loop

‘ Tool accommodates indicated dimension.

O Tool marginally accommodates indicated dimension.
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these approaches. In addition, the complexity of these approaches requires much more
development time, compared to other approaches. Thus, the order of modeling tools in Table 1
provides a rough metric of the expertise and time required to create 2 model with each of these
approaches. In other words. by presenting the models in a left to right sequence, starting with the
spreadsheet and ending with the artificial intelligence approach, Table 1 indicates expertise and
time required to use each of these tools. Although tools at the right of this table can be used in a
wide variety of circumstances, their extra capabilities require substantially more resources than
the more simple modeling tools. Conversely, while tools with many features may be
cumbersome for investigating a simple system, a simple tool may not contain the features
required to represent a complex system accurately.

32 FEATURES OF MODEL CONTENT

While the classification of modeling tools illustrates how limitations of tools contribute to the
usefulness of manning models, the information incorporated into a model, regardless of
technique, also determines the type of data that the model requires and the type of information the
model will produce. Similar to the great variety of modeling techniques, a model of a ship system
may incorporate many different types of information. The content of a model may range from a
simple description, limited to a small pant of a ship, to a very detailed description that
encompasses an entire ship. As with the different modeling techniques, different types of
information incorporated into the model will influence both the validity and cost of the model.
Therefore, model validity and resource requirements depend not only on the modeling tool, but
also on the model content.

In general, a model becomes more accurate as the content of the model becomes more inclusive,
matching the actual system more closely. However, the more information the model contains, the
more complex and costly it becomes. Since no model perfectly replicates the actual system, the
content of a manning model should depend on the specific questions that the model should
address. Appendix B provides a classification, based on six dimensions, that describes the
different types of information that a model might incorporate. Each of these six dimensions
(scope, level of detail, interactions among subsystems, level of abstraction, veridicality of content,
and organization of model content) can describe each of the two primary components of a
manning model (see Appendix B). The first of these components is a description of task
demands (what personnel must do) imposed on ship personnel. These task demands depend on
the particular trade route, ship configuration, maintenance program, level of automation, or
emergency situation. The second component of a manning model is a profile of factors that
relates the task demands to the safety, efficiency, and legal constraints associated with operating a
ship. These factors might include human performance limitations such as fatigue, memory and
strength, as well as the effects of high mental workload and the limits of decision making
effectiveness. In addition to human performance limits, a manning model might also include
factors that relate task demands to the rules, regulations, and guidelines that govern the maritime
community. Forexample, these factors might show that task demands require the crew to violate
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the 12 hour work day rule imposed by the Oil Pollution Act of 1990. A single model might
include both human performance and regulatory limitations; however, constructing two models,
one based on human performance and the other based solely on the legal constraints, could
provide a clear illustration of regulatory deficiencies. While all six content dimensions apply to
description of both the task demands and the profile of factors, some dimensions are more
important in the description of task demands, and others are more important for the description of
the profile of factors. in summary, each content dimension can describe the task demands
imposed on ship personnel, as well as the profile of factors that overlay these demands to reveal
the legal, safety, and efficiency consequences for the system.

Just as characteristics of tools contribute to the capabilities of manning models, model content
contributes to the ability of a model to mimic reality. The detailed description of six dimensions
of model content included in Appendix B shows how each of these dimensions affects model
accuracy. Some of these dimensions (scope of analysis and level of detail) refer to the breadth of
a model’s description of a system. Other dimensions, such as the interactions among subsystems,
level of abstraction, and veridicality of content, refer to the types of relationships included in a
model. The final dimension, organization of model content, illustrates the limits of the model
based on how information is incorporated into the model. This organization specifies which
variables may be manipulated and which are fixed. These six dimensions of model content
combine with the limits and capabilities of a modeling too! to determine the validity and type of
information that a model can produce. Therefore, creating a manning model requires special
attention to the types of information included (or available) in a model and its organization.
Appendix B provides a guide for this process, showing how information and its organization
influences model validity and costs.

33 CONCLUSIONS

This brief review shows that characteristics of modeling tools and model content play a major
role in the accuracy of the manning requirements generated by a manning model. If either the
tool or content fails to match the characteristics of the system to be modeled, then the manning
requirements produced by the model may seriously underestimate the actual manning
requirements. To avoid dangerous situations produced by inadequate manning, the validity of the
model needs to be evaluated. The classifications of modeling tools and model content support an
analysis of the match between the modeling tool and model content and the characteristics of the
actual system.

22




IV. COMPARISON OF EXISTING APPROACHES TO
MODELING MARITIME MANNING

Of the many models developed for the maritime domain, some address the issue of manning,
while others concentrate on more specific issues, such as the effect of new navigation systems on
crew performance. Other models focus on hardware requirements and reliability not directly
related to ship manning (e.g., a port simulation model of bulk cargo operations by Park and Noh,
1987). Since a relatively large number of models exist, this chapter contains a brief summary of
several models, followed by a more detailed analysis of six models that have particular relevance
to developing a manning tool.

One of the modeling efforts closely related to ship manning is a report by the PRC (1992) that
describes some of the issues involved with manning decisions, and provides an outline of a
manning model. Their report distinguishes between “manpower requirements” (limits on
manning levels imposed by task demands) and “manning level” (imposed by regulatory
requirements). Their objective is to determine “manpower requirements” with different levels of
automation. To achieve this goal they have developed a manpower/technology matrix that
illustrates how increased levels of automation might translate into lower manning levels;
however, the current PRC report provides little substantiation for these claims. Their proposed
model consists of a spreadsheet representation of a functional task analysis that shares many
similarities with the task analysis included in the NRC model. The spreadsheet model simply
sums task times assigned to each crew member; excessive time demands indicate inadequate
manmng The estimated task times and personnel assignmenis incorporated in the model will be
gathered through an industry questionnaire. Overall, the current report provides little indication
of how this model would support a technical estimate of the manpower requirements as a function
of different levels of automation.

In addition to its imprecise description of the effect of automation on manning requirements, the
PRC report fails to incorporate human performance limitations and their effect on ship safety.
Perse, Baker, and Malone (1990); Perse, Callahan, and Malone (Unpublished contractor’s report),
and Malone, Baker, and Permenter (Unpublished contractor’s report) illustrated the development
of models that address human performance limitations and their effect on manning requirements.
For these applications, the models provided estimates of manning requirements and design
improvements based on workload and information processing bottienecks. Specific applications
addressed emergency response to flooding and fire on a ship. Specifically, the Navy has used one
of their models (Perse, Callahan, and Malone, Unpublished contractor’s report) to identify
information processing bottlenecks, operator workloads, and performance capabilities of several
scenarios associated with an Integrated Survivability Management System (ISMS) damage
control system on an Aegis-class ship. By examining the effect of a variety of parameters
(automation capabilities, personnel allocation, task priorities, and task time) the model provided a
basis for evaluating the changes to damage control doctrine, procedures, personnel allocations
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and design options (Perse, Callahan, and Malone, Unpublished contractor’s report). These
models have been developed with SIMWAM (Simulation for Workload Assessment and
Modeling), 2 modeling tool that provides the full functionality of the task network modeling
technique. These features include: probabilistic, deterministic, or conditional task ordering, with
interruptions based on priority. The successful use of this tool in specific maritime applications
illustrates the utility of the task network approach to modeling, as well as the value of
incorporating human performance limits and workload estimates.

Perse, Baker, and Malone (1990) incorporate human performance limits based on characteristics
of individual tasks; however, many of the tasks that occupy mariners are not discrete, but
continuous. For example, manning the helm requires continuous adjustments when executing a
series oi maneuvers under manual control. To examine this type of situation Veldhuyzen and
Stassen (1977) adopted a control theoretic model to describe the influence of additional
information (e.g., rudder angle and rate of change of rudder angle) on the performance of the
helmsman. This model accurately predicts both the helmsmans’ control actions and the deviation
of the ship from the desired course. While this model provides an excellent example of
incorporating humans’ perceptual and motor limitations to predict ship performance, it is not a
manning model, and provides information more suited to design decisions, with little relevance to
determining safe manning levels. Ho'ever, design changes may drive demands for manning
reductions, and a model thaf illustrates the specific effects of design changes on the ability of the
crew to control the ship may provide a technical basis for interpreting the effects of technology on
manning requirements.

In addition to the models developed by the PRC, Malone ¢t al., and Veldhuyzen and Stassen
several other models exist, which deserve closer inspection. These models include: (1) Analysis
of a collision-avoidance system with operational sequence diagrams, (2) Design for
maintainability with modified petri nets, (3) Integrated system reliability - a model of overall
human-machine reliability, (4) Maritime Administration manning model - an analysis of selected
ship functions based on multiple activity charts, (5) NRC functional manning model - an inclusive
spreadsheet model of manning requirements), and (6) Argent Marine manning model - a
relatively sophisticated manning model based on a project management tool. These six models
represent a variety of modeling techniques, each containing quite different information. With the
exception of the NRC model, these six models were not developed as generic manning models.
Instead, they were developed for specific purposes. Thus, the models may have limits with
respect to serving as a comprehensive manning model even though they may have successfully
fulfilled the purpose for which they were designed. An examination of these models illustrates
their ability to meet the objectives for which they were designed. In addition it illustrates the
limits of each approach, relative to the development of a technical basis for ship manning. More
specifically, the discussion addresses several aspects of the models including: the purpose, the
type of tool, the content, the output, the analysis of its capabilities, and the recommendations for
future application.
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4.1 ANALYSIS OF A COLLISION-AVOIDANCE SYSTEM WITH OPERATIONAL
SEQUENCE DIAGRAMS

Purpose of model: This model evaluated the ability of a shipboard radar computer to improve
navigation safety by reducing the likelihood of ship collisions. An examination of the elements
of the collision avoidance task provides the basis for a comparison of the old and new systems,
revealing the effect of new technology. Kurke (1961) illustrated how an Operational Sequence
Diagram (OSD) model could provide information about timing of events, probabilities of success,
and location of activities.

Modeling tool: When Kurke (1961) introduced the OSD technique, he illustrated the technique
with a model of two collision avoidance systems. The OSD technique g phically illustrated the
information gathering, decision, and action sequences involved with the collision avoidance task.
The OSD method belongs to the general class of flow diagram techniques. Table 1 in Chapter III,
illustrates many of the capabilities and limitations of this class of techniques. As a flow analysis
technique, OSD primarily represents the system as a deterministic flow of events (a simple task
sequence). Each major decision point generates alternate action sequences, and requires a new
diagram. Therefore, situations involving many decision points will lead 1o complicated sets of
diagrams. Related to these limits, the OSD approach does not provide for contingent or
probabilistic event timing, i.e., all events or tasks have a predefined duration. The graphical
representation of the OSD can take three forms. First, it can represent the time dependent
interaction between the radar, ship, watch officer, and computer. Second, the OSD can convey
the formal logic of the task sequence, showing the precedence and ordering requirements of the
tasks. Third, the OSD can represent the spatial relationships between the radar, ship, watch
officer,-and computer. Thus, the OSD technique can represent interactions of system components
and information flow across time, the logic implied by the task constraints, or the spatial
distribution of activity.

Model content: OSDs require a complete description of the task sequence of the system being
examined. Each different OSD representation (interactions across time, logical constraints, and
spatial distribution of activity) requires different types of information. Kurke (1961) developed
three different OSD models to illustrate how these different representations could be used 1o
evaluate human-machine systems. A comparison of the interactions across time required
estimates of time involved with the actions and decisions. The analysis of the logical constraints
required the probabilities of decisions and actions, together with their consequences. An analysis
of the spatial distribution of activity required overlaying activities represented in the OSD upon a
diagram representing the physical location of the various panels that comprised the human-
machine interface, Thus, the model presented by Kurke (1961) included a description of the task
sequences, together with task times, event probabilities, and spatial distribution of activity. This
information was gathered from observations of personnel and analyses of procedures.

Model output: The output of the model described by Kurke (1961) took three forms. First, the
graphical representation of the tasks across time illustrated the decisions required, and provided a




qualitative estimate (only relative duration, with no exact numerical representation) of the
duration of the overall task and the activity level of personnel across time. Second, the
representation of the logical constraints of the task provided an estimate of the probability of
various task outcomes. Third, the representation of the spatial distribution of tasks revealed how
the physical layout of the interface supported the specific task under examination. These three
types of output were used to identify possible design changes to prevent errors from occurring,
function allocation tradeoffs based on the relative reliability of the automation and humans, and
interface design based on predicted patterns of information use. Thus, the models developed by
Kurke showed that a variety of models might be needed to address issues involving safe ship
manning.

Analysis: While the OSD technique illustrated by Kurke (1961) provides a graphical
representation of the task sequence and the interaction with system components over time and
space, as well as a framework for estimating the probabilities of events, the technique has several
limitations. For example, OSD provides a qualitative representation of event timing and task
loading of personnel; however, it is not a convenient method to assess quantitatively either event
timing or task loading because this information must be inferred from the diagrams and manually
summarized. Regarding human error probabilities, the OSD technique fails to accommodate
information conceming factors that might influence the probability of errors. Specifically,
changes in task loading or time stress do not influence the outcome of decisions or actions,
whereas they greatly influence decisions and actions in actual situations. One of the primary
limits of this technique is the complexity produced by decision branches. With the paper-based
approach to OSD, a new diagram begins at every major decision point. However, a computer-
based equivalent might facilitate integrating these multiple diagrams more readily than a
collection of paper-based diagrams. Even so, this technique does not include formalisms that
support contingent and probabilistic branching.

While the OSD technique and models described by Kurke have several limitations, they also offer
potential. The output of the models developed by Kurke demonstrate the feasibility of developing
a formal representation of human behavior. Specifically, his models show how OSDs might be
useful in understanding decision making, the effect of human error, and the spatial distribution of
tasks. Based on this demonstration, OSDs could be developed to address issues such as the
effects of reduced manning on ship reliability and the ability of bridge design to enable manning
reductions.

Recommendations: The OSD technique provides qualitative information about situations where
a sequence of information transmission, control actions, and decision making events define
system activity. The limitations of this technique in estimating manning requirements make it
most useful in estimating personnel requirements for specific, short term tasks, such as docking,
which has a relatively well defined and predictable task sequence.
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4.2 DESIGN FOR MAINTAINABILITY WITH MODIFIED PETRI NETS

Purpose of model: The study conducted by Madni, Chu, Purcell, and Brenner (1984) developed
a generic approach to modeling and analyzing shipboard multi-person maintenance tasks with the
aim of identifying and alleviating potential human related maintainability problems. This model
also provided estimates of workload levels, which have potential for verifying the adequacy of
manning levels.

Modeling tool: To address maintainability of equipment, Madni, Chu, Purcell, and Brenner
(1984) adopted a “Modified Petri Net” modeling tool. Belonging to the category of task network
modeling techniques, it incorporated only discrete events, with no representation of continuous
variables. However, this technique was particularly useful in modeling both asynchronous and
concurrent activities, as well as constraints on their precedence, initiation, resource requirements,
and frequency. Using a discrete event representation, this tool facilitated an analysis of how
individual tasks, events, and contingencies (related to the environment or to human activity)
affect system performance. As a network-bascd modeling approach, it provided a representation
of the dynamic flow of information, which illustrated the temporal ordering of tasks and the
propagation of the effects of those tasks over time. Also, this modeling tool facilitated
construction of a hierarchical model, where tasks inciuded subtasks and sub-subtasks as the
analysis demanded a greater level of detail. The modeling tool facilitated a representation of the
system based on abstract concepts of information flow, as well as more concrete issues such as
task duration.

Model content: The scope of this model included a description of the decision-making sequence
involved with the lubrication of the main reduction gear, and tne activities of the engineering
officer on watch and the other engine room personnel. The simulated activities depended on a
normative model of the maintenance tasks, constructed by examining existing procedures and
collecting opinions of Jomain experts. The model incorporated human perfomn. .. L. 2itations
by including workload estimates based on whether the activity demanded skill, rule, or
knowledge-based performance (Rasmussen, 1986). Those tasks that require only skill-based
performance imposed the least workload demands, while those requiring knowledge-based
performance imposed the highest workload demands.

Model output: The outpu’ of the model included mental workload measures, time estimates, and
errors affecting procedure execution. The provided estimates of instantaneous and cumulative
mental workload, where tiie instantaneous workload related to the stress imposed by immediate
tasks, and the cumulative workload related to fatigue resulting from a series of tasks. The model
represented instantaneous workload as the summation of task-related workload and event-related
workload for tasks and events currently active, and it represented cumulative workload by
integrating instantaneous workload over time. The model also produced estimates of the
workload associated with a variety of paths through the task network (specific series of tasks).
This feature provided an estimate of the worst case workload situation, where a human must
perform a number of highly demanding tasks. Thus, the output of this model provided an
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estimate of whether human capabilities match the demands of maintenance task, where
mismatches signal the need to modify the maintenance task or increase the capabilities of the
crew through training, aids, or additional manpower. These results illustrate that modeling can
provide a powerful method of estimating the ability of ship personnel to maintain a ship
effectively.

