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BRbstract

Aboard current ships, such as the DDG 51, engineering control and damage control activities are man-
power intensive. It is anticipated that, for future combatants, the workload demand arising from opera-
tion of systems under conditions of normal steaming and during casualty response will need to be

markedly reduced via automated monitoring, autonomous control, and other technology initiatives.

Current DDG 51 class ships can be considered as a manpower baseline and under Condition 111 typical
engineering control involves seven to eight watchstanders at manned stations in the Central Control Station,

the engine rooms and other machinery spaces. In contrast to this manning level, initiatives such as DD 21
and the integrated engineering plant (IEP) envision a partnership between the operator and the automation

system, with more and more of the operator’s func-
tions being shifted to the automation system as
manning levels decrease. This paper describes some
human systems integration studies of workload
demand reduction and, consequently, manning
reduction that can be achieved due to application of
several advanced technology concepts. Advanced
system concept studies in relation to workload
demand are described and reviewed including:

» Piecemeal applications of diverse automation
and remote control technology concepts to
selected high driver tasks in current DDG 51
activities.

Development of the reduced ship’s crew by
virtual presence system that will provide auto-
mated monitoring and display to operators of
machinery health, compartment conditions,
and personnel health.

» The IEP envisions the machinery control sys-
tem as a provider of resources that are used by
various consumers around the ship. Resource
needs and consumer priorities are at all times
dependent upon the ship’s current mission and
the availability of equipment.pawnbrokers.
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Introduction

Considering current ships, such as the DDG
51, as a workload/manpower baseline, engi-
neering department workload will have to be
considerably reduced to meet the require-
ments of future combatants. This will be
achieved through automated monitoring,
autonomous control and other technology
initiatives. It should be noted that work-
load/manpower reduction is generally
regarded as a human systems integration
(HSI) activity but, in fact, system operator
workload demands are largely fixed by deci-
sions made during development in the sys-
tems engineering domain.

To achieve the level of workload reduction
contemplated, trade studies aimed at selec-
tion from alternative equipment items or
design concepts will need to incorporate cri-
teria that address the frequencies of occur-
rence, time durations, and skill levels of
operator tasks that result from operating
and maintenance requirements of the alter-
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native candidates. Since it is not the intent
of sharply reduced manning to result in

fewer, but much more highly trained oper-
ators, the traditional mindset of having the

operator oversee the automation system
will have to be abandoned in favor of an
operator-automation system partnership.
The operator and the automation system
will share the responsibility for monitoring
and controlling the ship’s systems, includ-
ing the responsibility for the automation
system to initiate a dialogue with the oper-
ator (or vice versa) when events dictate.
This paper presents a discussion of some
current combined systems engineering and
HSI initiatives directed toward
workload/manpower reduction.

The Naval Sea Systems Command
(NAVSEA) process for HSI and optimized
manning is intended for application both
early in and throughout the system acquisi-
tion process. Analysis of alternative func-
tion allocations that vary in level of
automation and, consequently, acquisition
cost is the mechanism for achieving opti-
mized manning. This process calls out the
following steps during system development:

= Analyze mission requirements and define
mission scenarios

= Analyze functional requirements and

identify HSI high drivers

m Allocate functions, re-engineer and define
roles of humans

m Allocate functions, re-engineer and define
roles of the automation system

» Develop alternate workload/manning
concepts

= Conduct task network simulations or
other workload and performance analyses

= Conduct tradeoffs and assess human per-
formance, safety, and workload

» Define task networks and analyze task
requirements

» Design operator-machine interfaces
(OMI) and develop training programs
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The R&D efforts discussed in this paper
exemplify many of the steps in the NAVSEA
HSI process; point out the necessary interac-
tion between systems engineering, HSI and
fleet operators and indicate progress to date
in reduction of workload/manpower demand
in shipboard engineering departments.

