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SUMMARY

The detaiias of traveling from port to dsts buoy locations for dats buoy system
deployment and /or maintensnce provide a bagis for determining a large fraction of
the annual cperating cost of a data buoy system. Buch details are siso at the ccre of &

geries of highly Interrelated and impw. .ant questions such as, “"How many buoys ghou'd

a buoy-tending ship be desipnad to carry? What is the optimum average cruise speed?
How many deployment/msintensnce porta should be used? What number of days in port
abould follow each cruise 7' Answers to all of thege questions and others of simfilar
nature are needed to provide 2 firm basis for U.8. Coast Guard National Data Buoy
Evatems development planning. This study includes investigation of each of the
questions noted, and meny others. The resultz of the {nvestigations are presented as
functions of many different parameters, inciuding number of buoys in the system, ship
buoy-carrying capacity, ship average speed, nunher of deployment ports, number of
days in port per cruise, time-to-plant each buoy, ship operating base cost per ses day,
ship maintenance coat per day, fuel cos per n ini, and othere.

In this study, all system investigations have been carried out in the following
manner. First, analyses were performed for each of 9 non-overlapping geographical -
regions called Modular Deployment Zones (MDZx) covering the oceans of the northern
hemisphere, Second, certain MDZ resuits were combined for 8 MDZs collectively
referred to as the coutal North America (CNA) region covering the waters from the
North Amorican coast to 400 n mi off shore., Third, the results for the remaining 3
MDZs were combined for a region (outside CNA) oollectively known a3 the rorthers
hemisphere Deep Ocean (DO) region. Finally, results from all § M) have been
combined to give aversges for sach of the seven specific deia bw; systoms considered,
rasgisg in size from the 500-bucy bsssline system. down to a 60~bucy system.
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points; it then generates ~: .ise time as a function of speed and time-to-plant each
bucy under both ideal conditions (safety factor of 1.0) and indar the assumption that a
safety factor such 48 4/3 i8 nea‘ed to make allowance for bad weaiber and other
uncertainties. Ia addition to compuing diatsnce, time, and costs associaied with
depioy ment,/maintensnce cruises, the -odel also accepte bucy hardware costs--both
fixed and depth dependent, such a& mooring line cost—22d computes the irdividual and
cumulative coste of all buoys deployed. Aversze vsiuss ara calculeted for distance
traveled per bucy planted, ship .perating cost per huov planted, mcoring depth per
buoy, hardware cost per buoy, deployment time per buoy, buoys deployed per ship-year, etc.

The TRC buoy dsployment/meintenance modal has been structured to facilitate
modifications &and additions. In its present state the model is applicable to a compar-
able study of air-droppable data buoy systems, or for a study of the use of aircraft or
ships-of-opportunity to obiain marine dats, otc.

The results of studies such as this are recognized to be only as good as

8 The model programmed,
¢ The ranges and valuea of parameters used,
® vValues of system constants used.

The basi~ ~iructurz. o the time-to-deploy and coet-to~Jdeploy models are simple aad
straightforward and are believed to be acoeptably cloge to rezl~world conditions.