Analysis: The model was developed to examine maintenance activities, and in this role it was a
success. It showed how workload demands of maintenance tasks vary for different decision
making sequences. From the perspective of using the model to evaluate ship manning, the
primary limitations of the model stem from its limited scope. Since the model only examined
maintenance activities associated with the lubrication of the main reduction gear, the model
provides little insight into overall vessel manning. Additionally, the model is not specifically
designed to evaluate manning (the measures and framework were not designed (o ~>mpare
different manning structures). The model output supported an analysis of changes to procedures
and hardware configuration. However, the sophistication of the modeling tool employed
facilitates a complex and realistic portrayal of maintenance tasks that, once enhanced, could help
resolve manning issues related to maintenance requirements.

Recommendations: This model illustrates an application of a sophisticated modeling technique
that incorporates task demands and human performance limits to produce workload estimates and
other task related performance measures. The development of a model to evaluate ship manning
should incorporate some of the techniques illustrated in this model, such as workload estimation,
the effect of task concurrency, and the type of mental functions required for tasks. More
specifically, this model may be best suited for application as a specific sub-model, such as in the
evaluation of maintenance capabilities.

43  INTEGRATED SYSTEM RELIABILITY

Purpose of model: Siegel and Wolf developed a large number of man-machine models that have
been applied to single person and large group situations, with crews up to 90 men (Siegel and
Wolf, 1969). Siegel and Wolf (1974) presented a model of intermediate size crews (4-20 men).
The primary aim of this and other models produced by these authors was to integrate human
reliability with equipment reliability to estimate the effect of human performance limits on the
effectiveness of naval vesszis. As such, these models do not specifically address manning
considerations, but include manning with a wide variety of variables that affect ship reliability.

Modeling tool: The model was developed using FORTRAN IV language to implement flow
charts that resembled a task network modeling approach. As such, the tool used to develop this
model included both the benefits and limitations of the task network techniques shown in Table 1.
More specifically, this framework supported the development of models that coud inciude
missions with durations of up to 30 days. Each mission could include 300 event types, 200 of
which could be scheduled on any given day. Each of these events could involve up to 20 men
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who represented 10 specialty areas at any one of 10 command levels. The modeling framework
also provided the ability to develop a model that included up to 30 types of equipment and 10
types of emergencies.

Model content: The content of the model fell into three areas: properties of human performance,
characteristics of the mission, and astributes of the equipment. Human perfonnance factors
included a wide range of variables, such as the effects of motion sickness, fatigue, physical
incapacitation, competence, mental and physical workload, and goal aspiration. Previous
research provided the basis for estimating the effect of these variables on human performance.
Mission variables included sea state, fixed and variable task times, task repetition if poorly
performed, and task precedence. Equipment-related variables included: equipment reliability, the
opportunity for human initiated failures, and performance levels.

Model output: The complexity of the model provided a wide variety of output measures that
Siegel and Wolf placed into broad groups consisting of mission effectiveness, time utilization,
and personnel. Mission effectiveness included the more specific measures of system reliability,
system performance, estimates of equipment and human reliability using mean time between
failures (MTBF) and mean time to repair (MTTR). The category of time utilization included
variables such as: task success rates, idle time, sleep, repair, and the number of tasks ignored.
The personnel categor included variables such as: physical and mental load, performance
adequacy, and health and safety indices. The model generated these measures for each simulated
event, day, mission, or in a summary of the simulation run that included as many as 30 days. The
output of this model provides a quantification of the reliability of man machine systems. More
generally, it provides a vehicle for system planning in the context of a variety of personnel
constraints. For example, this model illustrates the effect on system reliability of different crew
sizes and workday lengths.

Analysis: Although this model has been successfully used by the Navy to evaluate ship
reliability, it has several limitations if it was to be applied as 2 manning model. The primary
limits in applying this model to the manning issues of the Coast Guard lie in the ease of
modification, the need for further validativn, and the need to define events. The implementation
of the model described by Siegel and Wolf (1974) failed to provide an interface that facilitates
easy access to either the model parameters or the event structure. Therefore, modifications to the
simulation could be cumbersome. In addition, many of the aspects of the model require further
validation and elaboration to represent the manning requirements of a ship accurately. For
instance, the relationships that govem fatigue, depend solely on the time period immediately
preceding the work period (8 hours of sleep leads to a fully recovered seaman) and does not
consider the cumulative effects of sleep disruption. Another requirement of this model is the
need to complete a detailed task analysis to define the events and the parameters associated with
the events. The NRC manning model provided a first step in this process, and the Siegel and
Wolf modeling approach could provide a framework for incorporating information gathered in a
more detailed task analysis. The success of this and similar models used by the Navy to
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investigate the effect of human behavior on system performance shows the viability of this
technique, and of modeling in general.

Recommendations: With further validation and modification to suit the specific needs of the
maritime industry, many of the issues addressed in the Siegel and Wolf model could form the
basis of a manning model. The Siegel and Wolf framework is especially valuable because it
provides measures of not only time demands of shipboard tasks, but it also provides measures of
how those time demands might interact with human performance variables such as fatigue,
workload, and stress to produce an estimate of overall system reliability. Constructing a manning
model that includes the capabilities demonstrated by Siegel and Wolf (1974) would require
extensive data collection using surveys, direct observations, and expert judgment. The extensive
data collection that would be needed to address the wide variety of factors affecting manning
decisions would make the development and use of a manning model similar to that of Siegel and
Wolf (1974) extremely expensive.

4.4 MARITIME ADMINISTRATION MANNING MODEL

Purpose of model: The purpose of this study was to investigate the manning requirements and
skills necessary to operate and maintain vessels built after 1960 and before 1970 (U.S. Maritime
Administration, 1983; Williams, 1983). Three types of vessels were studied; they included a
container ship, a LASH, and a Sea Bee (a barge carrier). The engineering olant for each of these
vessels consisted of a steam turbine plant with a self-regulated boiler, automatic boiler alarm:,
and safety shudown devires.

Modeling tool: The modeling tool adopted for this manning model consisted of a paper-based
“Multiple Activity Chart”, resembling a timeline technique, with limitations and capabilities
illustrated in Table 1 of Chapter IIl. Specifically, the Multiple Activity Chart technique provides
the ability to illustrate the occurrence of concurrent events; however, this technique does not
provide quantitative estimates of time and resource requirements. It does provide a deterministic
sequence of events. The particular Multiple Activity Charts developed for this model included
discrete tasks and contained no continuous variables such as fatigue, workload, or system
performance. The model consisted of charts with time running vertically down the page, and with
columns for each person involved with general functions (bridge watch or anchoring). The
column associated with each crew member contained blocks of time devoted to specific tasks
(“act as lookout” or “maintain course'’), and were aligned with the timeline to illustrate when
specific tasks began and finished.

Model content: The manning model presented in the report contains task information at a fairly
fine level of detail. For example, the description of the “Bridge watch” specifies tasks such as
“Prepare weather report”, “Check RPM”, and “Scan horizon”. While functions such as “Bridge
watch™ contain much detail in the listing of specific tasks, the exact time requirements and the
sequential dependencies remain unclear. In addition, the model provides little information
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concemning the more global aspects of ships manning. For example, the Multiple Activity Chart
constructed for bridge watches covers only the 1600-2000 and 2000-2400 watches, providing
little indication of the structure of crew rotations and the overall number of hours of work
allocated 10 each person.

Model output: The model output was a qualitative description of tasks and their ordering,
performed by each crew member to satisfy each shipboard function. The description of the model
provides no quantitative measures of workload, time requirements of tasks, or system
performance (Maritime Administration, 1983). The task listing presented in the Multiple Activity
Chart provided a qualitative estimate of the relative workload levels and the spare capacity of
crew members. The models developed in the Maritime Administration study illustrate how even
a very simple model might aid in developing a technical basis for ship manning by organizing the
data into a more comprehensible form.

Analysis: The primary limitations of the model stem from the type of modeling taol and the
limited scope of the information included in the model. The Multiple Activity Chart technique
provided only qualitative information conceming task ordering and relative workloads; however,
these could be deceiving if task times were inaccurately plotted or task assignments failed to
reflect the true organization of the crew. For example, the master and mate might share
responsibility for several tasks, and when one becomes overioaded the other accepts more tasks.
Because a timeline approach fails to represent contingent task ordering, this model did not
represent this sort of workload management accurately. In general, this modeling technique was
subject to the limits of the timeline technique (See Appendix A). The limited scope of this model
did not address issues related to shift coordination and emergencies. Models produced by Argent
Marine and the NRC represent entire voyages (see below), whereas this model represents only
major ship functions such as “Bridge Watch”, “Catering”, and “Engineering Plant™,

This model succeeded in achieving its goal of projecting a reasonable crew size and composition
for the three types of vessels it examined. While the modeling technique used in this study has
several limitations (with respect to serving as a generic manning model), it provides a method of
examining the relationships between concurrent activities. This capability facilitates the
identification of critical situations that might require coordination of several personnel. Many
other techniques ignore such situations, which could lead to underestimates of manning
requirements. Thus, this technique can provide valuable insight into manning requirements that
other techniques would not.

Recommendations: While the specific manning model presented in this paper provides little
quantitative evidence for estimating manning requirements, the qualitative analysis that
accompanies this model provides an excellent basis for future modeling efforts. The Multiple
Activity Chart representation supports only a qualitative representation of the system, limiting it
to a supplemental role in future manning models.
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45 NRC FUNCTIONAL MANNING MODEL

Purpose of model: The purpose of the model was to support an assessment of manning
applicable to all ship types, classes, and tr2des. In addition, the model provided an assessment of
manning requirements over all voyage phases, as well as emergencies.

Modeling tool: The description of the model included in the 1990 NRC report suggests that the
committee employed a spreadsheet type modeling tool. This modeling tool combined the
frequency of tasks identified in the functional analysis, with the crew and time requirements for
each task to generate a total number of hours of crew time that a voyage requires. The
spreadsheet type tool provided quantitative estimates of time requirements; however, it failed to
capture the sequential nature of tasks, the effect of task ordering on the crew’s workload, or the
effects of concurrent tasks on performance. Table 1, in Chapter I11, illustrates other deficiencies
of the spreadsheet-based modeling approach.

Model content: The scope of the model encompassed multiple voyage phases, emergency
situations, and ship types. While the model contained no information conceming human
performance limitations it did contain estimates of the frequency and duration of a wide variety of
tasks. The level of detail of these tasks was at the function level; it did not consider the tasks that
comprised this function. For example, this model included tasks such as: “cleaning/wash down of
deck”, “vessel fabric maintenance”, “helicopter operations", “inert gas operations™, and “inert gas
unscheduled maintenance”. The time and expertise requirements for these tasks were obtained
via questionnaires and expert judgment. '

Model dutput: The spreadsheet tool limited the output of this model to a simple summation of
the number of hours required by each of the different skill categories. For example, the model
might have specified that the ship required 282 hours of work for personnel working in the
steward’s department. The output gave no indication of the distribution across time, or across
individuals within a skill class. However, the model did provide a large catalog of tasks and their
time requirements. This catalog, together with some simple spreadsheet calculations, provided a
rough estimate of the manning requirements for a ship. While this model lacked many
refinements that would lead to more accurate manning estimates, it showed that this type of
approach could help support technical estimates of crew size.,

Analysis: The limitations of the NRC manning model stem from the characteristics of both the
modeling tool and the model content. The spreadsheet modeling tool prevented the model from
revealing possible concurrent activities that would require the simultaneous presence of a single
person at different parts of the ship. Likewise, the modeling tool prevented an analysis of the
distribution of workload across personnel and time. For instance, the model could not
differentiate between a task requiring two persons for two hours or one person for four hours.
Similarly, the NRC model would have predicted a safe manning level with a task loading of 280
hours per person over a six week voyage; however, if 200 hours of the 280 occur during port
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operations (which occupy a total of two weeks of the six), then the scheduled workhours would
exceed 14 hours a day.

The content of the NRC model also limited its usefulness. One of the primary limits of the model
involved the level of detail of the tasks. In n.any cases, even the most detailed description of the
task failed to specify the nature and duration of the task adequately. For example, unscheduled
maintenance of the evaporators might require a wide range of times depending on the extent of
the problem. Simply selecting an average task time of several hours may significantly
misrepresent a task that occurs infrequently, but when it occurs requires many hours of atention.
A similar problem exists for all the task time estimates included in the model. All task time
estimates fail to include any information about the distribution of times, so the model represented
tasks that always take five minutes to complete in the same way as tasks that sometimes take one
minute, but at other times may take as long as 20 minutes (averaging five minutes). Not only did
the model fail to provide the ability to estimate effects of task time variability, it provided no
indication of how human performance limitations influence system performance and task times.
Another problem with the data included in the model was the vague description of the methods
used to collect it. Unless the method adopted to estimate task times provided accurate estimates,
the output of the model would have been of little worth. Besides problems with data concemning
task times and frequencies, the model contained no information (such as error rates or probability
of machinery failures) required to support a reliability analysis.

While this model has several limitations, it has the ability to support a quantitative analysis of
several manning issues. For example, once data for a given voyage profile is collected, the model
can provide gross estimates of the effect of new technology or revised operating conditions on
manning requirements. Additionally, this model provides information regarding the ability of
crew to respond to emergencies and planned activities such as port operations. For example, in
*heir validation study the NRC demonstrated the ability of the model to estimate the number of
people required to man the ship during a variety of fires, including container fires and fires caused
by high-pressure fuel line breaks. These estimates could aid in identifying manning-sensitive and
manning-rich tasks (NRC, 1990). The documentation of the NRC model makes it difficult to
determine how well it would suppont this type of analysis for ships other than the two types
mentioned in the report. However, the documentation suggests that detailed data collection,
based on expert opinion or observations, would be required.

Recommendations: The limitations associated with this model do not imply that it is not a
useful tool for examining manning levels. As long as the assumptions and limitations are
consistent with the nature of the system and the goals of the user, the model may be quite useful
in judging manning levels. For example., in their validation study, the NRC was able to use the
model to estimate the crew requirements (number and organization) of an American President
Lines C-9 cargo ship. The model also showed that under different operating conditions these
manning requirements could be reduced (NRC, 1990; pp. 70). The validation study presented in
the NRC study suggests that the model (when used by its creators) represents the tasks associated
with operating a ship closely enough to provide reasonable estimates of manning levels. The
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ability of others to generate similar data would further enhance the validity of this model;
however, the sometimes vague description of terms in the task analysis might require expanded
definitions.

4.6 ARGENT MARINE MANNING MODEL

Purpose of model: Argent Marine is currently developing a mode] that describes the tasks and
the associated time demands for LNG tankers traveling between the Middle East and the east
coast of the U.S. This model provides data for only these ships on this trade route,

Modeling tool: The modeling tool adopted by Argent Marine is a project management software
tool. In many ways the project management software resembles a timeline approach; however, it
has significant differences that substantiaily increase its capabilities. For example, it monitors the
assignment of resources to tasks, and identifies situations where multiple tasks require the same
resource. For example, the software would automatically indicate a lack of resources if the chief
mate must simultaneously man the bridge and prepare for cargo transfer. In addition, the project
management tool also facilitates modeling contingent events. For example, a model could
include the fact that a ship must be docked before cargo operations may begin. Besides these
differences, the project management approach represents the system as the timeline approach,
containing the capabilities of this technique as shown in Table 1, Chapter III.

Model content: The content of the model includes a hierarchical task listing similar to the one
included in the NRC model. Like the NRC model, many of the task descriptions do not contain
very much detail with tasks such as, ““Watch-standing”, “Docking”, and “Planned Maintenance on
the Anchor Windlass” representing the types of task descriptions incorporated in the model. For
every task, the model includes task time and crew requirements, based on expert judgment. The
model does not explicitly include any human performance limitations, such as fatigue, mental or
physical workload, or constraints on decision making.

Model output: The output of the model includes a variety of graphical and numeric reports.
These reports consist of such features as timelines that illustrate the allocation of specific
personnel over any specified time. The model can also provide illustrations of the total hours
worked over any specified time. In addition, the software produces Gantt charts that show the
sequential relationship between tasks, illustrating how the completion of some tasks depends on
the completion of others. Even though this model has a variety of sophisticated features it does
not provide any data that relate task demands to ship performance or reliability. While this model
has several weaknzsses, it represents a sophisticated method of calculating crew requirements.
The capabilities of the project management software enable the model to estimate the dynamic
changes in the demands on the crew. This provides more accurate estimates of crew requirements
than are possible with the spreadsheet approach. In general, this model provides the ability to
estimate the effects of crew reductions, emergencies, and modifications to the crew structure on




the workload of ship personnel. Thus, this output illustrates how models can help establish a
technical basis for manning decisions.