HSI Analysis and Design
Support for Automated
Shipboard Ruxiliary Systems

Kirkpatrick (1998) reported on a study car-
ried out for NAVSEA in which engineering
control activities aboard DDG 51 class ships
constituted a workload baseline and analyses
were conducted of the potential workload
reduction associated with automation con-
cepts. HSI methods were applied to model-
ing and analysis of watchstander workload
of engineering control personnel aboard cur-
rent DDG 51 ships. Task analysis methodol-
ogy was used to define the current baseline
tasks and workload. Engineering control
tasks were identified using ship manpower
documents and inputs from experienced sub-
ject matter experts.

The task list was reviewed and corrected as
necessary by engineering control personnel
during ship visits aboard the USS Arleigh
Burke. Estimates of the frequency of perfor-
mance of tasks and task duration were
obtained from experienced watchstanders.
Workload analyses were conducted using task
network models developed under Simulation
for Workload Analysis and Modeling
(SIMWAM) software and by means of aver-
age workload calculations built into task
databases. Similar models were developed for
workload under alternative concepts for
increased automation and remote control of
propulsion and auxiliary machinery.

Under Condition III, the following stations
are manned aboard the USS Arleigh Burke:

» Central Control Station (CCS)

— Engineering Officer of the Watch
(EOOW)
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— Propulsion and Auxiliary Control
Console Operator (PACCO)

— Electric Plant Control Console
Operator (EPCC Op)

» Engineering Spaces
— Engine Room Operator 1 (ERO 1)
— Engine Room Operator 2 (ERO 2)
— Propulsion Systems Monitor (PSM)
— Auxiliary Systems Monitor (ASM)
- Oil King

Up to 23 persons may be required to man-
up engineering control depending on readi-
ness conditions and on the evolution being
performed. The workload analyses being
conducted in this project address Condition
III (deployed or wartime steaming). While
this condition is not as manpower intensive
as Condition I, the need to have multiple
watch sections (usually 3) causes Condition
III to drive total shipboard manpower.
Under Condition I, all personnel man sta-
tions and the condition can only be main-
tained for a limited number of hours. The
analyses also addressed normal operating
conditions without equipment failures, dam-
age, or other emergencies. As under
Condition I, personnel other than the engi-
neering control watchstanders would per-
form additional workload associated with
abnormal events.

Results of the runs of the SIMWAM baseline
model were entered into the average workload
fields of the baseline task analysis database.
Table 1 shows average workload in man-hours
per watch for the seven manned stations.

In the course of a four hour watch, the total
workload for the baseline model in Table 1
is 17.690 man hours and the equivalent
number of withstanders is 17.690 man
hours/4.0 man hours per withstander =
4.423 withstanders.

Figure 1 shows functions that may be
regarded as categories of engineering control
withstander tasks and the percent of total
workload accounted for by these categories
in the baseline model.
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Engineering Control Workload per Watch
by Manned Station for the Baseline Model

MANNED STATION  MAN HOURS PER WATCH
EOOW 0.733
PACCO 0.984
EPCC Op 0.338
ERO 1 2.798
ASM 4.382
ERO 2 3.234
PSM 3.346
Oil King 1.875
TOTAL 17.690

Among the high driver task categories are
the following;:

= Change of watch

= Communications between personnel
= Fuel management

» Investigation of abnormalities

= Maintenance of physical security

» Monitoring of SSGTGs

= Hourly rounds by the PSM and ASM

= Operation of chill water and potable
water systems

» Turbine water wash tasks with propul-
sion turbines and SSGTGs combined

Analyses were conducted of the potential for
workload/manpower reduction of increased
capability for remote machinery control
from the CCS and of increased automation
and autonomous control. In Phase I of the
project, the goal was to examine reduction
of the need for personnel in the machinery
rooms. Technology assessments were made
with regard to eliminating tasks currently
performed in the engineering spaces and
transferring these to the CCS where they
would be accomplished by means of remote
sensing and control. In Phase I very little was
done in the way of total workload reduc-
tion. Rather, tasks could be regarded as
moving from the machinery spaces but still
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Task Category
Hourly rounds
Fuel management
Comms
Op. water systems

Op. equipment |

Change watch
Investigate abnorm.
Mon. air compressors
Op. elect. plant eqgpt.