Beot strategies for deployment cruise scheduling is a relatively complex question for
which there is no exact genera! solution, sithough for sny given set of port and buoy
locations, thers is aiways one set of deployment cruiae schedules that {s at least as good
or botter than any other set out of the total of all possible scheduics. Because the
variables in this problem i{nclude (1) chip buoy~-carrying oapacity, (2) number and loca-
tions of buoys in a gven geographical regicn, and (3) port iocations, it wes elecisd not
to attempt to optimire deployment cruise schadules, but to use schedule strategics that
could at lesst be shown explicitly in specific instances to be better than other strategies
that appear intuitively to be as good or beiter. Ssveral such scheduling atrategtes have
been investigatsd and those shown to be best were used where applioable in this study.
Thus, although the deployment crulae schedules used herein are not suggested as
optimum, it is considered that the schedules are probably very close to optimum. The
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TARges and values of parameters used in this study were specified by the U.8. Coast
Guard National Data Buoy Systa ns Deaignated Project Office (USCG NDB8 DPO}. Most
of the study results summsirized below are grestly dependent on the accurscy of the
parameter values and are confined to the parameter ranges specified by the NDBS DPO,
One of the most significant results to smerge from this study applies to the buoy
deployment/maeaintenance ship. For the cost values supplied and the range of perameters
investigated, the 12-buoy, 18 kt ship was clearly superior, based on average ship
operaticg cost psr buoy planted. This oconclusion has been shown to be independent of
selected variations in ship operating base coat per sea-day, time-to~plant each buoy,
numbar of deployment porta, relative proximity of buoy networkr to deployment port
and incorporstion of prorated ship consiruction costs. The alternaiives on either side
of the 12-buoy, 15 kt ship iooating $16.4 million) are the 8-buoy, 15 kt ship (costing
$11.6 million) and the 12-bucy, 21 kt ship (costing $30.8 million}. Chotoe of the 13-
buoy, 18 kt ship shows typical savings in average ship opsrating cost per buoy planted
to be of the order of 16-17% when compared with the 8-buoy, 15 kt ship, and of the
order of 6-10% when compared with the 12-buoy, 21 kt ship, Comparison with the
other ships considered® shows even higher savings. As noted surlier, the validity of
thia result depends strongly on the scourncy of the cost faciors provided,
Amrcmmtuﬂt&mmmm-dh -mmmmzm
characteristios mbmd““w&hwbumm‘,
factor, mmmn«mmm l‘whm nn-up-n
& nuber of ofher WMM, 9mmu & ooet por
buoy plasied 1s sbout $14,000 for OWA brops, $38,000 er DO bucye. with betwesa
$18,000 and §19,006 ragresssting the average over all buoys. Theee sverags cent valuse
are essentially trusentun of sussber of beoys fn the aystem far'Sie seven busy sysisme

“The e&t?m M uuua.ﬁmw uu&m.ms-

M‘M“ m:m lt-hw l?itum.lmmm
»

The rasults are NAMN - mm“im m
plant onch hw 210 port digs per orulse, & oalaty Bister of 1.8 (Le., ideal

woather and MWﬁ.ﬂmmamm
Va., fen Prencieco, and Hewelubu),




The system development planning facror, average-ship-opersating-cost-per-buoy-
planted, is sensitive to variation in base ship operating cost per sea-day. For the
12-buoy, 18 kt ship (and the other conditiong noted earlier), the average ship opcvating
cost per buoy planted varies approximsately $3.00 in proportion to every $1.00 change in
base ship operating cost per sea-day. The variationis higher for other ship con®gurations.

There is also senaitivity of the averags ship operating cost planning factor to
variation in time~to~plant each buoy. For the 12-buoy, 18 kt veasel (and the other
conditions noted earlier), the sensitivity is of the order of $230 saved per buoy
planted for each hour reduction in time-to-plant.

Average ship operating cost per buoy planiad {s sensitive to the number of
scheduled days in port per cruise undertaken. Moet of the results in this report are
based on 10 pcrt days per cruise, but factors of § port days and 20 port days were
also investigated for both 3-port and 8-port deployment contigurations. For the 12-
buoy, 18 kt ship and 3~port deployment, use of 5 port days, in placs of 10 port auys,
reduces average ship operating cost per buoy planted by 12%; uasing 20 port days per
cruige increases the average cost per buoy planted by 25%. For the 8-port deploy-
ment, comparable chunges aro 13.6% reduction and 27% incresae, respactively. Added
costs such as those commengurate with a two-craw concept ("Blue’ crew and "wuw*'
craw) noeeded to suatain the 5 port day condition have not bean taken into acoount,

Use of 8 deployment ports, rather than 3 ports, indicater for the 12-buoy, 18 kt
ship (and the other codditions noted earlier) the posafbility of a 8% reduction in average
si.'p operating cost per buoy planted in the CNA region, 2 7% reduotion ia the DO region,
and & reduction of slightly more thas 6% for both regions combined. In selacted MDD
the saving could run as high as 16%. None of thees comments takee tto Account the
sdfiticnal expense of ocastruction or malutenance at the additionsl § ports. In an over-
all sense, these additional costs would reduce the degree of saving noted.

Ovurall ship cpersting cost was camputed for duplorment of each of tha seven
data buoy systerss cohsidered. When usingthe 12-buoy, 18 kt 8..4p (and the othe:* conditions
noted oarlier) total deployment oost ranges frem $9.131 million for the S00-bhey buse-
Hoe sy tem, to 90.044 millior for the 60-tmoy system. Total deplovmet cost &
sseentially & Hnear function of number of buoys o the sysdu. For gystems of move
than 138 buoys, CNA deployment cost repressnts about $0% of the tete] deployment cost,
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although the number of CNA buoya repreasnts about 70% of the totzl, The DO buoys

are farther apart and at greater distances from deployment porte and, therefore, coet
more to deploy than CNA buoys. These total deplovment costs are for ideal conditions
(safety factor of 1.0).