Analysis: This model has three primary limits. First, it includes no human performance data to
illustrate how task demands might overload ship personnel. Failing to consider human
performance limitations restricts its ability to predict task demands accurately. Specifically, the
time and personnel allocated to “Docking™ may require more detailed modeling, especially if
significant changes have been introduced o reduce manning requirements. Second, the modeling
tool supports only a description of tasks as a linear sequence of events, all of which have known
lengths. The tool provides the ability to model tasks that begin or end at the conclusion of others,
but it contains no provisions for modeling tasks with probabilistic lengths. For example, the
actual time required for “unplanned maintenance™ may vary dramatically, but the model may not
reflect this variation. Therefore, when task varies dramatically in length, or a sequence of tasks
cannot be predicted exactly, then the model may miscalculate the workload of ship personnel.
Third, the model provides no explicit link between task demands and ship safety, such as
probability of collision.

Recommendations: Despite the limitations inherent in the project management tool, and the
limits of the data incorporated into the model, this model illustrates a potentially valuable
technique for estimating the manning requirements of a ship. More specifically, this type of
model! could enable users to determine whether proposed manning configurations would enable
ship personnel to attend shipboard tasks, while meeting workhour limits. Some of the issues that
this model can resolve include: the effect on workload of shifting task responsibilities to different
crew members, the effect on workload of reductions in crew size, the effect of automation and
labor saving devices on workload, and the effect of voyage profiles on workload. In each of these
instances workload is defined by the number of hours worked by ship personnelL

With a preliminary model including almost 400 tasks, this approach illustrates the magnitude of
the effort, even when describing the system with fairly broad tasks like “Docking” and
“Unplanned Maintenance”. A more complete model would require a more detailed task
description, requiring a significant data collection effort. Furthermore, including human
performance limitations would require a much greater effort,

4.7 CONCLUSIONS

Examining these six models illustrates how limits associated with tools and content, as well as the
complexity and diversity of issues involved with manning requirements, make it difficult to use
any of these six models as a technical basis for all ship manning decisions. While no one model
is comprehensive enough to examine all issues regarding manning decisions, many of these
models can examine specific issues, such as the ability of a manning structure to meet workhour
requirements. Thus, this analysis shows the feasibility of using models to address specific
manning issues. Table 2 shows the capabilities of the six models. Those models with more black
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Table 2. A summary of the model content for each of the six models.

Modes Operational  Petri Nets Integrated  Maritime National Argent

Sequence System Administrs- Research Marine
Disgrams Relisbility tion Council
Tool Characteristics
VARIABLE
REPRESENTATION
Continuous

Discrets
Combined

TASK ORDERING
Concurrency

Priority

REQUIREMENTS
Deterministic

Contingent
Probabllistic

RELATION TO
SYSTEM
Task sequence
Open loop
Closed loop

. Tool accommodates indicated dimension.
O Tool marginally accommodates indicated dimension.
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Table 3. A summary of the content for each of six maritime models.

Models Operational Petri Nets  Integrated  Maritime National Argent
Sequence System Administra- Research Marine
Disgrams Relisbility tion Council

Attributes of Model
Content

REPRESENTATION

OF HUMAN
Human
performance

Decision
making

Human
reliability

Crew
interaction

REPRESENTATION
OF SYSTEM

Broad scope

Detafled
representation .

System
performance

. Model accommodates indicated dimension.
O Model marginally accommodates indicated dimension.

dots represent more flexible tools, while those with fewer dots have fewer capabilities. While
models with few capabilities may not be able to answer all manning issues, models with many
capabilities may not be practical to develop because of difficulties collecting data and
manipulating the modeling tool. This table shows that the tool developed by Siegel and Wolf has
the greatest capability. However, this tool requires considerable expertise to operate, increasing
the resources needed for development. Table 3 summarizes the content of the six models. The
categories included in this table represent some of the characteristics that differentiate models as
discussed in Appendix B. In particular, this table shows how each model represents the overall
ship system, as well as ship personnel. Some models (Operational Sequence Diagrams, Petri Nets,
and Integrated System Reliability) contain a detailed representation of ship personnel, while
others (Maritime Administration, National Research Council, and Argent Marine) do not
represent the factors that govern human performance. While these models fail to represent
explicitly factors that govem human performance, the National Research Council and the Argent
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Marine models describe the entire ship over an entire voyage. While no model provides a
comprehensive representation of the ship system, each model has capabilities that show that
manning model development represents a feasible method of estimating safe crew size.

Models like that developed by the NRC (which provided quantitative estimates of number of
man-hours required for a voyage) illustrate some of the limitations of both the modeling tool and
the model content. The modeling tool provided only summary estimates of personnel
requirements with no consideration of peak workload or system reliability. In addition, the
model’s content lacked any human performance data that might have illustrated the interaction
between personnel and automation, or the effect of fatigue on ship safety. Other models, such as
the OSD approach of Kurke (1961) incorporated human performance considerations, but the
content of the model included only a very limited scope of shipboard activities.

The limits of modeling techniques and model content, illustrated by the models in this chapter,
reveal some of the problems with current manning models. However, the models discussed in
this chapter were designed for specific functions and in most cases they were successful,
illustrating the potential of developing a technical basis for ship manning. Although no one
model provides a ready solution to the issues affecting ship manning, together they illustrate the
feasibility of developing manning models to estimate safe manning requirements. While the
individual manning models discussed in this chapter suggest that modeling can help suppor. a
technical basis for ship manning, the complexity of the ship system and the variety of issues
makes developing a comprehensive manning model difficult. For example, even though the
Argent Marine model contains nearly 400 individual tasks, it applies only to a specific ship on a
specific voyage; furthermore it contains no human performance information. Likewise, the NRC
and Maritime Administration manning models represent substantial efforts; however, they do not
include a wide range of factors. A comprehensive approach to manning should include not only
the information in the NRC, Argent Marine, and Maritime Administration models, but also more
information conceming how automation alters the mental and physical workload. For exampie,
the Argent Marine and NRC manning models do not explicitly account for the cognitive demands
associated with varying automation and manning levels. These models implicitly represent
cognitive demands based on expert judgment of time and skill requirements of shipboard
functions. The operational sequence diagrams of Kurke (1961) illustrate how cognitive demands
might be included in a model explicitly. Likewise, the model of maintenance requirements by
Madni, Chu, Purcell, and Brenner (1984) shows the significant effort expended on estimating the
cognitive demands associated with a single maintenance task. Thus, development of a technicat
basis for manning decisions requires either an extremely complex model, or a series of models
that address specific manning issues. The approach adopted by Siegel and Wolf (1974),
incorporated the broad scope of the NRC model, together with significant information conceming
changes in human performance, such as stress, fatigue, and skill. As such, it is an example of a
workable complex model. On the other hand, several simpler models could be developed which
might include such factors as: evaluation of emergency preparedness, effects of automation, and
estimation of overall workhour demands. This latter approach is discussed in the following
chapter.
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Developing a comprehensive approach for estimating manning requirements must go beyond
previous studies. Thus, it would require several years of effort. Much of this effort involves
determining what factors need to be included in the model and then collecting data to model these
factors. An economical approach to this challenge is to develop a relatively simple model that
determines manning requirements based on workhour limits, then enhance and expand this model
as factors are identified and data is collected. The efforts of Argent Marine and the NRC
illustrate that a model based on workhour limitations is practical, and collecting the requisite data
is feasible. Likewise, the studies by Kurke (1961) and Madni, Chu, Purcell, and Brenner (1984)
show that detailed models, developed to address specific issues, are also feasible.

39




V. COMBINING MODELING TOOLS AND CONTENT TO
ADDRESS MARITIME MANNING ISSUES

Based on the results of the preceding chapters, it is clear that the development of maritime
manning models is feasible. The critical aspect of developing such models is clearly defining the
scope of the model(s) and the data requirements. This chapter begins with a description of the
general requirements for a manning model, followed by a description of a general model
development process. This chapter describes a strategy that begins with a relatively simple
model, followed three models that serve to elaborate specific aspects of shipboard function. In
addition, this chapter provides a strategy to integrate the results of these efforts, and concludes
with a discussion of model validity and a validation strategy.

S.1 REQUIREMENTS FOR MANNING MODEL DEVELOPMENT

Model development requires more than creating computer programs and entering data. Initally,
it requires accurately defining the range of predictions to be made. It further requires a large
amount of time devoted to collecting data from either event reports, published reports, or field
and laboratory studies. Furthermore, model validation is required to ensure that the model
accurately reflects the actual system. Validation may require valuable simulator time and further
data collection in the field. Figure 1 summarizes the process of mode! development, beginning
with a definition of the scope and goals associated with the model. Following the definition of
the scope and goals, data collection, and coding takes place. After a model has been coded, it can
be used to examine different shipboard scenarios, answering the questions that inspired its
development. Shipboard scenarios represent a combination of manning, voyage profile and
equipment configuration. This combination of parameters represents the input to the model.
Figure 1 shows that each step of the development process involves validation. In many cases the
actual coding of the model constitutes a relatively small part of the overall development process;
definition of modeling goals, collection of data, and model validation absorb the majority of the
effort. The time required to develop a manning model, particularly data collection and validation,
depends upon coordination with other projects. For example, if ongoing research can be tailored
to include data collection for a manning model, then substantially less time would be devoted to
this stage of model development.

The development of a hypothetical manning model may help to illustrate this process. The first
step in the modeling process begins with a clear statement of the scope of the intended model and
the type of questions that the model will resolve. This initial step specifies the type of modeling
tool and content needed to develop a useful model. The second step of the process involves
collecting data. For a manning model to evaluate workhour requirements, data might come from
expert opinion, observation of shipboard activities, and the output of simulator studies.
Specifically, a functional analysis that specifies the time and expertise requirements of shipboard
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A technical basis for ship manning

Figure 1. A flowchart showing the development and use of a model. The boxed text
represents activities and un-boxed text represents information or output of the activities.
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tasks could provide the basis for a manning model. Data are then translated into a formal model.
Model validation occurs throughout the model development process, ending with a comparison of
the predicted behavior to the behavior of actual ships. Figure 1 shows how modeli validation
spans the development process. Model validation should address all steps of the development
process. After successful validation, the model then provides information to answer questions
identified in the first step of the model development process, such as how modification of the
manning structure influences the ability of the crew to respond to emergencies.

52 SELECTING APPROPRIATE MANNING MODELS

As previously mentioned, specification of the “cope and goal of the manning model is a crucial
eiement of the development process. Because of the complexity of any large system, any one
model will accurately portray only a small aspect of it. In addition, the resources required to
construct even a limited model make development an expensive proposition. Therefore, it is
important that the modeling technique and content support a model that accurately reflects aspects
of the system that are of greatest interest. No single model will capture all the detail concemned
with ship manning. Therefore, models must be selected to provide information to answer specific
questions. For example, it may be impractical to develop a single manning model that provides a
measure of the change in ship “safety” by including all the effects of reducing a ship's crew by 10
members. Instead, it may be more efficient to develop a model that examines how such a change
in manning will affect emergency response or work distribution.

Figure 2 summarizes some factors that influence manning model development. This figure shows
how model content and tools influence model accuracy and costs. Models that include more
detail, represent the system more inclusively, and portray the system more accurately, require
more resources to construct and maintain. Likewise, models that provide a more general
description of a system (one that might generalize to a wide variety of similar systems) also
require greater resources to construct. For example, creating a manning model that accurately
reflects the behavior of a ship and its crew over all phases of a joumney and during emergency
situations, together with an ability to provide this information for a wide variety of ships (tankers,
cargo ships, and cruise ships) would require enormous resources. Therefore, creating a manning
model requires balancing the resources committed to the project with the desired detail, validity,
and generality of the model. The overall process of development of a manning model involves
combining tool(s) and content (task requirements, manning level, crew composition, and
performance shaping factors) to produce a model that predicts ship safety. Performance shaping
factors include the relationships between such factors as fatigue, stress, expertise, and human
performance. Figure 2 provides an overview of how performance shaping factors and other
model components combine.
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Figure 2. An illustration of how the model content and the type of modeling tool lead to
development costs and manning model accuracy.

53 MATCHING MODELING TOOLS AND CONTENT TO ADDRESS MANNING
ISSUES: A STRATEGY FOR MANNING MODEL DEVELOPMENT

The review of models applied to the maritime industry, presented in Chapter [V illustrates a great
diversity of tools and content. Many of these applications successfully solved specific problems
related to the issues involved with manning; however, none provide a comprehensive method of
estimating manning requirements. Therefore, this review shows that it may not be possible to
develop a comprehensive manning model. Instead the wide variety of issues related to safe
manning may require a number of specialized models. However, as the work of Siegel and Wolf
(1974) illustrates, large complicated models can produce estimates of the reliability of the entire
ship system, taking into account a wide variety of factors. The development of such a model
would require extensive resources. Therefore, this chapter describes the requirements involved in
developing several separate models that each resolve specific issues.

This modeling effort should start with a model that shows how changes in the manning structure
affect the ability of ship personnel to meet statutory workhour limits. Developing a functional
model to evaluate workhour requirements would provide a foundation, upon which the Coast
Guard could build more detailed models. This basic model could then be elaborated upon with
more specific models that indicate the ability of the proposed crew to accommodate factors such
as emergencies, maintenance, and pott operations. The following section outlines a strategy for
developing a functional manning model, followed by illustrations of models required to expand
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the scope and verify assumptions. For each of these models an estimate of the development time
is included. This estimate is meant to illustrate the relative investment required for each model,
and actual development time would depend on a more precise description of the scope and
mission of the model. Thus, the following sections include: (1) the ability of ship personnel to
meet workhour requirements specified by regulations, (2) the ability of ship personnel to manage
emergency situations, (3) the effect of crew reductions, facilitated by automation, on the
navigation performance, and (4) the ability of a reduced crew to meet demands of scheduled and
unplanned maintenance. These issues were selected because they are representative of the types
of issues that manning models should resolve. In addition, these issues require several modeling
techniques, so the description of hypothetical models used to address these four issues illustrate
the importance of matching the capabilities of the manning model to the issue. The following
pages illustrate how the descriptions of modeling tools and model content in Appendices A and B
help specify models most appropriate for each of these issues. The three issues, represented in
the models used to augment the workhour requirements model, have been selected as
representative of the types of questions that should be answered by a manning model and the
modeling approaches that should be taken. The workhour requirements model and the three
models that build upon it are not meant to represent an inclusive set of manning models. Instead,
they represent an approach that will support a technical basis for manning decisions. This chapter
concludes with a strategy for integrating and validating these and other models.

Problem statement: While increased automation and economic pressures act 1o decrease crew
sizes, the number of hours worked by a ship’s crew must meet regulatory standards. The Oil
Pollution Act of 1990 limits the mariner's workday to 12 hours by limiting the number of hours
worked to 36 every 72, and imposing a maximum workday of 15 hours. To receive a license and
operate a ship, shipping companies must demonstrate the ability to meet these guidelines. An
accurate estimate of the number of hours of work demanded of the crew requires a thorough
understanding of the task demands associated with various technological enhancements, cargo
types, and voyage scenarios. Proposals for flexible manning structures further complicate this
problem, by making it possible to substitute various crew members for various jobs. The
complexity involved with estimating a manning level that meets the workhour regulations makes
it difficult to know if a proposed manning level meets regulatory standards.

Matching problem characteristics to a modeling tool: The primary characteristic of this
problem involves understanding how time and resource demands of shipboard functions affect the
workhours of crew members. In addition, the problem requires a preservation of the sequential
relationship between tasks, so that no crew member is assigned to two tasks simultaneously. To
address these issues, shipboard functions can be considered as a predetermined task sequence,
with predetermined task initiations and durations. In addition, the resource demands (number of
crew members and expertise requirements) for each function can be assumed known and
constant. A “Project Management” tool accommodates these problem characteristics by




combining characteristics of the timeline approach with some characteristics of a task network
approach.

Matching problem characteristics to model content: Since this problem involves assessing the
match between workhour requirements and crew composition, the model needs to contain only
information regarding time required to ¢xecute functions. Therefore, the model need not contain
detailed information related to human performance limitations or decision making abilities.
Likewise, the model would contain no information conceming the performance of the ship, since
the model assumes that a crew large enough to meet the workhour requirements of the shipboard
functions will ensure ship safety. Since the purpose of the model is to provide a relatively simple
evaluation of workhour regulations, the level of detail used t0 specify task durations would
include fractions of an hour rather than fractions of a minute. The data requirements for this
model could be met through direct observations, questionnaires and expert judgment.

Model input: The input to the model would be a table of tasks that specifies task durations,
expertise requirements, number of crew required. This table could be supplied by ship owners,
based on a template developed by the Coast Guard.