Water wash |

Maintain phys. security
Cp. prop. eqgpt.
Service lube oil purifier

Adjust lube oil

Op. 35GTGs

Set DCM condition |

Op. oily waste syst.
Op. drain systems

Op. degauss panel |

Align bleed air syst.

0.

FIGURE 1:
Distribution of
Baseline Workload by
Task Category
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having the same workload demands. Table 2
shows the results of this analysis in the col-
umn titled Phase I Alternative. Reduction of
total workload in this column is largely
because of the reduced need to communicate
between spaces. Aboard the DDG 51, CCS

Engineering Control Workload per Watch by
Manned Station for the Baseline and Alternative Models

MANNED STATION

EOOW
PACCO
EPCC Op
ERO1
ASM
ERO 2
PSM
Oil King

Central Control Station
Equivalent Watchstanders

Machinery Spaces

Equivalent Watchstanders

Total Man Hours

Equivalent Watchstanders
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03

MAN HOURS PER WATCH

Phase 1Baseline  Phase 1 Alternative Phase Il Alternative
0.733 1.876 0.675
0.984 2.634 1.667
0.338 1.404 1.291
2.798 — —
4.382 4391 1.687
3234 - —
3.346 3.457 1.274
1.875 — —
2.055 5915 3.633
0.514 1.479 0.908
15.635 7.848 2.961
3.909 1.962 0.740

17.690 13.763 6.594
4.423 3.441 1.649

ver Reduction

operators can generally receive sufficient
information from displays to make decisions
about machine control. Implementing these
decisions, however, often requires that they
use ship voice communications equipment to
direct machinery space operators to take
action locally. Therefore, the workload asso-
ciated with voice communications amounts
to about 13 percent of the total in Figure 1.

In Phase II all operator tasks were reviewed
to determine how automation, autonomous
control and other technology capabilities
could eliminate or reduce their workload
demands. The results are shown in Table 2
in the column labeled Phase 11 alternative.
The technology assumptions underlying the
Phase II alternative concept resulted in a
workload reduction of about 63 percent.

Reduced Ship Crew by
Virtual Presence (RSVP)

The reduced ship crew by virtual presence
(RSVP) system employs state-of-the-art and
developing technologies to provide extensive
shipboard monitoring and display. RSVP
presents information concerning compart-
ment environments, systems and machinery
status and health, structural integrity, and
personnel status. The overall objective of
RSVP is to rapidly provide ship engineering
department personnel with well-defined
information and knowledge that summarizes
the readiness of the ship to meet mission
requirements. In other words, RSVP is a tool
that (1) supports situation awareness and
decision making for ship managers and (2)
presents this information with a minimum of
human work and information processing.
RSVP collects extensive amounts of ship
data and consolidates the data into informa-
tion and knowledge structures. Sensor data
are transmitted in a wireless fashion within
compartments and are processed via a fault
tolerant network to be saved and displayed
at a workstation intended to be used by
watchstanders. Figure 2 shows some of the
elements of the RSVP system.
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RSVP sensor clusters capture information in
ships spaces including:

= Structure

» Machinery health

= Environment

n Crew status and health

m RSVP system health

In the Kirkpatrick (1998) study discussed
previously, there was no development of the
technology capabilities assumed in the Phase
I and Phase II alternative concepts.
Technology capabilities were reviewed in
order to formulate assumptions about how
these could impact workload demand. In the
RSVP project a prototype system was devel-
oped and demonstrated in an Office of
Naval Research advanced technology
demonstration program. Many of the remote
sensing capability assumptions made in the
automated auxiliaries project were given
substance by RSVP. The automated auxil-
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iaries effort dealt only with tasks performed FIGURE 2:

by the engineering control watch under
Condition III normal steaming. Data sensed
and displayed by RSVP, on the other hand,
would be utilized not only for engineering
control but also for damage control as well
as for machinery health, personnel health,
and environmental monitoring.