Buoy hardware costs (conaidered to be cunservatively high) for a data buoy
comparsblie to the ONR discus were used to {llustraie the coat capebilities of the TRC
buoy deployment/maintenance simulation and cost mocal. It was determined that the
coet of hardware deployed in the 500-buoy system would be about $146 million and
nearly 5 million & of mooring line (one-point mooring, scope of 1.G) would be required,
Under the assumption that oceanographic ssngor packagss would be moor.ag-mounted
at up to 20 JAPSO levels through 5000 m depth, 8,336 packages would be required— _
an average of 16.8 sensor pack.zcs p>v buoy. Using the hardware costs provided, these ;
sensor packages represent 40% of the tota! bucy hardware cost, and the mooring
represents 4% of the cost. (The buoy hull cost wouid be only 27% of the totsl,) The
buoy hardware costa cited in this report are not intended for use in finincial plagning.

Another useful plenning factor that has emerged from this investigation is the 3
average maximum namber of buoys deploysd per shin-vear® For the 12-buoy 18 kt |
sk'n and 8-port deployment (and the othar conditions noted eartier), this planning factor
hag maximum numbers of Lioys pianted per abip-year of 137 ChA buoys. or 80 DO
buoys, or 120 buovs for the cowbined regions. il 3-port depioyment is used, the valses
beceme 141 CNA buoys, 96 DO bucys, or 135 combined DO and CNA baays plasted
per ship-yeor. These inctors spply for a2 safety factor of 1.¢ ({deal conditions} sad
prodebly chould be degreded by 108 to 30% to sccoust for bad westher and other Gpers-
tiosal unosTiainties. | | ‘

One of the mizor goals of this study was to consider brislly system relative
stisctivenses ~f the seven bucy aystem configurations. (The bucy ayeteens varied both
in nambers and fooatics of budya.) Some sysiem relative elfectivenses vaises have
been obéuined, but it is strossed thet this was dade more to tilustrate sawe of i

*T2are were sssumed to be 3% ship-days per abip-yoar, ieaving 80 days for over-
haul svery ¥ vears. il




facets of a more comprehensive study cf systemn relative effectiveness that should be
undertaken. Such a study would cor entrate on relating nt. .ers and [~cations of buoya
to the potential economniic, research, social, snd ~ilitary benefits that might derive
from the use of the collected date and/or data products {forecasts, etc.). The minor
effort undertaken for this report indicates that marginal system relutive effective-
ness per buoy added would be greatesat fur the small 60-buoy system and would '2c. sase
aimost linearly as the number of daia buoys in the system increases. Beyond the 375-
buoy point (nearly 95% system relative effectiveness) the margiral increase for each
added buov 18 quite small. In part, this conclusion is due to the assumption that the
50C-buoy baseline gystem is 100% effective. The brief attention devoted to this subject
suggests that system relative effectiveness is greatly enhanced by allowing the system
designer considersble freedom to select buoy locations that are closcly related to
setisfying data requirements that have high benafits. An ailternative to this policy—
bullding up the number of buoys with uniform emphasis in all 9 Modular Deployment
Zomes—ig ghown to be much less effective, in general.

As noted at the outset of this sumingry, the primary goal of thie study has bec..
the provision of analyses and results to aid the development planning for National
Data Buoy Systems. It is recognized that this study is nct definitive in many of the
subject areas addrossed, but 1 is beliaved that the study results, properly interpreted
in their applicatisu, will suffice as a partz! foundstion for planning at this stage of
davelcpment of National Dets Buoy Systems. As buoy and port locations, costs, snd
other factors become more firmly sstablished, the bucy deploy ment/maintenanocs
simulation and cost raode! can be used to refine or devolop as needed planning factors
suchas those presentead in thia report. Asinterest shifts {rom deployment of buoys to cyelic
maintenince, the computer model can stiil be used. Addition of other {estures tu the
mode!, such as westher conditions and soms decision rules relating weather ard
opsrations, can and ghould be undertaken. In this vein, then, this study offers an initial
foundetion for certain fac Yts of NUBS development planning, end an invitation to use
theos results as a point of deperture for further study efforts.
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FOREWORD