Resource requirements:

Data collection-- The resource requirement for data collection depends on whether it could be
supported by other projects or provided by shipping companies. By tailoring a generic job/task
analysis to include data in a format consistent with this modeling effort, the data could be easily
collected. This job/task analysis could be used to develop a catalog of tasks that includes their
durations, skill and knowledge requirements, and crew coordination needs.

Expertise—~ Model development involves using a relatively simple approach, a project
management tool. Therefore, no specific experience with the modeling tool would be required.
However, the potential complexity involved in manipulating the data would require some
experience in modeling. After the model has been configured relatively little expertise would be
needed to enter data and interpret the output of the model.

Development time-- Assuming data have been collected and organized, the model could be
completed in as little as four to six months. The exact time would depend on the level of detail
and variety of ships and voyage profiles the model should support.

Model output: The output of this model would include a timeline illustrating personnel work
commitments, showing the hours worked each day for the duration of the voyage. The timeline
output provides a convenient method of evaluating whether the crew satisfactorily meets the
workhour limits. Likewise, this output will reveal instances where the crew may be underutilized
and suggest how tasks might be reallocated to distribute work more evenly. Since a project
management tool prevents simultaneous allocation of a single crew member to muitiple tasks, the
model guarantees that all simultaneous tasks have been allocated to different people. Likewise,
the model would ensure that tasks are assigned to people with the requisite skills. For this model,
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a criterion for safe manning might be the ability of the proposed crew to execute all the shipboard
functions without exceeding workhour limits. These workhour limits might be those set by
regulatory mandates, or they might be based on fatigue and vigilance research.

Model generality: This modeling technique has the potential of being general enough to
encompass a wide range of ships. Since the model is based on a functional analysis of the ship,
many of the general functions will remain constant across ships, only the durations, expertise
requirements, and sequencing would change. By providing the shipping industry with a generic
tempiate for the functional analysis, which they can use to fill in the appropriate parameters, the
model has the potential to apply to a wide range of ships and voyage scenarios.

Analysis: This type of model is a relatively simple representation of the ship system. To arrive
at this simplified representation requires many assumptions. If these assumptions prove false
then the validity of the model will suffer. For example, this model requires assumptions about the
number of personnel, the expertise, and the time required to perform a function. If the actual
function requires additional resources, then the model would underestimate the crew required for
the ship. Similarly, the model contains no information concering how human performance
limits might affect ship safety; it assumes that the implicit human performance limits, represented
by the regulations, ensure adequate performance. Under some circumstances such assumptions
may not hold. For example, fatigue induced by long sea tours in rough weather may contribute
more significantly to human performance, compared to working more than 15 hours in a single
day. Likewise, some functions such as cargo handling may be especially susceptible to fatigue,
and performance may suffer even with a 12 hour workday. This modeling approach also assumes
both the ships’ hardware and personnel operate reliably; however, people may become
incapacitated and equipment may fail, and the manning estimates should include an analysis of
the crew’s ability to operate during small failures, as well as situations that develop into
emergency situations. While this model has several limitations, many of these might be
circumvented by testing critical assumptions with more specific manning models such as:
Automation impact analysis to consider cognitive demands associated with a highly automated
bridge using a task network approach, and evaluating the emergency response capabilities with
Emergency procedure evaluation using a timeline/project management approach.

The decision to develop any one of these specific models could be supported by using the model
to evaluate the effect of various assumptions on model output. Sensitivity analysis is a tool that
reveals the magnitude of the effect of various assumptions. It involves manipulating model
parameters and evaluating their effect on model output. Small changes in model parameters that
result in large changes in model output may warrant closer scrutiny into underlying assumptions.
Parameters that have little effect on model output do not deserve further investigation because
more exact estimates would not influence decisions. An example of sensitivity analysis with this
model might consist of manipulating the workhours associated with several functions. If small
changes in workhour estimates of some functions result in significantly different manning
requirements then these functions deserve closer scrutiny, either through empirical analysis or
through more detailed models. More specifically, subtle changes in the workhour requirements
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associated with a highly automated bridge may result in significant changes in the need for highly
skilled personnel. This might indicate a need to develop a specific model that focuses on a
detailed representation of bridge operations.

Probability of Success (95%): This type of model is very likely to succeed. Previous
developments by NRC and Argent Marine illustrated the general feasibility of this approach.
This model is more complicated than the NRC model because it accounts for the workload of
individuals across time, which will reveal workload peaks ignored by a spreadsheet approach that
averages workloads across individuals and time. This model is also more complicated than the
Argent Marine model because it will provide a representation of the ship system applicable to a
wide variety of ships and voyage profiles, compared to the Argent Marine model that was
developed for a single ship serving a single route. While the proposed model is more complex
than either of these models, the history of this type of manning model (one based on a functional
analysis of the ship) suggests that the added complexity will not introduce major problems into
the development process.

Problem statement: A major concern associated with reduced manning lies in the ability of ship
personnel to execute emergency procedures effectively. Under normal conditions, a ship may
operate with relatively few crew members; however, emergency situations may exceed personnel
resources. Since these emergency situations include oil spill mitigation, fire fighting, lifeboat
deployment, and critical equipment failure, failing to deploy the appropriate number of crew
could have severe consequences for human safety and the environment. A manning model could
evaluate the ability of ship crew to meet the demands of emergency procedures. The underlying
assumptions of this model include: current emergency procedures encompass important
emergency scenarios, ship personnel follow these procedures, and that these procedures
adequately accommodate emergencies. If these assumptions prove false, then additional data
collection (ship personnel interviews and observation) would be needed to preserve the validity of
the model. For example, missing or inadequate emergency procedures would decrease model
validity, and might require considerable additional analysis to determine how the crew might
respond. For example, oil spill mitigation procedures may not exist, or may be insufficient to
address all but small spills.

Matching problem characteristics to a modeling tool: If present emergency procedures
adequately cover the emergency situations that a ship would likely encounter, the primary
elements of this problem relate to coordinating resources and communication over time. It
follows that a modeling tool must capture the dynamic changes in resource requirements, as well
as the coordination of resources required to support concurrent activities. For example, the tool
must include the capability to represent expertise, leadership, and physical capabilities required
for each task in the emergency procedure. In addition, since emergency procedures specify a
sequence of tasks and activities, the successful execution of these activities translates into
satisfactory system performance. More precise measures of effectiveness would be developed
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through interviews with training and operations experts. For example, these interviews might
reveal that delays in certain tasks are intolerable while delays in others do not hinder system
performance significantly. Project management modeling tools can also be used in this respect.
They can identify the “critical path” in a chain of events, upon which the overall task time
depends. Assuming that personnel execute emergency procedures as a sequence of fixed length
tasks, with a minimal chance of incorrect execution, then a relatively simple modeling approach
could r:present the system. With these assumptions a modeling tool needs only to consider the
system as a “Task sequence”, and not in an “Open loop” or “Closed lo0op” manner.

Table 1 in Chapter III illustrates the capabilities of various modeling techniques, and shows that a
timeline approach adequately represents many of the characteristics of this problem. *Project
Management” tools combine characteristics of the timeline approach with some of those of the
task network approach to produce a modeling tool that encompasses all the characteristics
involved in emergency procedure evaluation (given the previously mentioned simplifying
assumptions). A task network approach could provide a more accurate representation by
including the effects of probabilistic task times and event outcomes.

Matching problem characteristics to model content: Because this modeling effort assumes
correct execution of the steps specified by emergency procedures, the model includes very little
need to represent the cognitive or physical activity of the crew. Instead, the model must include a
representation of physical capabilities, leadership, and expertise required to execute tasks in the
emergency procedure. This would depend on assumptions of the capabilities of the ship
personnel, and would not be explicitly represented in the model. The model would simply show
that some tasks could be performed by some personnel and not others. The validity of these
assumptions would be assessed through interviews with subject matter experts. In addition, the
content of the model must include information regarding concurrent activities to evaluate the
ability of the proposed crew to meet the resource requirements of all the tasks. For example, fire
fighting may require a team of five people trained to operate a fire hose, as well as a dedicated
licensed officer to communicate with the bridge. In addition, the emergency may require the
simultaneous need for a licensed officer to coordinate evacuation of the area of the ship affected
by the fire. Therefore, the model must include information on the supply of adequately trained
personnel and the simultaneous demands on those personnel. The issues of crew size and
experience become even more critical when considering the failure of critical equipment. This
type of emergency may require not only an enlarged crew, but it may also require very specific
types of expertise, such as knowledge of Morse code if normal communication channels fail

Assuming that execution of emergency procedures preserves ship safety, then the representation
of the system need not be detailed or inclusive. The level of detail included in the model depends
on the specificity of procedures and would probably include general tasks, spanning fractions of
an hour and not minutes. The inclusiveness of the model’s scope depends on the aspects of the
ship specifically mentioned in the procedure. An exception might include the manning of the
bridge; even if the procedure fails to mention the bridge watch explicitly, the model should
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include these requirements. Therefore, nearly all the data required for this model can be extracted
from existing emergency procedures.

Model input: The input to this model consists of a description of the proposed crew
complement, consisting of their skills, training, leadership capacities, and physical capabilities
pertinent to the emergency procedures. This information would be organized in the form of a
table that could easily be entered into the model.

Resource requirements: Data collection—-The resources required to collect data for this model
depend on its scope and the ability to tie the development to other research projects; much of the
data collection needed to develop the model might come directly from a study that evaluates
emergency procedures. Since the data required consist of a detailed listing of tasks involved in
emergency procedures, much of this information could be extracted directly from emergency
procedure documentation. In cases where explicit documentation does not exist, interviews with
masters and crew members could reveal the tasks involved in an emergency response and the
expected expertise and time requirements. Additional information regarding the physical
capabilities, leadership, and expertise required for emergency procedures could be gathered
through interviews with subject matter experts and observations.

Expertise-- Since the modeling technique used for this model is relatively simple, after an initial
prototype has been built, additional modification and use of the model would not require special
knowledge of modeling.

Development time-- Assuming data have been collected, the development of the models would be
relatively fast. Approximately one week would be required to develop and validate a model of
each emergency procedure. Thus, a model representing a collection of 24 critical emergency
procedures would require approximately 6 months to develop.

Model output: The output consists of timelines of activities that indicate the ability of the
personnel to meet the demands associated with emergency procedures. For example, a project
management tool will indicate if a person has been allocated to concurrent tasks. Likewise, the
tool will provide summaries of the tasks allocated to individuals and to teams. These results show
when the demands associated with emergency procedures exceed the capacity of the crew. In
evaluating the output of this model, one possible criterion for safe manning could be the
completion of emergency procedures without the need to overburden ship personnel by requiring
them to complete more than one task at the same time. Another criterion might be based on the
time required to complete the procedures.

Model generality: Since this model depends on the task sequence specified by the emergency
procedures, the model is as general as the emergency procedures. If certain procedures are
specific to a ship, or class of ships, then the model will not apply outside their domain. For
example, procedures governing oil spill mitigation will likely differ dramatically from those
designed to stop gas leaks on LNG tankers, Likewise, as technology changes the types of
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emergencies and the procedures involved in their mitigation, the models will change. However,
since many emergency procedures are common to many ships, the resuits of this model may
apply to a variety of ships.

Analysis: One of the primary limitations of this model lies in the assumption that correct
execution of the emergency procedures translates into satisfactory performance of the system. It
is likely that many procedures would fail to accommodate emergencies and many procedures may
not exist. Insofar as these deficiencies can be identified, procedures should be updated, providing
a more valid representation of the system. Another limit of this model would lie in the
assumption that ship personnel correctly execute emergency procedures, given the appropriate
leadership, physical, and experience resources. This assumption ignores issues associated with
decision making under stress, fauit diagnosis, and physical and mental workload. Therefore, this
model may fail to predict instances where the crew fails to execute emergency procedures
correctly. Even with these limitations, this model would indicate whether a crew configuration
meets the minimum requirements imposed by emergency procedures. Enhancing this model by
using probabilistic data would increase its validity, but it would also require a more complicated
modeling tool and much more extensive data collection.

Probability of Success (90%): While no other models have been developed to examine the
effectiveness of ship personnel to execute emergency procedures, several factors suggest that this
model could provide valuable data without excessive costs. For example, the data for this model
should be readily available in the form of emergency procedures. These may be written
procedures or implicit procedures developed through practice and understood by the captain and
crew. In either case documenting them should require relatively little effort, and a model based
on them will provide the Coast Guard with an estimate of manning requirements, as well as an
estimate of procedure consistency and inclusiveness.

Problem statement: Changes in technology onboard ships often promise to reduce manning
requirements; however, simply reducing physical load may not reduce, and may even increase,
mental workload. In these situations, a superficial examination of the situation may suggest an
opportunity to reduce manning, but a more detailed investigation may show that workload has not
dropped, but simply changed in nature. A wide variety of technological improvements have been
introduced including light weight Kevlar lines, automatic tension adjustment on mooring lines,
increasingly reliable propulsion systems, and a wide variety of navigation and collision avoidance
aids. All of these forms of technological innovation may contribute to changes in manning
requirements; thus, their effect on ship safety deserves investigation. The area that merits the
closest scrutiny appears to be the bridge. Here mismatches between the demands imposed by
ship control, the coordination of crew, and management of technological resources may exceed
the capabilities of the bridge personnel. For example, increased centralization and automation
may increase demands associated with monitoring, fault detection, fault diagnosis, and planning
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responsibilities. With the growing tendency towards centralizing ship management on the bridge,
errors in judgment committed by bridge personnel are increasingly influential on ship safety.
Therefore, a careful analysis of bridge operations might reveal the effect on ship safety of reduced
or modified bridge manning that often accompanies technological development.

Matching problem characteristics to a modeling tool: Unlike the execution of emergency
procedures, activity on the bridge involves more than a linear sequence of activities. Events on
the bridge occur unexpectedly and may also depend on the previous activities of those on the
bridge. For example, the appearance of another ship on the horizon or an alarm in the engine
room occur probabilistically, while the point of closest approach exceeding safe limits may
depend on the actions of those on the bridge. Likewise, use of technological and personnel
resources may not always depend on normative procedures outlined in advance. In many cases
the crew maintains the option to circumvent the automation and perform the task manually.
Similarly, the officer on watch maintains the prerogative to call standby help to the bridge. In
each of these instances the approach to using technological resources may contribute significantly
to ship safety. To incorporate the relatively unstructured nature of tasks on the bridge requires a
modeling tool capable of representing probabilistic events, and resource requirements, as well as
a closed loop representation of the tasks in relation to the system. A closed loop representation
facilitates the representation of the outcomes of tasks on future tasks, such as the effect of taking
evasive action earlier rather than later. A task network approach satisfies most of these and other
requirements. MicroSAINT, a task network simulation tool, provides additional features such as
the ability to include both continuous variables (e.g., ship position and ship speed), as well as
discrete variables (decision to call master to bridge).

Matching problem characteristics to model content: Cognitive limitations of the personnel
contribute most significantly to the effectiveness of automation on the bridge. Therefore, a
manning model must include a representation of the cognitive demands associated with a highly
automated bridge. These psychological variables would include the number and frequency of
tasks that require continuous monitoring, memory demands, interaction of fatigue and
monotonous tasks, and detection of subtle signals. In addition, the model should include
information relating to “Ship resource management”, such as a representation of the ability of the
captain and crew to manage the resources available on the bridge. For example, under what
conditions does the watch-standing officer neglect to call for additional help? Likewise, the
model should indicate the conditions that lead tridge personnel to fail to use available
technology, or rely on technology beyond its capabilities. Even a simple model that represents
the distribution of tasks among bridge resources could provide valuable insight into situations that
threaten to overload the crew. The relatively focused scope of this model provides the ability to
examine tasks imposed on bridge personnel at a fairly fine level of detail, which might include
tasks lasting fractions of a minute, as opposed to fractions of an hour.

Existing literature will provide a source for some of this information; how=ver, little research has

addressed human reliance on automation (Lee and Moray, in press; Sheridan and Hennessy,
1984). Other sources for this information include detailed observation of actual operations,
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subjective ratings of task frequency and duration, and a task analysis based on the design
specifications and task situation. Questions that require personnel to specify the percentage of
time spent on different tasks, or the relative frequencies of tasks provide data that have been
successfully used to support an analysis of the effect of automation (McCallum and Underwood,
1991). The observations may include quite informal, qualitative descriptions of behavior, as well
as video tape recordings subjected to a more quantitative analysis. In some cases asking people 0
“think aloud” and analyzing the resulting verbal protocol can provide valuable insight into the
mental components of tasks.

Model input: The input t0 this model would consist of the proposed bridge personnel and their
skills and training relating to the automation in the bridge. A more precise model might include
general responsibilities, functions, and tasks assigned to the various personnel. This information
would be organized in a table that could easily be entered into the model. Applying this model to
different kinds of automation might require adjustments to task times, or even complete revision
of how some tasks are represented. These adjustments would require expertise in model
construction.