Baker and Kirkpatrick (2000) documented
the results of an effort to estimate the
extent of human work reduction that may
be realized by provision of the RSVP sys-
tem to existing ship work requirements.
The analysis was performed for two areas
aboard the DDG 51: (1) workload of engi-
neering control personnel and (2) a fire and
flood damage control scenario. In both
cases, previous analyses of workload associ-
ated with the existing designs were
reviewed and work load redistributed
according to the functionality of RSVP and
its ability to perform extensive ship moni-
toring, data analysis and fusion.
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FIGURE 3:

Cumulative Frequency

Distribution by Type of
Parameter Recorded by
Roving Monitors
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Parameter Type

Sight Glass
Moisture

Fluid Level
Discrete Mode
Air Flow

Time

Electrical Current
Pressure
Temperature

Complexity
of
Measurement

40 60 80 100
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Results of the study included estimated
workload reductions of:

m 73% for the damage control administra-
tor/DC team located in Damage Control
Central for a fire and flood scenario
aboard the DDG 51

» 47% for personnel tasks performed in
the machinery spaces aboard DDG 51
for each four-hour watch under condi-
tion III steaming.

In connection with RSVP usability testing
aboard the USS Monterey (CG 61), copies
were obtained of data collection sheets used
by the roving monitors to record machinery
parameters during rounds in the engineering
spaces (Kirkpatrick and Malone 2001).
These manned stations are similar to the
propulsion monitor and auxiliary systems
monitor aboard the DDG 51. The parame-
ters recorded by roving monitors were classi-
fied as follows:

» Visual observation of fluid level
or condition using a sight glass

s Moisture

» Fluid level

m Discrete mode (e.g., identification of the
pump currently on line where more than
one is available)

u Air flow

» Time (e.g., cumulative run time for a
component)

m Electrical current
m Pressure

» Temperature

Figure 3 shows the cumulative frequencies of
the parameter types in ascending order of
the estimated complexity of automatically
measuring the parameter via sensors. Most
of the parameter types present no problem
and, in fact, are currently measured by the
prototype RSVP system. Fluid level measure-
ments in general are somewhat more compli-
cated than are temperature, pressure, €tc.
Moisture determination would require
assessment of water content. Measurements
that currently use human observation of a
sight glass would require analysis of the
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exact target property. Such observations
often involve fluid level or fluid quality (e.g.,
contaminants in fuel or lubricating oil) and
might be obtained by level or chemical
analysis methods already discussed.

Figure 3 indicates the cumulative percent of
all parameters that could be accommodated
if the type in question and all less complex
types could be measured. Measurements of
temperature alone would accommodate
about 35 percent of all parameters.
Measurements of temperature and pressure
would accommodate about 67 percent of all
parameters. Measurements of parameters up
and including fluid level would accommo-
date over 90 percent of all parameters and
would very nearly obviate the need for
hourly rounds by roving monitors.

The objection may be made that roving
monitors do not just record specific parame-
ters but also look and listen for problems or
abnormal conditions while making rounds.
RSVP addresses this issue by providing
audio and steerable video inputs from com-
partments to the watchstander console. If a
watchstander is needed to constantly moni-
tor compartments remotely then the appar-
ent workload reduction potential of RSVP
may be over estimated. The argument here is
that the intent of RSVP is to provide auto-
matic monitoring of sufficient parameters
that abnormal conditions in a compartment
will be detected automatically and one or
more event alarm(s) will be presented to
direct the central operator’s attention to the
compartment, machine, structure, or person
in question. Although technology exists that
would permit autonomous monitoring of
video and audio information from a com-
partment, it remains to be seen if intelligent
pattern recognition will permit identification
of sufficient events to obviate the need for a
watchstander (local or remote).

HS| for the Integrated Engineering Plant

The IEP is being developed to provide a rad-
ical increase in the level of automation for

NAVAL ENGINEERS JOURNAL

propulsion and auxiliary machinery aboard
future Navy ships. A commensurate reduc-
tion in engineering control workload/man-
ning and cost of ownership associated with
manning will also be achieved. The IEP is
notionally a three-tier architecture with local
or subsystem control at the lowest tier, sys-
tem interaction and tactical decision making
at the intermediate level, and strategic deci-
sion making and operator interaction at the
highest level. By knowing the ship’s current
mission or mix of missions, a plan can be
developed which provides an optimal
response to the mission using combat sys-
tems equipment, weapons launchers, and
propulsion requirements. Knowing which
equipment needs to be operated, and at
what level, the plan can then be broken
down into a set of resource requirements.
The various degrees of importance for each
of the elements of the plan determine subsys-
tem configuration and load priorities. The
result constitutes an execution or implemen-
tation plan that can be used by subsystem
controllers to perform distributed control
over their respective subsystem. Equipment
malfunction or damage will result in new
goals and/or replanning as necessary. The
IEP watchstander will assist in mission deter-
mination and in decision making.