Contract Number DOT-CG-82504- A between the U. 8. Coast Guard and The
Travelers Research Center, Inc. (TRC) consists of five parallel activities. The five
final reports stemming from these activities are entitled:

(1) Applicability of National Data Buoy Systems to Refined National

SR TR M, I W R A S S

Requirements for Marine Meterological and Oceanographic Data

(2) Characteristics of National Data Buoy S8ystems: Their Impact
on Data Use and Measuremeunt of Natural Phenomens

(3) Cost Effectiveness Sensitivity of National Data Buoy Systems:
An Essay

(4) Computer Programs for National Data Buoy Systems Simulation
and Cost Models

(5) An Analysie of Cruige Strategies and Costs for Deployment of
National Data Buoy Systems

i

Each of these five reports is compiste in itsslf, but it must be recognized that
in all instances the other four activities both influenced and contributed to the results
presentad in each individual report, |

The present USCG/TRC contract is aa outgrowth of a study of the feasfbility of
national data buoy systems performed by TRC snd Alpine Geophysical Associstes for
the USCG during 1967, Nesd was evidens for investigation, research, sad aualysis io
greater depth in several sreas to support the concept forsmiation sxd depleyment
plasaing efforts of the sewly-Srmed U. 8. Coast Guard National Dain Buay fysiem
Dosigasted Project Office (NDBS DFO). ﬁuugmuhmwaﬁlﬁm
setisly some of thoee nseds.

mnnmmwwawnhcmwuﬂﬂm
afiordsd by the USCG NDBS DPO. Costrfimitens have buca mads ey Capx. am
(Project Mazager), Camdr, V. Bisshart, J. Wevier, £. Parher, P. Mecrill, md 12,
Cmdr. W. Morila Contract Mardtor). Askmvwledgn ’_ammnum
menbors of e THC A5 for aiguifssnt ssatstenes ia Be ‘ ,-tuumm
E. L. Durts, B. 3, B4 ‘"‘*’j*A.l.mun.um




1.0 INTRODUCTION

As part of the 1968 TRC contractial effort for the U. 8. Coeast Guard National
Data Buoy System Designated Project Office (NDBS DPQ), TRC proposed to develop
a computer automated date buoy system deployment and maintenance moael. This
mode! is described in Reference 1. For NDBS DPC technical development planning
purposes, {i was considered necessary to have a more sophiaticated, flexible system
simulation deploymeu! and maintenance model than was used for the 1967 National
Data Buoy Systems Feasibility Study. [2]

TRC also proposed ap part of its 1968 effort for the NDBS DPO to use the de-
ployment aspects of the computerized simulation mode! tc analyze a selected number
of system deployment and operations charactaristics to provide inputs for NDBS DPO
technical development planning for potential cational data buoy systems. This eport
presents the results of the analysis of data generated by the buoy deployment and
maintsnance simulation and cost (model.

1.1 Objectives
The principal objective of this study is to develop cost inforr.atior relsied to the
physical deployment of data bucys at specifiad locations throughayt the northers hem-
isphere Dasp Oceans and the Coastal North American Begion extending 400 nauticsl
miles {n mi) from shore,
Amrﬂemnmwm.mdnmthhoﬁruﬁomdﬁnh
principal objectives. Theass are: ‘
. mmm«w-wm~wwﬁr
umumaawwm
. Mdm&dmmuuﬂsﬂu‘

- m‘bmwwdmdm

~ﬁﬂlwhﬂtﬂlw _
dehh“ammmm
Mammw

) Wﬂwmwuamd»




1,2 Limitationa

As is often the case with studies of this typs, a number of limitetions must he ’
imposed on the use of the results. Prirmary among these is the need to recognize that
ship operating costs for deploying bucys as presented herein represert the minimum
attainable costs, because effects of seasonal climaie chenges and daiiy weather condi-
tions have not been considered. Also, the possible inability of the deployment ship to
carry out buoy implanting during night hours has not been expressly taken into account,
although the range of time-to-implant investigated should be a.cquate to cover all in-
teresting possibtiities. These limitations on the use of the resulta of this study are
considered to be minor at this stage of technical development planning, because a
broad scope of conditions has been investigated and the limitations noted can be easily
circumveatsd by reasonable interpretation of the daia snd the results of the analysis.