Resource requirements: Data collection-- Like other modeling efforts, the resources required to
collect data for this model depend on its scope and the ability to tie its development to other
research projects. By linking this model to studies of bridge automation much of the data for this
model could be collected very economically. This is particularly important for this model
because human interaction with highly automated systems is poorly understood and little theory
exists to predict how automation might affect the workload of bridge personnel. Therefore,
before a model can be built, substantial resources must be devoted to understanding the strategies
operators adopt when confronted with a highly automated bridge. For example, technology may
provide many labor saving devices, but personnel may ignore the features because of inadequate
training, or lack of trust in the technology. The type of data that this model requires is a detailed
cognitive task analysis that reveals the mental processes and strategies involved in the operation
of a highly automated bridge. Thus, data collection must go beyond a simple description of
physical activity, it must describe how personnel monitor ship status, interpret information,
resolve ambiguities, and make decisions. These requirements make data collection for this model
especially challenging.

Expertise—- Since model development involves creating a task network model, a substantial
amount of modeling expertise will be required. In addition, the more complex model parameters,
combined with a great variety of output data, require the model user to have substantial expertise.

Development time-- Assuming data have been collected, the development of the model should
not require an excessive amount of time. However if data are required, then data collection will
require a significant amount of time. The development time will be heavily dependent on the
scope of the model. For example, a model that examines a wide variety of voyage scenarios will
take much longer to develop compared to a relatively limited model that only examines a few
scenarios.
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Model output: The output of this model consists of a record of ship performance (e.g., time
taken to identify an approaching vessel, point of closest approach, and time taken to change
course) with different scenarios (manning configurations, weather, and traffic conditions). These
metrics of ship performance could reflect the need for additional manning. In addition, this
model could produce a variety of estimates of the mental workload imposed on stup personnel.
One estimate might consist of a measure such as the one developed by North and Riley (1988),
which considers interactions between different types of tasks (Wickens, 1984). Altematively
workload might be estimated through a method developed by McCracken-Aldrich (1984), which
estimates workload through expert judgment of workloads associated with various dimensions of
subtasks. For this model, a criterion for safe manning might be an absence of high workload
peaks or continuously high workload. One of the simplest metrics of workload is the time
required to perform tasks divided by the time available to perform tasks. If this measure exceeds
0.7 then manning levels should be increased (Bittner and Morrissey, 1990). By estimating both
mental workload and ship effectiveness (point of closest approach, time taken to identify an
approaching vessel, and time taken to change course) the manning model could show how the
demands on ship personnel relate to ship performance and safety.

Model generality: The purpose of this model is to provide a detailed examination of the mental
demands imposed on the bridge personnel by specific types of automation. Since these demands
depend on the specific type of automation, the model will be less general compared to other
models, such as the Emergency procedure evaluation using a timelinelproject management
approach. In addition, automation often affords a wide variety of strategies, and the specific
strategies adopted may significanty influence workload (Adams, Tenney, and Pew, 1991). One
of the challenges in developing this model is to provide estimates of workload demands
associated with a variety of possible strategies. Therefore, both the diversity of potential bridge
automation and the diversity of strategies adopted by operators act to limit the generality of
results.

Analysis: One of the greatest limits of this approach to the development of 2 manning model lies
in the process of data collection and model validation. Very little work has addressed the issue of
predicting human interaction with automation, at least in a domain as complicated as the bridge of
a large ship. Since automation may fundamentally change the nature of tasks, in ways that
remain unanticipated before its implementation, observing the operator interact with the actual
automated system is a crucial step in the development of a manning model. Surveys,
observations, and protocol analysis can describe the effect of automation on ship performance,
and support both model development and validation. Since the model should accurately predict
the effect of the automation, the post-installation analysis should match the predictions of the
model. Any mismatch between the model and reality provides an indication of how the modei
might be modified to reflect more accurately the effect of automation in a variety of scenarios.

As discussed, this model assumes perfectly reliable automation and does not address the
possibility of the failure of critical equipment. To include this important issue this model requires
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a link to the analysis of emergency procedures that address failures of critical equipment,
discussed previously.

Probability of Success (65%): Models of this type have not been developed for the maritime
industry, and analyzing and modeling human interaction with automation is still poorly
understood in other domains as well. Therefore, little precedent exists to predict the success of
this modeling effort. Even though it may be difficult to develop a model of how automation may
affect bridge operations, such a model would be quite valuable. Even a limited success could
provide valuable insight into the feasibility of different manning configurations and design
options.

Problem statement: The safety of a ship depends not only on the ability to navigate, but also on
the ability of the crew t0 maintain the ship. Improper maintenance may jeopardize ail ship
functions, including safe navigation. Therefore, a significant effort should address the resource
requirements and effectiveness of maintenance. Changing crew configuration and size poses
particular problems related to maintenance. For example, reductions in manning may concentrate
the workload on few people. Several major factors may combine with changes in manning
practices to influence maintenance effectiveness. These factors include the resource requirements
of scheduled and unplanned maintenance, and the dependence on shoreside support. These
factors influence maintenance capabilities of the engine room, the radio room, and the
computerized equipment installed on the bridge.

Matching problem characteristics to a modeling tool: The primary characteristics of this
problem include the probabilistic occurrence of unplanned maintenance activity, the deterministic
occurrence of scheduled maintenance, and the technological and personnel resources available
aboard the ship and on shore. In addition, the problem includes tracking the effects of postponed
or neglected maintenance. For example, the model should include some measure of task priority
and the consequences for delay because some activities (chipping and painting) may have little
effect on ship performance, while others (boiler leaks) may critically hamper ship performance.
Therefore, for a manning model to investigate maintenance effectiveness requires the ability to
include resource requirements, probabilistic task occurrence, probabilistic task durations, task
priority, and deterministic task times. Table 1 in Chapter III shows that the task network
approach meets these requirements.

Matching problem characteristics to model content: Unlike the manning model that estimates
the effect of bridge automation on crew performance, the content of this model does not require
an extensive representation of how task demands interact with cognitive limits. Instead, this
model includes simple information regarding the time required for certain repair and maintenance
operations. In addition, this model requires estimates of the probabilities of various failures and
the schedule of planned maintenance activities. The final data requirement of the model is a
listing of the personnel (expertise and number) and hardware (tools, diagnostic aids, and parts)




required to perform the maintenance or repair tasks. Maintenance logs could provide all of .hese
data and observation of actual repair and maintenance practices could provide confirmation. A
more elaborate model might include human error probabilities to reflect the potential for failing to
repair the system properly, or the chance that a scheduled maintenance activity would result in the
system failing due to a technician’s mistake.

Model input: The input to this model would consist of a table of the maintenance tasks included
in the model. Each entry in the table includes the frequency of occurrence, the time required to
complete the task, the number and expertise of the crew required to complete the task, and a
measure of the consequences of neglecting the task. In addition, the model would require a
listing of the personnel available for maintenance work, the number of hours a day they are
available for maintenance work, and their expertise,

Resource requirements: Data collection-- The data collection for this model would require
relatively little time and resources, compared to other models. Much of this information could
come directly from existing repair records and maintenance schedules. Because the majority of
the data have already been recorded, model development would only require organizing this
information in a format consistent with the needs of the model development. The data collection
would simply involve cataloging the frequency of various planned and unplanned procedures,
together with the expertise and time requirements that they involve.

Expertise— Since model development involves creating a task network model, a substantial
amount of modeling expertise will be required. In addition, using the model requires knowledge
conceming how to incorporate the statistical information about the distribution of maintenance
tasks into the model.

Development time-- Assuming data have been collected and organized, the model could be
developed quite quickly. If the data have not been collected, additional time of up to 3 months
would be required to collect and organize the data. Depending on the number of maintenance
tasks identified for inclusion in the model, development time could range from one to six months.

Model output: The output of this model would consist of summary measures of hours spent on
maintenance and repair-related activities. In addition, the model could track the time delay
involved in completing a maintenance or repair activity due to a lack of personnel or
technological resources. For instance, some activities might go uncompleted because of a need to
complete other, more important, tasks. In other cases, maintenance tasks might wait until the ship
reaches the nearest port so that a part can be delivered. Another output of the model might be an
estimate of the effect on ship performance created by the delay of a repair. In an extreme case,
the crew’s inability to complete a repair may incapacitate a ship. Such cases merit special
attention as they represent emergencies and the manning requirements for mitigating their effects
require further examination. For this model, the criterion for safe manning might set by
establishing a limit gf the total number of hours equipment can go without repair. This criterion
could be further refined by weighting this measure by the criticality of the equipment.
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Model generality: Depending on the outcome of an analysis of scheduled and unplanned
maintenance records, this model might apply to a wide range of ships. For instance, if many
maintenance activities are shared by most ships, then a model could be developed that includes
these activities. Parameters specifying the exact maintenance schedule, frequency of unplanned
maintenance, and resources required for repair could adjust this model so that it could be used for
a wide range of ships. On the other hund, an analysis of maintenance activities may show that
some activities are specific to certain ships, so the general model would not provide accurate
results for those ships and the general model might require augmentation to accommodate these
special maintenance activities.

Analysis: The primary limitations of this model include the potential problems of collecting data
that accurately reflect the future repair and maintenance requirements of a particular ship. More
specifically, using fleet averages might underestimate the maintenance requir d on particular
trade routes, such as the Gulf of Alaska. In addition, as ships age, maintenance requirements will
likely accelerate, and historical data will underestimate the number of future failures. Adjusting
the probabilities to reflect these factors, as well as performing a sensitivity analysis to examine
the effect of changes of the probabilities on manning require ments, would provide a reasonable
estimate of the effect of different manning configurations on ship maintenance.

Probability of Success (95%): Models of this type have not been developed for the maritime
industry to predict manning needs. However, the relative simplicity of the data requirements,
combined with the potential for producing a highly general model, makes it likely that the model
will provide useful data regarding the ability of different configurations of ship personnel to
maintain a ship.

54  CONCLUSIONS

The four models proposed to examine issues involved with establishing safe manning illustrate
the diversity of approaches that might apply to establishing a manning policy. Each of these
models differs in its purpose, the tool adopted for its construction, and its content. Because each
model addresses specific issues they ali have limits; no one model completely resolves all the
issues involved with determining safe manning levels. Instead, each model provides a focused
examination of specific issues.

Table 4 summarizes the capabilities of the modeling tools used for each of the four models, while
Table 5 summarizes the content of the four models. in particular, this table shows how each
model represents the overall ship system, as well as ship personnel. Some models (Emergency
response procedures and Automation impact analysis) contain a more detailed representation of
ship personnel, while others (Scheduled and planned maintenance and Workhour requirements)
do not incorporate detailed representations of the human element. While no one model contains
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Table 4. The relationship between modeling tool capabilities of modeling tocls and tool
characteristics.

Modeis | Emergency Response  Automation Scheduled and Workhowr
Procedures Impact Analysis  Planned Requirements
Maintenance

Tool Characteristics

VARIABLE
REPRESENTATION
Continuous

Discrete
Combined

TASK ORDERING
Concurrency

Priority
Deterministic
Contingent
Probabllistic

EVENT TIMING
Deterministic

Contingent
Probabilistic

RESQURCE
REQUIREMENTS
Deterministic

Coatingeat
Probabilistic

RELATION TO SYSTEM
Task sequence

Open loop
Closed loop

‘ Tool accommodates indicated dimension.

O Tool marginally accommodates indicated dimension.
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Table §. A summary of the model content for each of the six models.

Models Emergency Automation Scheduled and Workhowr
Response Impact Analysis  Planmed requirements
Procedures Maintensnce

Attributes of Model
Content

REPRESENTATION OF
HUMAN
Human
performance
Decision making

Human reliablility
Crew interaction

REPRESENTATION OF
SYSTEM
Broad scope

. Model accommodates indicated dimension.
O Model marginally accommodates indicated dimension.

black dots in every row, representing a comprehensive manning model, combining the four
models provides a broad range of capabilities.

If several models are used to address the diversity of issues that affect manning, a fruitful
application of these models requires an integration of their results; otherwise a manning proposal
may meet the requitements associated with one issue (e.g., overall workhour limits) but fail to
satisfy the needs of another (e.g., emergency preparedness). Specifically, using the first model to
evaluate a staffing proposal based on workhour requirements may conclude that the ship has been
adequately staffed; however, the second model may reveal the crew’s inability to respond to an
emergency situation. Therefore, decisions concemning manning levels must depend on all four
models, as well as others that address such issues as the effect of fatigue on decision making,
ability of a reduced crew 10 dock a ship safely, and the demands on the crew imposed by cargo
handling.
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55 A PLAN FOR MANNING MODEL DEVELOPMENT

The review of existing models developed for the maritime industry, combined with the
description of the four example models, suggests two possible approaches to developing a
technical basis for evaluating the issues involved in determining safe manning levels: distributed
and integrated. The distributed approach follows from the approach taken with the four exampie
models: develop a series of models to evaluate specific issues, and to test assumptions of other
models. With the distributed approach the feasibility of a staffing proposal depends on its ability
to meet the criteria of several models. For example, a series of models must demonstrate the
ability of the proposed crew to cope with emergencies, navigate with advanced technology,
perform maintenance, and meet workhour limitations.

The integrated approach resembles that of Siegel and Wolf (1974), and involves the development
of a single model with the flexibility 10 address all relevant issues. A task network modeling tool
such as MicroSAINT could support such a model. The flexibility of this modeling tool facilitates
incorporating a wide range of relationships that might influence manning. The tool facilitates a
wide variety of output data, such as number of workhours, cumulative and instantaneous
measures of workload, and probabilities of event occurrence. Building an integrated model
hierarchically (models containing submodels and sub-submodels), provides method of organizing
the information contained in the separate models of the distributed approach. In the extreme, a
large integrated model could integrate hardware reliability with human reliability o produce a
measure of the overall ship reliability. This number would specify the likelihood that the ship
avoids a major accident during the next journey. For instance, a reliability of 0.999 would
indicate a 1/1000 chance that the ship would encounter a major accident. Unfortunately, the
effect of human behavior on system reliability is poorly understood and research continues to
explore how human reliability can be integrated with machine reliability. While an integrated has
the potential for developing a single index of ship reliability, it requires substantial resources for
its development. Excluding the problems involved with using overall ship reliability as a the
single metric of ship safety, using a single model involves added complexity because it contains
ali the information and capability needed to address a wide variety of issues. This added
complexity makes validation more difficult and hinders subsequent modifications to the model.

With either the all-inclusive model (integrated approach) or a series of simpler models
(distributed approach), a general modeling strategy might help integrate what would otherwise
become a piecemeal and disorganized model. Bittner and Morrissey (1990) propose a systematic
approach to model development, which includes models with different levels of sophistication.
This approach could form a part of a strategy for evaluating manning requirements. One aspect
of this approach involves concentrating effort on poorly understood aspects of the model.
Developing only a simple model for parts of a systern and a more elaborate model for other parts
minimizes model complexity and conserves modeling resources. For exampie, the evaluation of a
manning proposal might include a model of the second by second activity of bridge personnel
interaction with proposed automation; however, such a detailed examination would be
inappropriate for the steward’s department. Figure 3 provides an overview of such a process,
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Figure 3. An illustration of a strategy for developing a technical basis for manning
decisions (the stacked boxes represent alternative models and black diamonds represent




showing data sources (in italics), potential submodels (encircled in black rectangles), and major
decisions involved in constructing a manning model (black diamonds). Major decisions include
whether specific models are needed o expand the scope of analysis, and whether refinements to
the assumptions of the original model are needed. Figure 3 shows that any approach to
developing a manning model requires a functional analysis that specifies the capabilities a ship
must meet. This analysis should include estimates of expertise and time demands. The NRC and
Argent Marine models provide good examples of a functional analysis, and could be used as a
first step in developing a more elaborate manning model. The functional analysis is shown as
central to the modeling process in Figure 3.

The decision point identified by “I.” addresses the need to expand the scope of analysis to give
special consideration to specific functions to determine if ship personnel can meet specific task
demands. For example, the functional analysis might reveal a wide variety of functions that
require specific models, including maintenance and emergency capabilities. Specifically, a model
of emergency response might specify manning requirements needed to address a variety of
emergency scenarios. The results produced by this and other specific models would specify
minimum manning requirements. For example, if an emergency scenario requires 12 people to
accommodate, then the minimuym manning level would be 12 people, even if the workhour
requirements model identifies the minimum as 10 people.

A model of the global manning requirements, developed from the data in the functional analysis,
shows whether the proposed manning structure meets statutory workhour limits. In addition, it
shows what aspects of the model need refinements (represented by the decision point marked
with “IL.”"). Using sensitivity analysis, the most critical aspects of the model are identified and
refined by collecting more data and developing more specific models. Figure 3 shows “Docking
Procedures™ and “Automation Impact” as two of many possible models that might help validate
assumptions of the more global manning model. These more detailed models would show if the
assumptions of the global model are accurate. For instance the “Automation Impact” model
could indicate whether workhour assumptions, based on increased bridge automation, are
justified. For exampic the results of this model (at least two people must man the bridge at all
times) could specify the functional requirements used as input to the workhour requirements
model.