The objective of a study reported by
Kirkpatrick, Malone and Heasly (2000) was
to perform a top down function analysis
(TDFA) for IEP. This involved identification
and decomposition of engineering control
functions based on current Navy surface
ships to support function allocation and
determination of human roles so as to
achieve workload/manning reduction aboard
future ships using IEP. The goal is to reduce
engineering control manning to one watch-
stander located at the Multi Modal Watch
Station (MMWS) under normal operating
conditions with, perhaps, a second person
available to go into the engineering spaces
on an as-required basis.

It was assumed that the machinery systems
to be incorporated into future Navy ships
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will be largely those currently on board
DDG 51 class destroyers. The primary
exception to the above was the assumption
that the “more electric ship” concept will be
applied to future ships in the form of the
integrated power System (IPS). Current
DDG 51 class ships use gas turbines, reduc-
tion gear sets and shafts to provide propul-
sion. Ship’s electrical power is produced by
means of ship service gas turbine generators
(SSGTGs) that are independent gas turbine
generator sets. In contrast, the IPS concept
calls for the main power turbines to drive
generators and function so as to provide
electrical power. Electric propulsion motors
will constitute one of the ship electrical sys-
tems drawing from the outputs of the gener-
ators that will also supply electrical power
for other ship systems. A representative IPS
control architecture described by Hegner,
Desai, and Lively (2001) shows how the
mission context can be used to determine
resource requirements and load priorities.

The TDFA produced by this effort consists
of a decomposition of IEP functions down to
the fifth level. For each function the follow-
ing functional requirements were identified:

» Information: the information required to
perform the function

m Decision: the decision and selection from
among alternative actions required to
perform the function

» Performance: the action required to per-
form and verify the function

» Local: requirements (if any) for human
presence at the machine or component
involved in the function.

In principle, a TDFA is completed when the
analyst must state a means of performing the
function to proceed farther with function
decomposition. At this point, the TDFA is
regarded as finished and the next step is
function allocation. In practice, the Local
function property was also included because
of the assumption that the physical machin-
ery to be controlled would be similar to that
onboard DDG 51 class ships. Local require-

ments often arose because the component in
question was an off-the-shelf item and oper-
ator activation, maintenance, monitoring,
etc. was inherent in the design.

The IEP TDFA addresses the first two steps
in the NAVSEA HSI and manpower opti-
mization process. The data will be employed
in future phases to support function alloca-
tion, modeling, and simulation to analyze
workload requirements and development of
operator-machine interactions and interfaces.

Conclusions

The current manning for an engineering con-
trol watch aboard DDG 51 class ships is
eight watchstanders. The automated auxil-
iaries study discussed here suggested that this
could be reduced to one watchstander plus a
fraction of a watchstander who could, pre-
sumably perform other duties as required.
This notion was based only on characteris-
tics of the operator tasks currently per-
formed and assessments of applicable
automation and remote control technology.
The goal of the IEP program is to accom-
plish engineering control functions using one
watchstander. Depending on how the com-
partment and machine local access require-
ments are resolved, this might rise slightly
and be consistent with the automated auxil-
iaries study results. The RSVP program pro-
vides a valuable verification of the technical
feasibility of highly automated monitoring
and demonstrates specifically how this capa-
bility can significantly reduce engineering
control workload and manning. It also goes
beyond the engineering control domain to
show a benefit in the areas of personnel
health and damage assessment and control.
Considered in total, this body of work pro-
vides a good indication of the future work-
load/manpower reduction that can be
obtained for surface combatants and sup-
ports the contention that this objective can
best be achieved through a cooperative effort
by systems engineering, HSI, and the Fleet. =
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