Since many of the results of this study are presented in the form of costs, it is ob-
vious that one potential limitation on the use of the results hinges on the degree of ac-
curacy associated with the cost inpu! dats. Cost data were provided by the NDBS DPC
for basic ship cost per day, fuel ~oet pur o mi as & function of both ship buoy-rarrying
capacity and spesd, and maintenanoce cost per day pertaining to saip comporeris also
2 function of ship buoy-carrying capacity and speed). In addition, construction ccets
were given lor ships of various buoy-carrying capecities (4, 6, &, 10, and 12) and
speeds (9, 12, 135, 18, 21, 24, 27, snd 30 it), In general, the ship maintenance coss
provided tend to be coustant as a function of spsed i{n the range of 9 to 15 kt, but they
vary over a range of $250 to $600 per dxy as a function of buoy-carryiey capacity. As
tpeedds incresee to values above 15 ki, ship maintenance cost risss (o $1400 per ay at
10 ki for ull buoy-carrying capacities coasidered. Fuel coets hawe similar cheracter-
fotics razgtog Detween $2 t) §6 per 2 mi st low speeds snd for varying capacities; fuel
acst vises to $30 per n mi st 30 kt for all buoy-carrying capacities. Ship comstruction
oosls rangn from approximately $8 audilios for 8 ship with & 4 buoy-carrying capscity
Ix S low spsed rangs, to $39 mullion for a 30 kt ship regardiess of buoy-carrying
copacity is the rangs considered (4 to 13 buoys). I additicn to the maintenance and *
sl coeta, s rangs for base cost per see-day of $3000 to 0900 was satablished by the
KDBS DPO. System cost data were v be caloniated by the model at theeo two vahss
and af an intermediate valus of $5000. Thess coxts are considered reprussntative of a




number of various shipborne personnel configu1 ations covering a variety of seaborne

operational deployment and maintenance concepts.

It was considered desirable by the NDBS DPO to establish a measure of system

effectiveness provided by each of the seven buoy system configurations outlined below.

The NDBS DPO recognized that at this stage of deployment effort, only a subjective

analysis of this question could be undertaken by TRC. Before a thorough study of thig

subject can take place, it will be necessary for the government agencies stating data

requirements to undertake a comparative evaluation of the relative value cf marine

invironmental data as a function both of parameters measured and geographical area

from which the data are collected.* Other important facets of this problem .aclude

location of sensors in the vertical and reporting time scheduies, as well as instrumenta-

tion accuracy, range, etc. The data products to be prepared and the henefits derived
from the uitimste use of the data products are also important ingredients in determining
system effectiveneas. Until relutive values of data and benefite have been determined by
the required agencied, it {8 not possible to carry out & truly objective analysias of system
effectiveneas. it {3 hoped that the subjective results describecd here may be of some use
in generating the duts base required for future objective system effoctivensas anslyses.
In this ctudy, the -utput of the buoy deployment model i# many-fold. It provides:

The approximate sost of all buoys deployed, individuslly by locstion
in ane of the nine regtoce, and in tutal |

The totsl length of mouring line required, s above
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¢ The minimura number of ssa-days required for each cruis:

¢ The total number of sea-days required for an entire depioyment, by
geographical regions and in total

& The nusnber of port-daye per cruise

® The total rumber of port-days for an entire deploymant, by geograph-
ical regione and in iots!l

® The total ship cost (sea-days plue port-days) for as entire deployment,
both as a mirimum value and with a 4/3 safety {~ctor applied

% The sensitivity of system costs to varislion in basu cost per sea-day

($2000, $5000, $8000/day)
8 The sensitivity of system costs to variation in time-to-implant esct

buoy (12, 24, 30, 36 hours)
¢ The costs of implanting buoys 38 a function of ship speed (9 tc 30 Kkt
i-. increments of 3 kt) and ship buoy-carrying capacity (4, 6, 8, 10, 12 tuoys)
© The avarage distance traveled per buov planted in eack of the nin
geog:raphical aress
9 The average number of days requived to plant each buoy, as sbove
¢ The average number of buoys planted in a 335 day working year

Typical examples « %e buoy depioyment and maintenance simulation and cost
compu.. r model cutput are shown in Appendix A. The usefulness of the computer model
employed in this buoy deployment study extends beyond the applications described here.
For example, the model has been designed to accommodate scheduled maini=nance of
buoys, in which ire number of buoys visited exceeds the nuraber carried and, hence,
on-board refurbiskment of data buoys is required.* The model can acconimodsie the
concept of leaving a port, visiting a depot to take on buoys, deploying {or maintaining)
buoys and then returning to a diiferent depot and/or port. The model can be instructed
to test the ability to go to each successive buoy location and return to port within a
specified total number of cruise days. Thi; feature i~ especially useful for teeting the
feasibility of minimizing the number of maintenance cruises by use of an on-board
refurbishment concept. It is antic.pated that the buoy deployment and maintenance
computer model will be of use to the NDRS DPO throughout the foreseesble future.