The point marked with “[I1.” represents the integration of the results of the workhour
requirements model and the specific models developed to expand the scope of analysis. The
integrated approach includes this step implicitly; with the distributed approach this step involves
evaluating the output of several models. This evaluation process requires operationalizing the
definition of “ship safety”. For instance, with the workhour requirement model, safe manning
depends on the ability to meet workhour restrictions. With a model of unplanned maintenance,
having a greater probability of completing required unplanned maintenance tasks might constitute
safe manning, when compared to a limit specified by the Coast Guard. Defining measures and
associated criteria that constitute safe manning is a critical step in developing manning models to
serve as a technical basis of ship manning,
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5.6 VALIDATION: THE MATCH BETWEEN MODEL OUTPUT AND ACTUAL
SYSTEM BEHAVIOR

The validity of a model depends on its ability to replicate the behavior of the actual system.
Because any model represents a simplification or abstraction of the actual system, the behavior of
the model will never be isomorphic with the behavior of the actual system. Therefore, any model
will never achieve perfect validity; however, a model’s behavior must replicate the behavior of
the actual system closely enough to support decision making. Thus, while validity of a model
will never be complete, it should be measured with respect to the purpose of the model and the
decisions it supports. Model validity can be defined and measured in a number of ways. This
chapter presents several definitions of validity from experimental psychology along with
validation methods derived from systems engineering.

Researchers in experimental psychology have discussed a number definitions of validity
(Cronbach and Gleser, 1965, Campbell and Fiske, 1959). More specifically, Cook, Campbell,
and Peracchio (1991) mention four types of validity; Statistical Conclusion Validity, Intemal
Validity, Construct Validity, and External Validity. Applied to the evaluation of manning models
Statistical Conclusion Validity refers to differences between the model and reality due to true
differences as opposed to those due to random variation. Because of random variation, the
behavior of actual ships will vary, therefore differences between the output of the model and the
actual ship may simply reflect this random variation. Statistical tests help differentiate these
random effects from consistent biases. Internal Validity refers to differences between the model
and reality due to failures to incorporate important causal relationships. For example, failing to
include human performance limitations (when the limits of human performance affect system
performance) might lead t0 a model that fails to correspond to reality. Construct Validity refers
to differences between the model and reality due to poor operationalization of theoretical
constructs. An instance of poor construct validity might include defining “ship safety” (an
unobservable theoretical construct) as the inverse of the number of hours worked by the crew. In
this instance a wide range of other factors influencing “ship safety” would go unmeasured,
possibly overestimating the true level of “ship safety”. Extemnal Validity refers to differences
between the model and reality due to qualitative differences in application domains. A model
with high external validity could apply to a number of systems, over a variety of scenarios,
besides those used for its development. In other words, External Validity refers to the generality
of the model. For example, a manning model developed using task time data derived from a
ship’s crew that is well acquainted with each other may produce invalid results when applied to a
crew who has never worked together. Each of the four types of validity limits the application of a
model, and require consideration if the model is to support decision making adequately.

Naylor and Finger (1967) present three validation techniques that can address these four types of

validity. These techniques include: technical examination of the model’s underlying assumptions
and logic (rationalist approach), empirical examination of model behavior compared to reality
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(empiricist approach), and a pragmatic approach, using the model to predict future system
behavior. The rationalist approach to model validation depends on the premise that if one accepts
the basic assumptions and the consequences of the logic incorporated in the model, then one must
accept the model’s validity. Unfortunately the complexity of many simulations may preclude this
type of analysis. For example, many complex computer programs fail unexpectedly because the
complexity of their logic makes it impossible to complete a thorough analysis. Chapters III and
IV of this report provide a basis for an analytic examination of the underlying assumptions of a
model as a first step in a rationalist approach to validation. Carefully examining the capabilities
of the modeling tool and the content of the model may reveal inadequacies and limitations of the
model even before its construction. A jackknife validation technique could be used to surmount
this problem. It involves withholding some of the sampled data and using the rest of the sample
to model it.

Although the rationalist approach may indicate potential limits of model validity, an empiricist
approach provides a more direct estimation of model validity. Based on historical data, the
behavior of the model can be compared to the behavior of the actual system. Mathematical
approaches (analysis of variance, Chi-square, and regression techniques) help support the
empirical analysis by comparing average values of system responses, distributions of responses,
and correlation of patterns of responses with those from the model. One of the primary problems
of the empiricist approach lies in collecting data for comparison. Data collection is so time
consuming and expensive that seldom is enough data collected to support the development of a
model, not to mention its validation. Even without the problems associated with data collection,
the empiricist approach measures validity only in comparison to existing or past systems. Since
the data from these systems formed the basis for the model, this method of validation does not
test theability of the model to predict the consequences of future changes. For example, the NRC
(1991) report was validated by comparing its suggested manning level with that of the ships that
provided the data for its construction, an approach that is tautological at best.

The final approach to validation might be considered pragmatic, with model validity depending
on its ability to predict the future behavior of the system. This approach to model verification
involves comparing the input/output transformations of the model to those of the system. For
example, given a set of circumstances or parameter values, the model should produce behavior
that predicts future system behavior. A wide variety of techniques might evaluate this
correspondence, ranging from sophisticated mathematical approaches to techniques such as the
“Turing test”, where experts judge the behavior of the models as being representative of the
actual system (Shannon, 1975). The appropriate technique depends on the level of analysis. In
some instances, validation might compare sequences of behavior, in other instances it might
involve comparing the average number of workhours. The appropriate level of analysis used in
this comparison depends on the purpose of the mode! and the resources available for data
collection. For instance, a model might be used to produce a distribution of possible task
sequences; however, collecting enough data to determine the difference between the distribution
of the model and that of reality may involve extraordinary resources. Thus, the greatest drawback
of this validation approach, applied to the maritime industry, lies in the high cost associated with
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data collection (in terms of the time required to collect the data and in terms of the potential for
catastrophic accidents). Therefore, experimenting with manning levels to validate 2 manning
model must be conducted with great care.

While each approach to model validation has limitations, using a combination of the three
approaches circumvents many of these problems. Because of the many factors that threaten
model validity and the many constraints on the validation process, using a combination of three
approaches will result in more accurate representation of the ship system than any single
approach. The three approaches to model validation (rationalist, empiricist, and pragmatic) apply
to any one of the four types of model validity (statistical conclusion validity, internal validity,
construct validity, and external validity); however, different types of validity become important at
different stages of model development. Figure 4 illustrates the process of creating a manning
model and some of the threats to validity that are specific to the different steps involved in
creating the model. The first step of mode! development (Define scope and purpose) provides the
basis for validation and bounds the expectations of the model. Thus, improperly defined scope
and purpose may lead to a model of little value because of its lack of generality (external
validity). Similarly, selecting a technique and specifying the contents of the model may lead to
an invalid model because these choices may ignore important causal relations (intemal validity)
and may fail to provide a firm basis for theoretical constructs such as mental workload (construct
validity). For example, defining mental workload as an average time on task may ignore
monitoring responsibilities and sudden peaks in task demands, underestimating the true mental
workload. Coding the model represents another threat to model validity because the coding may
contain typing errors, threatening the intemal validity of the model because the model fails to
contain correct relationships between tasks. Likewise, poor choice of values for input parameters
and inadequate experimental design, along with failures in correctly interpreting model output
lead to an invalid model (based on lack of statistical conclusion validity and construct validity).
The rationalist, empiricist, and pragmatic approaches can test the validity of the model at each of
step of model development.

A concrete example of this process will help illustrate the validation process. The test of the
validity of the workhour requirements model begins with an evaluation of whether the functional
analysis covers all the important functions of the ship system. This occurs when the functions
included in the model are compared to the scope and purpose of the model specified by the Coast
Guard, and the actual functional requirements of ship operation. This step of the validation
process could be supported by providing those who review industry submissions with a list of
required shipboard functions that must be included in a manning model. Any missing functions
will threaten model validity. Furthermore, field inspection would illustrate whether the model
includes all pertinent functions.

The second test of the validity of the workhour requirements model involves comparing the
capabilities of modeling tool with the capabilities needed to represent the system. Appendix A of
this report supports this step of the validation process by illustrating the capabilities and
limitations of modeling tools.
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Figure 4. An illustration of the steps involved in creating a manning model and the possible
challenges to validity.
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The third step involves evaluating how well the measures of effectiveness used to evaluate model
oucput relate to ship safety. With the workhour requirements model this involves estimating
whether meeting workhour limitations indicates safe manning. This is a problematic step in the
validation process and may involve additional mode! development, empirical testing, and
subjective judgments of Coast Guard policy makers. For example, future research may show that
certain functions are susceptible to fatigue and ship safety may be compromised by manning
levels that force personnel to work more than 10 hours in 24. In terms of evaluating industry
submissions, the Coast Guard could establish a standard format for model output. Using this
standard format, industry submissions could easily be evaluated against specified criteria. For
instance, an evaluator would check to see that the model produced estimates of the peak number
of hours worked within a 24 hour period, and that this estimate does not exceed the statutory
maximum of 185.

The fourth step in evaluating the validity of the workhour requirements model involves verifying
the data included in the model. Specifically, this would involve verifying the assumed skills of
the proposed crew, and the time and expertise requirements of each of the functions included in
the model. Similar to testing whether the model includes the correct shipboard functions, a
template could be prepared that shows the skills assumed of specific ship personnel, and skills
and time required to serve different functions. Deviations from the standard would require the
shipping company to demonstrate their validity. This step in the validation process could also
extend to sea trials, where the list of functions and the associated personnel is validated against
the actual activities of the crew. Mismatches between the proposed and actual crew assignments
and the actual would threaten the validity of the model.

The fifth step in the validation process would involve checking to see that the software is
correctly configured to combine task time and skill requirements with available ship personnel to
produce estimates of workhour requirements. Since all the relationships in the workhour
requirements model are deterministic (all task times, sequences, and skill are completely
specified) no statistical analysis will be required, and so there is no need to verify the statistical
validity of the interpretation of model output.

The sixth step in model validation verifies that the model is used for the purpose it was designed
for. For example, if the model includes special provisions for manning reductions, based on a
restricted trade route, then these provisions should restrict the use of the model.

To summarize, the following represents a list of the some of the steps needed to ensure that the
workhour requirements manning model provides valid estimates of personnel needed to meet the
functional requirements of a ship:

1) Verify functional listing

2) Verify capabilities of modeling tool




3)

4)

5)

6)

Compare output with validated measures of effeciveness

Verify time and skill expertise estimates associated with shipboard functions against
standards and against actual practice during sea trials

Check software configuration to ensure accurate estimation of workhour requirements
Evaluate the match between the stated purpose of the model and the current application;

establish whether special restrictions should be placed on the conclusions drawn from the
model.
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VI. CONCLUSIONS

This report addresses the need to develop a technical basis for ship manning. The goal of such a
technical basis is to provide information that decision makers need 1o balance the effects of
technological advances and economic pressures with ship safety. The models presented in this
report illustrate the potential for estimating the effects of manning structures on ship safety.
Although a variety of methods could serve this purpose (such as adjusting ship manning and
evaluating the rate of subsequent accident reports), manning models offer a safer, more efficient,
and more cost-effective approach.

This report examines modeling techaiques in the maritime and other domains, such as aviation,
military weapon systems, military command and control systems, and industrial process control.
This review of models illustrates the diversity of potential approaches. Just as engineering
models employed in ship design vary from structural, electrical and thermodynamic, to materials
science, the variety of models that might apply to specific issues involved with safe manning vary
dramatically. This diversity of potential models prompted the development of a framework for
comparison of models based on a classification of modeling tools and content. This classification
provides a basis to evaluate the ability of potential models to provide a valid basis for manning
decisions.

Potential manning models range from simple spreadsheets, that add the number of hours that
tasks aboard a ship demand of the crews’ time, to much more complicated models that represent
the effects of fatigue, workload, and types of automation on ship safety. To show how models
might address specific manning issues, this report presents a strategy for model development,
illustrated with four specific models. No one technique provides the capability to address all
issues involved with ship manning; however, combining a workhour requirements model with
other, more detailed, models will help establish a technical basis for ship manning. The report
shows how several models might build upon the workhour requirements model to provide
information for a technical basis for ship manning. This strategy supports two altematives: (1)
combine the content of sub-models into a single all-inclusive model, (2) evaluate the output of a
number of specialized models. The most practical altemative would be the second approach
(distributed), developing specialized models to address specific issues. Development of a single,
all-inclusive model (integrated approach) introduces unnecessary complexity, and it would be
more difficult to adjust to the specific needs. Therefore, the Coast Guard should begin
developing a technical basis for ship manning by constructing a functional model to evaluate
workhour requirements. Constructing such a model, based on the data and techniques of the NRC
and Argent Marine, provides a cost-effective way of developing a basic manning model and
evaluating the need for additional data collection and model development.

Central to the establishment of a technical basis for manning decisions are four components. The
first component is a generic identification of tasks and dutes involved onboard ships. Once
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general tasks and duties are identified, this template can aid ship owners in identifying the
specific time and expertise requirements when they submit a manning proposal. The second
component is the identification of a general profile of factors that should be included in manning
models used to evaluate manning levels. These factors should include issues such as: human
performance limits, effects of voyage scenarios, ability to accommodate unplanned maintenance,
emergency response, and statutory mandates. These factors can be identified through functional
and sensitivity analyses, performed using simple manning models that identify the critical
functions a ship must perform. The third component essential to developing a technical basis for
manning depends on the ability to validate the results of a manning model. This validation
procedure should begin during the development of model specifications and continue through the
evaluation of the effectiveness of the manning complement derived by the model. This procedure
shculd include a comparison between the characteristics of the tool and content and those of the
actual system. In addition, it should include a structured evaluation of ship performance through
observations during sea trials, as well as examination of safety records. The final component of a
technical basis for manning is a method to derive a baseline estimate of the manning requirement
of any ship. The Workhour requirements evaluation to es:ablish feasibility of proposed manning
levels model could be the basis for this estimate. The baseline estimate could be refined with
further analysis regarding the such factors as the level of automation, trade route and maintenance
procedures.

Ultimately, developing a series of models to address safe ship manning will lead to a technical
basis for manning requirements, similar to the technical basis that guides the construction and
modification of ship hardware. Using a series of manning models to estimate ship manning will
result in manning levels closer to “optimal” levels. Like engineering models that have led to
“optimal” ship designs, revised manning levels may include economic advantages, as well as
reductions in redundancy. Both optimal ship design and manning may suffice for any currently
anticipated scenario; however, the reduced redundancy may leave ships ill-prepared for unusual
emergencies. Blind reduction in manning could lead to accidents because the reductions did not
take into account the such factors as the effects of crew work!oad, emergency needs, and
maintenance requirements. The thrust of preparing a model is to accommodate various important
factors (such as workload, emergency needs, and maintenance requirements). so that we do not
make these horrendous mistakes.

Thus, the development of a technical basis for ship manning should begin by defining detailed
specifications of a manning model to estimate workhour requirements, based on a functional
analysis of the ship system. These specifications, developed in close coordination with the users
of a manning modei at Coast Guard headquarters, would identify its scope, flexibility, operation,
and role in the regulatory process. The most practical method of generating these specifications
would be through an iterative process, where manning model prototypes are developed and
presented the Coast Guard staff. These prototypes could be quickly refined, based on Coast
Guard critiques, and presented for further evaluation. The end product of this process would be a
basic manning model that provides a first step towards a technical basis for manning levels. In
addition, it will reveal the need for additional data collection and model development. The
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distributed approach to model development, illustrated in Chapter V would support subsequent
elaboration of this model, providing a robust method of developing and evaluating manning
proposais.
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APPENDIX A FEATURES OF MANNING MODELING TOOLS

This Appendix provides a classification of modeling tools to illustrate their various capabilities,
followed by a comparison of the capabilities of these tools based on the classification. The
comparison of different mod:iing tools illustrates how their capabilities and limitations influence
the ability of a model to represent the ship system accurately. Carefully matching the capabilities
of the modeling tool to the characteristics of the system represents the first step in model
validation. The following classification of modeling tools provides a framework for evaluating
the capabilities and limitations of modeling tools, as a basis for evaluating manning models.

A.l  DESCRIPTION OF TOOL FEATURES
ALl Event/variable representation

Representing systems by using continuously changing variables, as compared to discrete events,
constitutes a fundamental difference between modeling perspectives. In the context of ship
manning models, discrete events might consist of specific tasks ship personnel must complete,
while continuous variables might represent changes in the position and speed of the ship in
response to control commands. Some techniques represent systems with only discrete events,
while others use only continuous variables, and some use a combination of both discrete events
and continuous variables. Thus, these different perspectives define three general classes of
modeling tools: Discrete, Continuous, and Combined. The merit of these different approaches
is not absolute, but depends on the nature of the system being modeled.

Figure 1 illustrates how these different modeling perspectives might represent the behavior
preceding a collision of two ships. One representation, using only discrete events, illustrates
communication, specific actions, and events. The second representation, using continuous
variables, shows ship behavior as changes in the distance that separates them. The last

' representation shows how the combined discrete and continuous representation incorporates both
discrete and continuous variables. A combined representation, might provide the best model of
the collision of two ships; however, a discrete event representation might provide the best
representation of other scenarios like position fixing.
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Figurel An illustration of how continuous variables, discrete events, and both discrete
events and continuous variables would represent a collision of two ships.

\ 12 Relationshios bet \s/variahl

Modeling tools incorporate various aspects of the system into a model by specifying
Deterministic, Contingent, or Probabilistic relationships between the events/variables.
Deterministic events have fixed start and stop times, and outcomes exist independent of either
changes in system state or in the environment. For example, a manning model may specify
Deterministic start and stop times of the position fixing task, beginning at 12:00 and ending at
12:06. With Contingent events, start and end times and outcomes depend on changes in system
state, the environment, as well as previous events. With the task of position fixing, the captain’s
request might define the start time of the task that lasts 3 to 10 minutes, depending on the
officer’s fatigue. Probabilistic events do not depend upon other aspects of the system like
Contingent events, but they do not have the known start and stop times of Deterministic events.
Instead, Probabilistic events may have start and end times drawn from a distribution, and they
may have indeterminate outcomes. For example, the mate may begin the position fixing task at
any time from 11:55 to 12:05 and it may last 5 to 10 minutes, and he/she may not complete it
accurately. Figure 2 illustrates differences between different types of representations of position
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fixing, showing the fixed time associated with Deterministic representation, the dependency
associated with Contingent representation, and the time distribution associated with
Probabilistic representation. The Deterministic, Contingent, or Probabilistic nature of events
are not mutually exclusive and some modeling tools facilitate specification of events with a
combination of all three.

Deterministic
Initiate fix
position task

Time

Contingent
If captain If uncertainty
requests then is high then
initiate fix initiate fix
pos:min task positicin task

Time

Probabilistic  Initiate fix
position task
ﬁ
>

Time

Figure 2. An illustration of the difference between deterministic, contingent, and
probabilistic representation of the onset of different events.

A.L3 __Event ordering

The relationships between events specify the ordering of events in time and with respect to each
other. Besides the Deterministic, Contingent, or Probabilistic nature of events, Caoncurrency
and Priority can help describe how events occur over time. Concurrency specifies whether, and
under what conditions, two or more events might occur at the same time. Imposing constraints on
events, based on whether they can occur at the same time, facilitates a more accurate model of a
system. For instance, with the tasks of position fixing and data logging, one model might account
for the added mental strain (or the impossibility) of simultaneously executing both tasks, while
another tool might ignore the cost of concurrently executing both tasks.
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Incorporating the Priority of tasks into the model may play an important role in the ability of the
tool to model the system accurately. If the model does not account for differences in urgency or
importance between tasks, then it may not accurately reflect system performance. For example,
tasks such as responding to a nearby ship, may be more important than fixing the ship’s position,
and the officer may delay fixing the ship’s position to respond to the nearby ship. A model that
fails to incorporate priority of tasks may incorrectly predict that the officer would fix the position
of the ship first and then respond to the nearby ship.

\ 14 E ‘o

Some tools provide the ability to model the timing of individual events that occur in the system.
A modeling tool may represent the completion time of individual tasks as either Deterministic,
Contingent, or Probabilistic. As discussed previously, Deterministic event times imply that the
start and end times are known exactly and the event occurs independently of system state.
Contingent event times depend on personnel resources, system state, and the outcomes of
previous tasks. Probabilistic event timing, on the other hand, results in events beginning and
ending not at fixed times, but at times drawn from a distribution of possible times.

A.LS _Resource requirements

Some modeling tools enable the model to include information about the resources required to
complete individual tasks. Resources include both human and material requirements of the
system. For example, for the task of plotting a course, thz person plotting the course and the chart
used for plotting might represent resources required for the task, without which the task remains
uncompleted. As with the timing of events, the resource requirements of a task may be either
Deterministic, Contingent, or Probabilistic. In the case of Deterministic resource
requirements, the requirements of the task are known ard invariant. They do not change over
time or in response to changes in the system. The task of plotting a course, for example, requires
both a person and a chart. In contrast, a modeling tool may represent tasks with a Contingent
resource requirement, such as when the resource requirements depend on either system state or
previous tasks. For example, ship handling in a narrow channel may require different skills or
personnel, compared to ship handling on open seas. Probabilistic resource requirements might
reflect variations in task demands, such as the occasional need for confirmation of a navigational
calculation by other bridge personnel.

A.L6__Event outcome

Just as some modeling tools allow a model to incorporate resource requirements, some tools
provide a method of representing several possible outcomes for a single event. As with resource
requirements, the outcome of the event may be either Deterministic, Contingent, or
Probabilistic. Deterministic outcomes are completely specified. In other words, the outcome of
the event remains the same every time it occurs. A modeling tool that incorporates Contingent
outcomes provides a method of modeling events whose outcomes are not known in advance, but
depend on system variables, previous tasks, or resource availability. “If...then” conditional
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statements can often represent Contingent outcomes, where the occurrence of an event or the
value of a variable relates conditionally to other variables or events. Another outcome that a
modeling tool might incorporate is Probabilistic. Like Contingent outcomes, Probabilistic
outcomes represent situations where the outcomes of events are not completely specified during
model construction. Unlike Contingent outcomes, Probabilistic outcomes do not depend on
system variables, previous tasks, or resource availability, but simply represent a fixed probability
of different outcomes. Combining Contingent and Probabilistic outcomes provides the ability
10 represent situations where the probability of an outcome depends on system variables, previous
tasks, or resource availability. Figure 3 graphically portrays the distinctions between these types
of event outcomes.

Deterministic

Contingent

Probabilistic 0.9

0.1

Figure3. An illustration of the difference between deterministic, contingent, and
probabilistic outcomes.

The task of position fixing illustrates the differences between Deterministic, Contingent, or
Probabilistic outcomes. For example, a modeling tool that only represents Deterministic
outcomes would represent a single, invariant, outcome of the task of plotting a course. This
outcome might consist of a successfully plotted course, followed by a course change. If a model
incorporates Contingent outcomes, then the outcome of the course plotting might consist of
either a succes.fully plotted course or an unsuccessfully or inaccurately plotted course, depending
on the outcome of previous tasks such as the accuracy of the last position fix. In contrast to the
Contingent outcome of a task, the outcome of the course plotting task might also be
Probabilistic. For example, the mate may miscalculate and plot an incofrect course once every
1000 times a course is plotted. In this case, the outcome of the course plotting would be
Probabilistic, with: 999 out of 1000 outcomes being successful course plots and 1 out of 1000
being an unsuccessful or inaccurate plot. Using the example of course plotting, a combined
Contingent and Probabilistic outcome could be used to represent the situation where rough seas
and fatigue increase the mate’s probability of plotting an incorrect course from 1 out of 1000 to
100 out of 1000.
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One major difference in modeling tools lies in their ability to represent the effect of events on
system state, and the subsequent effect of these changes on behavior. Three basic distinctions can
be made. Describing behavior as a Task sequence represents the simplest method of modeling
behavior, with no link between the execution of tasks and their effect on the system. The analyst
must interpret the consequences of particular sequences on system performance. Other modeling
techniques provide the ability to model systems with an Open loop representation, or even using
a Closed loop representation. The Open loop representation assumes that behavior proceeds
unaffected by changes in system state, while the effect of behavior reflects on system state, Thus,
the Open loop representation provides a direct measure of how behavior influences system
performance. A modeling tool that provides a Closed loop representation includes not only the
effects of behavior on the system, but also the effect of changes of the system on behavior. Thus,
a modeling tool representing behavior as a simple Task sequence incorporates no model of the
system, while an Open loop representation needs only to model the effect of behavior on system
performance. A modeling tool that uses a Closed loop representation must represent the effects
of behavior on the system, as well as a representation of how changes in the system affect
behavior.

Figure 4 illustrates the distinctions in system level representations with the task of course plotting.
A Task Sequence representation would include only information about the mate’s ability to
generate a series of accurate position fixes and course changes. This information might include
the time and accuracy of each task, and gives no information about its effect on system
performance. An Open loop representation, on the other hand, would include information about
ship dynhamics, revealing how inaccuracies in position fixing and course plotting affect the ship’s
actual course. A Closed loop representation of the course plotting task would incorporate a
model of how inaccuracies in course plotting affect subsequent ship heading, and a model of how
these changes affect future course choices. Thus, a Closed loop representation would also reveal
how the crew adjusts subsequent courses to compensate for earlier errors. Overall, a Task
Sequence representation provides information on the performance of individual tasks with no
explicit implication for system performance, an Open loop representation reveals the effect of
individual tasks on system performance, and a Closed loop representation illustrates not only
how individuals influence system performance, but also how system performance influences task
execution.
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Figure 4. Task sequence, open loop, and closed loop representations of systems.

A2 COMPARISON OF MODELING TOOLS

Because of the diversity of features available in modeling tools, no one tool contains all possible
features. Some tools contain many of the features listed above and others contain relatively few.
These differences do not necessarily imply the superiority of any one tool. The value of the tool
depends solely on the relationship between the characteristics of the tool and the characteristics of
the system under investigation. A tool with many features may be cumbersome to use to
investigate a simple system. However, a sim, e tool may not contain the features required to
represent a complex system accurately. Therefore, the choice of a tool depends on the match
between the capabilities of the 100l and the characteristics of the system. Some prototypical
modeling tools include: spreadsheet, flow diagram, event tree, timeline, task network, control
theoretic, queuing theory, and artificial intelligence. The principle features of each of these
modeling tools are discussed below.
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Spreadsheet: A spreadsheet provides a method of calculating average resource requirements
over time. As a manning model, this tool simply multiplies the task duration by the task
frequency, sums over all the tasks and divides by the total time available. This calculation
provides an estimate of the average time devoted to the task. This technique fails to provide data
conceming momentary workload peaks, task sequencing, or performance measures. The output
of this model simply relates the task demands (in terms of frequency of occurrence and duration)
to the loading of personnel or machines (in terms of the percentage of time occupied by tasks).
Although this tool has significant limitations, it can provide useful summaries of time demands of
many tasks. In the context of ship manning, this tool could provide one test of sufficient manning
(does the average hour total for each crew member meet statutory limits). However, this test
ignores workload peaks that might exceed statutory limits,

Flow diagram: A flow diagram charts the progressive travel of materials, information, or people
from place to place or from operation to operation (Laughery and Laughery, 1987). This class of
tools generally omits a quantitative representation of time, simply representing the sequential
ordering of events. In addition, these techniques often do not explicitly identify points in the task
sequence that would lead to high workload or increased likelihood of errors. In the context of
ship manning, flow diagrams can be used to illustrate the need to coordinate several ship
personnel for some tasks. This type of analysis shows where simple summation of workhours of
individual ship personnel fails to capture the actual time constraints acting on some personnel.

Event tree: Like a flow diagram, event and fault tree analyses often include the time ordering of
events, and do not include the quantitative durations of events. However, an event tree analysis
differentiates itself from flow diagrams by describing a system in terms of probabilities of event
sequences. An event tree analysis begins at a convenient point in an activity sequence and details
the flow of events forward to the fault, while a fault tree begins with a fault and works backward
in time revealing the events that led to the fault. The multiple causes and consequences form the
branches of the tree. With event/fault tree analysis the emphasis lies on the probabilities that
govem the occurrence of different events. Event/fault tree representations specify only event
probabilities for a given context, and not time requirements, resource demands, or changes in
system performance. This technique could be used in ship manning to calculate system reliability
under different manning scenarios.

Timeline: Like flow diagram, a timeline analysis traces the flow of materials or information
from place to place or operation to operation. Most frequently a timeline analysis traces the
progression of a sequence of tasks, and in some instances resources are coupled to tasks. Unlike a
flow diagram, timeline analysis includes an explicit quantitative representation of time.
Therefore, this technique includes information about not only task ordering, but also task
duration. A timeline analysis also reveals how task demands change over time, illustrating how
tasks combine for peak workloads and how task dynainics lead to competition for limited
resources.
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Task network: Task network techniques combine some characteristics of flow diagrams, event
tree analysis, and timeline analysis. In addition, they have added features, such as the ability to
incorporate complex contingencies between events, which make the task network approach a
powerful modeling tool. Like flow analysis and timeline tools, the task network approach
assumes a specific sequence of tasks or events. However, the sequence of events in a task
network model may be dependent on a variety of factors, including the outcome of preceding
events, system state, or the state of the personnel. While the task network approach offers many
features, it represents systems solely as discrete events, failing to consider the effect of
continuously changing variables.

Control theoretic: In contrast to the task network approach, the control theoretic approach
considers all variables as continuous and does not represent discrete events. In addition, this
approach does not model the system as a sequence of tasks, but rather as an interaction between a
system to be controlled (the ship) and a controller (the human). In general, the control theoretic
approach considers human behavior as an adaptive, goal-directed process, driven by the need o
minimize the difference between the current state and a goal state. This perspective has the
advantage of explicitly modeling the effect of humans’ actions on the performance of the system.
The absence of discrete tasks and a representation of resource requirements, combined with the
underlying assumption of linearity in the humans perceptual and motor systems, limit the
applicability of these models to manual control tasks involving one person.

Queuing theory: Originally developed during World War II to ensure optimum allocation of
limited supplies, the field of Operations Research has developed a number of mathematical
techniques that support choices between alternatives governed by limited resources. These
techniques include task network analysis, simulation, linear and nonlinear programming, and
queuing theory. Of these techniques, queuing theory has become a popular technique to represent
humans’ roles in systems. For example, Rouse and Reid (1981) suggested queuing theory to
model the human roles aboard ships. Although queuing theory provides a powerful :echnique
that translates random distributions of tasks over time into measures of system effectiveness and
expected levels of workload, the complexities of many real systems make analytic solutions
intractable. Possibly the best known and flexible model of queuing theory ( L = AW) relates the
number of waiting tasks ( L) to the rate of task occurrence (4 ), multiplied by the average waiting
time (W). This and other queuing theory models require a number of restrictive assumptions. If
the system being modeled fails to conform to these assumptions then the queuing theory mode!s
fail to represent the system accurately. Therefore, in many cases queuing theory would fail to
accommodate the complexities of shipboard activities, and would not provide output data needed
1o resolve manning issues.

Artificial intelligence: Artificial intelligence techniques include a wide varniety of approaches;
however their attempt to provide a framework for modeling human cognition piovides the
common element linking them. These tools support models that describe how people process
information, diagnose problems, resolve ambiguities, and choose between potential actions.
These modeling techniques include neural nets, where responses (o situations depend on the

84




“activation” of a “node” or combinations of “nodes”. An example of this approach includes
simulations of human error developed by Reason (1990). More commonly, anificial intelligence
techniques simulate human thought by matching the contents of a knowledge base (a
representation of operators’ knowledge of the system) with the current state of the system. This is
accomplished using an inference engine, which represents how humans might process external
information. This technique matches environmental situations to preset rules that mimic
behavior. Woods, Pople, and Roth (1990) as well as Jones and Mitchell (1991) used this type of
technique, employing a blackboard architecture to coordinate knowledge sources and process data
to predict operators’ intentions. Blackboard architecture is a term that refers to how information
from multiple knowledge sources is combined into a global data structure that resolves constraints
on behavior implied by the knowledge sources. This architecture is appropriate when simulating
a process where multiple, independent sources of information act together to constrain behavior.
Overall, artificial intelligence modeling techniques are most important when the aim is to
represent the factors that influence cognitive ability. In a manning model this may become
important when analyzing the interaction between personnel and automation. If a design assumes
that automation heightens decision making ability, eliminating the need for a human in the loop,
then an artificial intelligence model could establish the validity of this assumption.

Hybrid techniques: A variety of hybrid techniques exist which combine aspects of several
approaches described above. While Table 1 illustrates the capabilities of prototypical examples
of these techniques, actual tools may incorporate characteristics of these and other prototypical
techniques. For instance, advanced timeline based techniques, such as project management
software, incorporate complex contingencies between events and resources. Other tools include
so many characteristics common to several tools that they are best labeled as hybrid tools. These
tools might combine characteristics of timeline with task network and event tree techniques. By
combining the characteristics of several tools, hybrid techniques offer powerful capabilities for
developing manning models. MicroSAINT (Laughery, Drews, and Archer, 1986) provides an
example of a technique that most closely resembles a task network approach; however, it includes
many of the capabilities of spreadsheet, flow diagrams, and event tree approaches. Enhancing the
task network technique by incorporating such capabilities as complex probabilistic branching and
continuous variables, provides MicroSAINT with greater capability to represent complex systems
more accurately.