*Iz this report, refurbishment impiles both replacement of comy: ~=nis und minor
repairs of non-replaceable ‘tems. such as the buoy hull.
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1.3  Approsck

* The spproach undertaken in this atudy has besr develcoped in close conjuncticm
with U. 8. Coast Guard NDBS DPQ. For example, the NDBS DPO selected Portsmouth,
Va.. San Francisco, Calif,, and Honolwlu, Ha., as deploymeni ports, With NoBS
DPO guidance it was decided that the baseline NDBS system for the study would con- ]
sist of 500 data buoys in the northern hemisphere, with 150 Desp Ocaan (DO) buoys 3
spaced approximately 500 n mf apart and 380 Cosstal North American (CNA) buovs
spacad approximately 100 n mi apart in & region around the North Anierican Coutinent
out to 400 n mi Srom shore., These spacings are considered represemative of fivencss
of grid sufficient to satisfy a majority of the {dentified sperstional data requirements in
these regions.*

; Six additional bucy petwork configurations were also selected fo~ this study,

| They include 2 three-fourths baseline system (375 buays), two 50 percen: base line

coufigurations (250 buoys each), two 25 percent base configursiione (eech 128 buoys)

snd a 12 percent baseline configuration 50 buoys).

The ratiouales for locating dsta buoys in the DO s2d CNA regions were deter- A
mined in gross fashion in conjunction with ihe NDBS DFG; detsils of actusl cholce
of latitudes and lougitudes were loft in the handa of TRC. In genersl, the aporosch 3
used for choosing buoy locations was as follows: Mesting grid spscing requiremonts L g
cf 500 and 100 n mi dictated the locations of most of the buoys in the baseline system;
location of the 375 bucys (n the three-fourths beseline system was based on a 600 n md
; DO grid and s variable 100~150 n mi CNA grid developed &3 part of the 1988 refive-
| meut of marine euvironmental dsta requirements carried on st TRC in paraliel with b
this study {5). Many of the 375 buoys are located to meet specific opemﬂbnal requize- r
ments stated by U, 8, government agencies, The grid spacings for the 375-buoy
system have been sccepted by agency represcatatives as reasonable for an luitial

. *In an actudl deploymeit, the positioning of buoys will be a function of many var-
iatles and inputs. For the purposes of this study, it is considered sufficient to deal
with representative numbers of buoys &t representative spacings in the geographical

. regions of interest. The numbar of buoys involived is sufficiently large to give a
good statistical sample, &s can be seen from the results disoussed in the remainder
of thie report.




NDBS in the DO and CNA regions. (The agencies have not approved the locations used
in the 375-buoy networks.) Locations for the one-half baseline system fell into two
categeries. In one category the locutions of the 250 buoys were left to the discretion
of the “system designer” and tended to be spscified at those 250 locations of the 375-
buoy system subjectively deemed moest beneficial to dats users. In the second category
the “system designer” was comstrained to locate buovs in each of the 9 geographical
regions in the northein hemisphere; the number of buoys for each region was constrained
to be 50 parcent of the number o bageline buoys originally resulting from the desired
grid spacing in that region. These same rationzles were used in choosing locaiions for
each of the one-fourth baseline systems (there are two}. Buoy locations for the 12
percent of baseline system were left tc the discretion of the “system deaigner.”