Like MicroSAINT, the modeling tool adopted for PROCRU (Baron et al., 1980 see section 2.1)
represents a hybrid tool, combining aspects of an antificial intelligence approach with a control
theoretic approach. PROCRU expands on the techniques of modemn control theory to include
some of the characteristics of antificial intelligence modeling tools. Including these functions
facilitates creation of models that not only capture the ability of personnel to perform continuous
control tasks, but also the ability to select and execute procedures that include a series of discrete
activities.
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A3 CONCLUSIONS

Modeling tools partially determine the usefulness of a manning model by limiting the types of
and nature of relationships that a model can include. Table 1 summarizes the limits and
capabilities of a variety of modeling wols. If the model capabilities fail to maich the
characteristics of the system being modeled then model validity will suffer. Therefore, models
that include more filled dots offer greater capability for modeling a wide variety of sysiems.
While the task network approach supports a wide variety of modeling capabilities, the diversity of
capabilities alone does not guarantee success. For instance, the timeline approach has far fewer
capabilities, but it includes the ability to model continuous variables, which could be essential in
modeling some systems. This comparison shows that the number of dots on Table 1 alone is not
a good measure of the value of a modeling tool. Instead, the worth of a tool depends on how
closely tool characteristics match system characteristics. Thus, Table 1 could be used as a
checklist, verifying that the tcol can model the system.

Further, there will be differences in the expertise and time required to develop a model,
depending on the modeling tool. Some tools offer simple intuitive interfaces that enable novices
to enter data and create a model. Other tools require much specialized knowledge. The
spreadsheet, flow diagrams, event trees and timelines require little training for model
development. These tools require only a thorough knowledge of the specific system, modeling
formalisms, and limits of the tools. Task network and control theoretic modeling approaches
require substantial knowledge of the specific tool. This specific knowledge compares to learning
a programming language. Models relying on control theoretic, queting theory and artificial
intelligence all require substantial expertise related to the theoretical background underlying these
approaches. In addition, the complexity of these approaches requires much more development
time, compared to other approaches. Thus, the order of modeling tools in Table 1 provides a
rough metric of the expertise and time required to create a model with each of these approaches.
In other words, by presenting the models in a left to right sequence, starting with the spreadsheet
and ending with the artificial intelligence approach, Table 1 indicates knowledge required to use
each of these tools. '
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Table 1. The relationship between modeling tool capabilities of modeling tools and tool
characteristics.

Tool Spread-  Flow Event Timeline Task Control  Queuing  Artificial
Types sheet Diagrams Trees Network Theoretic Theory  Intel-
gence

Tool Characteristics

VARIJABLE
REPRESENTATION
Continuous

Discrete
Combined

TASK ORDERING
Concurrency

Priority
Deterministic
Contingent
Probabilistic

EVENT TIMING
Deterministic

Coatingent
Probabilistic

RESOURCE
REQUIREMENTS
Deterministic

Contingent
Probabilistic

RELATION TO
SYSTEM
Task sequence

Open loop
Clased loop

. Tool accommodates indicated dimension.
O Tool marginally accommodates indicated dimension.
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APPENDIX B FEATURES OF MANNING MODEL CONTENT

This Appendix discusses how the type of information incorporated into a model guides data
collection and determines the type of information the mode! will produce. Similar to the great
variety of modeling techniques, a model of the ship system may incorporate many different types
of information. The content of a model may range from a simple description, limited to a small
part of a ship, to a very detailed description that encompasses an entire ship in great detail. As
with the different modeling techniques, different types of information incorporated into the model
will influence both the accuracy and cost of the model. Therefore, the capabilities and costs of a
manning model depend not only on the modeling tool, but also on the model content.

In general, a model becomes more accurate as the content of the model becomes more inclusive,
matching the actual system more closely. However, the more information the model contains, the
more complex and costly it becomes. Since no model perfectly replicates the actual system, the
content of a manning model should depend on the specific questions that the model should
address. This chapter provides a classification, based on six dimensions, of the different types of
information that a model might incorporate. Each of these six dimensions can describe each of
the two primary components of a manning model. The first of these components is a description
of task demands (what personnel must do) imposed on ship personnel. These task demands
depend on the particular trade route, ship configuration, maintenance program, level of
automation, or emergency situation. The second component of 2 manning model is the profile of
factors that relate the task demands to the safety, efficiency, and legal constraints associated with
ship opération. These parameters might include human performance limitations such as fatigue,
memory and strength, as well as the effects of high mental workload and the limits of decision
making effectiveness. Besides human performance limits, a manning model might also include
factors that relate task demands to the rules, regulations, and guidelines that govern the maritime
community. For example, these factors might show that task demands require the crew to violate
the 12 hour work day rule imposed by the Oil Pollution Act of 1990. A single mode!l might
include both human performance and regulatory limitations; however, constructing two models,
one based on human performance and the other based solely on the legal constraints, could
provide a clear illustration of regulatory deficiencies. While all the dimensions apply to
description of both the task demands and the profile of factors, some dimensions are more
important in the description of task demands, and others are more important for the description of
the profile of factors. In summary, each dimension can describe the task demands imposed on
ship personnel, as well as the profile of factors that overlay these demaris to reveal the legal,
safety, and efficiency consequences for the system.
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B.1  DESCRIPTION OF CONTENT DIMENSIONS

B.1.1__Scope of analysis (nclusiveness)

The scope of the model refers to how inclusive a model is, specifying what aspects of the
complete system (crew, ship, or shore support) the model addresses. In other words, the scope of
the model specifies the “system” under examination. In some instances the “system’™ may be
defined very narrowly and in others it may be defined quite broadly. For example, the scope of a
model specifies the aspect or aspects of the ship included in a model (bridge, engine room,
catering facilities), the phase of the voyage (port operations, open ocean, piloted waters), or the
type of operation (fire fighting, spill mitigation, off loading, collision avoidance). Narrowing the
scope simplifies a model, but it may also reduce model validity and applicability. For example, a
manning model developed with a scope narrowed to open ocean operations may provide
misleading estimates of crew size for fire fighting and port operations. At the same time, a model
whose scope covers not only the entire ship, but also all phases of the voyage, under all types of
operations, would require enormous resources to construct. In general, limiting the scope of the
model decreases validity, while increasing the scope of the model increases the resources required
to construct the model. While a wide variety of dimensions might define the scope of model
content, some of the most salient include: aspect of ship, type of ship, phase of voyage, subset of
crew, and type of operation. Table 1 provides examples of the content of possible models and
various dimensions that define the scope of the analysis of manning models.

Bl2 Level of detaillt le (Specificity)

Like the scope of analysis, the level of detail of information included in a model acts 1o determine
model validity and cost. A greater level of detail may reflect the behavior of the system more
accurately, but model development may involve more effort and expense. The level of detail
defines the amount of information the model contains about either events across time or aspects
of the system. Information incorporated into a model might include extremely detailed
information or a simpler aggregation of detailed information into a coarser description of the
system. Aggregating information might summarize task elements over time or it might
amalgamate different aspects of the physical system. For example, a model might include
information about position fixing, course plotting, and course adjustment, or it might aggregate
these individual tasks into a summary task such as "navigation.” Likewise, for the physical
system, the level of detail may shift from including information about individual pipes and valves
involved in an oil tanker's unloading, to an aggregate that represents all the individual
components as a single piping system. Thus, less detail results in a simpler model, but it also
limits how closely the model can mimic the actual system.
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Table 1. Dimensions that limit the scope of a manning model and examples of model
content for each of these dimensions.

Aspect of ship Aspect of voyage Subset of personnel  Type of operation

Bridge Open ocean sailing Cap:ain and pilot Fire fighting

Engine room Piloted waters Bridge staff Man overboard

Deck Heavy weather sailing ~ Day workers Bunkering

Control room Docking Oil spill mitigation
Cargo loading

Navi Eation

B.13 Interactions among subsvstems

An important consideration in defining the scope of the model involves how the model
incorporates interactions across parts of the system. This issue becomes important because many
system components interact with other components. However, most of these interactions are
extremely small, and model accuracy does not suffer by their elimination. Since model scope
defines the parts of the system included, it eliminates all interactions with parts of the system not
included in the model. If significant interactions exist, but are no: incorporated into the model,
then the model will not accurately reflect the system and it may produce misleading results. The
development of a model must strike a balance between the extreme systems perspective, in which
the model must include the entire system because all aspects of the system depend on all other
aspects, and a reductionistic view that sees all aspects of the system as independent.

The ability of a mate to plot a course and communicate with the VTS provides a concrete
example illustrating the poteatial interactions across aspects of the ship/shore support system. A
model of the mate’s performance managing communications might operate independently of
another model of his performance plotting the course. Altematively, a single model might be
constructed that predicts both performance on the course plotting and the communication with the
VTS. A comparison of these two modeling approaches reveals the potential problems with each.
The results of the first would be very misleading if calls from the VTS interrupt the mate’s task of
course plotting, leading to errors in both the course plotting and VTS communications. The
complexity of the second model may enable it to predict performance of VTS communications
and course plotting accurately, but it may require more resources to develop and it may be more
difficult to use.

B..4__Level of abstraction

Unlike the level of detail and scope, changes in the level of abstraction address the focus of the
model rather than the tradeoff between validity and costs. The level of abstraction specifies the
types of terms and concepts used to describe the system. These terms and concepts determine
what data the model will require, as well as what information the model will provide. The level




of abstraction varies from concrete descriptions that include information about the physical
characteristics of the system (distances, colors, sizes), to more abstract representations that
describe the system in terms more closely related to the functional characteristics or purposes of
the system (information flow, transfer functions, and functional relationships). Figure 1 provides
a graphical illustration of the same system at two levels of abstraction. The physical level
includes information conceming the physical configuration of the ship, while the functicnal level
includes information about the functional linkages between parts of the ship.

Physical Description

Functional Description

O

Figure 1. An illustration showing that a low level of abstraction (Physical), which includes
the physical characteristics of the ship (distances and physical positions) provides different
information compared to a more abstract description (Functional), based on information
flows and authority gradients.

Models developed using different levels of abstraction provide answers to different kinds of
questions. For example, a model designed to estimate the effectiveness of the crew to monitor the
filling of cargo tanks requires a model that includes information at a relatively low level of
abstraction. Since the ability to monitor the tanks depends on their ability to move from tank to
tank, the physical location of the tanks will limit the frequency that the personnel would be able
to check the tanks. If the model did not include information at a low level of abstraction,
describing the physical location of the tanks, then it would fail to provide information about how
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different loading procedures affect the ability to monitor the level of the tanks and prevent spills
due to overfilling.

Some questions require more abstract information, and the data about the physical configuration
of the ship only complicates the model. For example, in modeling communications between
pilot, captain, tugs, dock workers, and deck personnel during the docking of a ship, the more
abstract concepts of information flows and authority gradients provide a useful description of a
system.

B.LS _Veridicality of |

Veridicality of model content refers to the accuracy with which the model represents the
cognitive and physical limitations of humans. At one extreme, the model may consider human
limits only in terms of workhour requirements. At the other extreme, the model may include
information about not only the decision process, but also the physical limits of perception and
biomechanics. In a manning model, both physical and cognitive limits of humans may be
important. For example, physical demands as well as mental demands influence the fatigue of
personnel, and fatigue may lead to an increase in human error, thus reducing ship safety. A
manning model may contain a wide variety of cognitive and physical characteristics that limit the
ability of personnel to control the system. Some of these factors include limits in auditory and
visual capabilities, as well as memory capacity and crew coordination. Including the cognitive
and physical limits of humans acts to increase the veridicality of the model; however, they will
also increase its cost and complexity.

In addition to including the cognitive and physical characteristics that influence human
performance, model veridicality also depends on the representation of the decision making
process. Just as a more veridical model may result by including human cognitive and physical
characteristics, the representation of the decision making process can vary from simply a
restatement of the task demands, to a model based on a psychological theory of how humans
integrate information. At one extreme, the model includes only information conceming what
personnel must do to satisfy the demands of the system, and at the other extreme, the model
includes detailed information about cognitive processes involved in decision making.

Three major approaches differentiate between methods used to represent the decision making
process: Normative, Qutcome, and Process. Normative modeling represents decision making
in terms of a normative procedure. That is, the model would represent decision making as if
decisions conform to a mathematical ideal, optimally satisfying the demands of the task.

Edwards (1962) introduced this approach by using a Bayesian approach to combine statistical
information about possible decision choices to predict the optimal choice where optimal decisions
depend on a global estimate of the probabilities of failure or expected gain of the possible
choices. Basing a model of behavior on emergency procedures provides another example of the
normative approach. In this case emergency procedures are normative in the sense that they
represent the proper coarse of action. The second approach, outcome modeling, represents



decision making by simply matching the cutcome of the model with that of actual operators. This
approach addresses only the correlation between the behavior of the system being modeled and
the output of the model. The ability of linear regression equations to predict human decision
making performance illustrates the utility of this approach (Dawes, Faust, and Meehl, 1989). The
third appreach, process modeling, represents the actual decision making process, incorporating a
description of the steps involved in the decision making (Payne, 1976; Payne, Bettman, and
Johnson, 1988). This description might include strategies, and the cognitive limitations and
capabilities that constrain the decision making process. This modeling approach includes a
description of the cognitive processes involved in the decision making task, and provides an
outcome measure of system performance, as well as an understanding of how the process might
fail.

It is also important to consider the overall relationship between the crew and the system.
Increasingly sophisticated technology has changed the role of the human, distancing personnel
from the process through increasing levels of automation. As more sophisticated technology is
implemented personnel act more as supervisory controllers, rather than direct manual controllers
(Sheridan, 1987). In this situation, personnel spend little time actively involved in the process,
but they monitor the automation and intervene when the automation fails. This presents a
particularly difficult situation to model. Workload may vary greatly, dropping when automation
carries out the task and the human simply monitors its performance, and increasing when the
human intervenes and retums to manual control. A model that fails to incorporate the factors that
influence transitions between automatic and manual control may produce estimates of workload
and crew requirements that differ greatly from reality (Sheridan and Hennessy, 1984). Simply
assuming that ship personnel will take advantage of the capabilities of the automation may
underestimate the crew required to staff the ship adequately. Thus, veridicality of a model’s
representation of personnel may vary from including a detailed description of how the demands
of supervisory control influence decision making, to a model that ignores all the physical and
psychological characteristics of personnel.

B.L6 Oreanization of model content

The organization of model content defines the types of questions that the model might answer.
Sections B.1.1 to B.1.5 have described how models might differ in their content, and this section
describes the organization of mode! content. The variables associated with a model fall into three
categories: Parametric/Input, Structural, and Outcome. The Parametric/Input variables
represent aspects of the system that are manipulated to determine their effect on system
performance. In the context of a manning model, Parametric/Input variables might include
crew size, trade route, weather, traffic density, crew expertise, and organizational structure.
Adjusting these variables reveals how these factors affect the operation of the system.

In contrast to Parametric/Input variables, Structural variables represent the constraints and

demands of the system. These variables are fixed and represent relationships contained in a
manning model. These variables might include: the effect of fatigue on the time to perform a
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task, the memory limitations of crew members, the tasks involved, the relationship between
behavior and system state, and the probability of successfully completing tasks. Structural
variables comprise the model content, and would remain unchanged during model use.

Outcome variables represent measures of system performance. These variables include the
overall reliability of the system, the number of neglected tasks, the number of hours on duty, or
the precision of a maneuver. The complexity of the model content and the choice of modeling
tool limit the outcome variables of the model. For example, a timeline model cannot produce
estimates of overall system reliability. Instead, a timeline-based approach would illustrate which
tasks might not be performed because of multiple, simultaneous demands on a single person’s
time. Likewise, an event tree diagram, which represents the system with event probabilities,
might fail to capture the effects of high levels of workload, but it would provide an estimate of the
overall system reliability. Because the choice of model content and modeling tool defines the
possible outcome measures, selecting the most appropriate t0ol and content is critical.

B2  CONCLUSIONS

Just as characteristics of tools limit the capabilities of manning models, model content limits the
ability of a model to mimic reality. The detaiied description of six dimensions of model content
shows how each of these dimensions affects model accuracy. Some of these dimensions (scope
of analysis and level of detail) refer to the breadth of a model’s description of a system. Other
dimensions, such as the interactions among subsystems, level of abstraction, and veridicality of
content, refer to the types of relationships included in a model. The final dimension, organization
of model content, illustrates the limits of the model determined by how information is
incorporated into the model. This organization specifies which variables may be manipulated and
which are fixed. These six dimensions of model content combine with the limits and capabilities
of a modeling tool to determine model validity and the type of information that 2 model can
produce. Therefore, creating a manning model should involve an evaluation of how model
specifications affect each dimension, and how these effects influence model utility.