In all cascs ieft to the discretion of the ""system designer, " there was & general
understandieg bectween TRC and the NDBS DPQ that in the ovent there were smell sum-~
bers of bucys deployed in a given region, the lcoations would tend to concentrste more
or leas in the vicinity of the dsployment ports and that no isolated, special purpose
buoys at grest distances from port would be included. The NDBS DPO specified that
the study should consider ships with buoy-carrying capscities of 4, 6, 8, 10, and 12
daia buoys. The exact deployment cruise schedules from port to bucy locations and
back to port were selected by TRC. While it is clear that each cruise is a form
of the classical Traveling Salesman Problem (for which there is no general solutiaa),
the nature of the buoy locations - most being essentially at points in & grid rathsr than
randomly disiributed throughout a given area - i8 such that rather clear-cut preferable
strategies for ship deployment of buoys become quickly svideut. Substantiating details
for this statement are given in Appendix B,
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2.0 CONCLUSIONS

The following conclusions drawn from this study must be weighed by the reader
with due considsration to the limitations of the buoy deployment model and the recogni-
tion that representative cost dats and representative buoy locations have been used
throughout the study (see Section 1.2).

2.1 _ Ship Characteristios

Al aspecis of this study make evidont that the optimum average ship speed for
deployment of Desp Ocean and Coastal North American buoys lies in the range of 15
to 18 kt. The average ccst per buoy planted is monotonically decreasing as a functioa
of increasing skip buoy-carrying capacities, throughout the ship huoy~carrying capecity
investigated. Loossly speaking there is & two-to-one reduction in average cost per
buoy plantsd between the 4-buoy ship and the 12-buoy ship, at all speeds. About two-
thirds of this improvement is achisved in going from a 4-buoy to an 8-buoy ship. For
an average time-to-plant each Hbuoy of 34 hours, there does not appear to be & strong
reason for considering buoy-carrying capacities in excess of 12, s long as 22.5 days
represents a desired cruise time for ideal operating conditions*. Thuas, the 8-bucy;
15 kt ship at a construction cost of $11.68 million represents what might appear to be a.
“best” chojce, but provides little system flexibility. The $18.4 million ship, capable of
operating 1t average speeds of 18 kt and carrying 12 bueys, represents a more expensive
choioe in terms of ship construotion, but it is a choice that provides all the fiexibility
that appesrs necessary for both deployment and iater buoy maintenance.

2.2__Deployment Ship Cruise Strategies
Schedules for ship operation from port-to-buoy locations and buck to port are

generally ‘best” when appraximately half the buoys are deployed on the trip out to the
farthast buoy visited and the other half are deployed cn the return, and the deployment
covers a roughly rectangular “block” of buoys. If buoys were located according to

*This implies a safety factor of 1.0. If a safety factor of 4/3 is used, the desired
maximum cruise time Lecomes 30 days, of which 7.5 days is sllotted to delays cansed
by bad weather, etc. The conoept of & desired maximum cruise time of 30 days, of
which approximately 22.5 days is actually spent in transit and planting buoys, was
designated for ths study by the NDBS DPO.




certain geometrical patterns, it would be possibie to quickly arrive at the best possible
deployment cruise schedulea. In actual applicaticn, buoys tend to deviate somewhat
from precisely consistent geometrical patterns. and mixed strategies (see Appeniz B)
appear to be best.

2.3 Buoy Dsployment 8hip Cruise Times and Distances

As would be expected, the time duration of deployment cruises increases as a
function of buoys Jeplon.’. Using the ports of Portsmonth, Virginia, and 8an Francisco,
California, {o deploy buoys in toe Coastal North American regions, a buoy-carrying

capacity of 12 is acceptable even in the case where bucys are deployed to regions at a
considerable distance from the ports. Throvghout much of the CNA region, reductions
in time-at-sea can be achieved, if the deployment ship operates from a port contiguous
to the geographic area within which depioyment is taking place, rather than from a

port at some distance from the geographic area. In the northern hemisphere Deep
Ccean areas, when deploying from Portamouth, Virginia, and Honelulu, Hawaii, some
deployments may have to be considered “hardship cruises,”* if deployment of more than
4 buoys is coatemplated.

‘The actual distance and time of cruise in each of the 9 geographic areas in the
northern bamisphere is only partially dependent on the number of buoys carried. It is
ecsentially a function of visiting the buoy location at the farthest distance from the
deployment port. In the CNA regions the cruise of greatest distance can be held to
appraximately 1800 to 2500 n mi for ports contiguous to the deployment zone. If buoys
must be taken from a port to an adjacent deployment zone, the longest cruises are in
the range of 4000 to 5000 n mi. Ia the Deep Ocean the longest cruises tend to be
approximately 10,000 n mi in length when the port i8 contiguous with the deployment
zone. Cruises of 16,000 n mi in length have been encountered in this study in deploying
DO buoys from a port in one DO zone to an adjacent zone (1., buoys deployed in the
northwest Pacific from Honolulu).

2.4 Cost of Buoy Deployment Cruises

Based on the assumptions of 18 kt average speed, one day time-to-plant, $5,000
base cost per sea- ay, and a safety {actor of 1.0, this study shows that the average cost

*That 18, minimum possible cruise time for some cruises will exceed 22.5 days.
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of cruises for a 12-buoy ship in the Corstal North American regions will lie in the

' | © $150,000 to $200,000 range. In the Deep Ocean regions, for comparable conditions,
average cruise cost is slightly less than $300,000. If prorated ship construction costs
are to be added to these figures, they would be based on $820,000 per year ($2260 per
day) for the $16.4 million ship.* A 22.5-day cruise followed by 10 days {n port would
involve $73,000 of prorated ship costs. Average cruize costs are commensurately
lower for ships carrying fewer buoys, since average cruise distance travelled to
deploy all buoys is greater.

2,5 Aver rating Cost per Planted

In addition to average cruise cost, another convenient planning factor is the aver~
age ship operating cost par buoy planted. This planning factor {5 a functicn of distance
travelled, time to plant sach buoy, port days per cruise. ship speed, ship buoy-carrying
capacity, base cost per sea-day and ship maintenance and fuel costs. For this study the
average ship operating cost per buoy planted hag been computed on the basis of buoys
deployed first in limited geographical areas, then in broader regions, and finally over
the entire northern hamisphere.

The analysis has established that average ship operating cost per buoy planted ia
approximately $15,500 per buoy for buoys deployed within 400 n mi of coastal North
America; it is sbout $36 600 per buoy for buoys deployed {n the northern hemisphere
Deep Ocean regions outside the Coastal North America region; and it is about $19,.9C
por buoy when both the Desp Ocean and Coastal North America regiams are coml ned,
These values are essentially independant of the number of buoys deployed for the range
investigated (60 to 500 buoys). The basis for thess average costs is as follows:

Baso cost per sea—day of $5,000, 24 hr time-to-plant, ship speed of 18 kt, ship buoy-
carrying capacity of 12, a eafety facior of 1.0, and 10 port days per cruise,

2.6 __Cost of Deployed Data Buoy Hardware
Using the cost figures provided by the NDBS DPO for a typical lurge discus buoy,
¢ and an operational maintenanoe cycis of approximately one ysar, illustrative deployed
buoy hardware costs have been computed to give cost comparisons for initial deploy-
‘ ments. In general, these costs are iinearly dependent on the number of buoys deployed

* Prorated o the basis of 20 years (7300 days).

k”




© s oyt . . e am

and total length of mooring required for all buoys. The costs are siightly non-linearly

dependent on mooring depth, because in the upper ocean layer oceanographic sensor
packages are assumed mounted on the mooring as a non-linear function of depth. In
round nuabers, an average cost for a Coastal North American buoy would be approxi-
mately $280,000- a2 Deep Ocesn buoy would cost $316,000. The overall average hardware
cost for all deployed buoys is approximately $290,000/buoy.

2.7 Relationship of Deployment Cruise Costs to Buoy Maintenance Cruise Costs

The resu ‘s developed in the course of this study are adequate for gross determin-
ation of maintenance cruise costs, even in thoo® instances where the number of huoys
maintained exceeds the number of buoys carried from port (i.e., on-board buoy
refurbishment take= place). In general, buoy deployment costs—typically of the order
of $9 million {minimum)® for the baseline 500-buocy system—represent an upper

bound on expected periodic maintenance costs, once buoys are deployed.
By tending more buoys per cruise than a ship can carry, the efficacy of the cruise

is improved and ship operating costs for maintenance would be Jess than those developed
herein for deplcyment only, where the number of bucy locations visited is always
identical to the pumber of buoys carried from port.

A description of a possibie situation amenable to use of the deploy ment/maintenance
simulation and cost mode] i{s given in the following scenario. The maintenance ship, with
eight ready-to~deploy buoys aboard, leaves port in time to arrive at the first buoy
to be maintained at §300. Onoce on station, the maintenance ship deploys a buoy,
checks out operation of all equipment, and removes the buoy that has just beer relieved.
All of these operaticne are completed within 15 bours after arrival on station. By
1800 to 2100, the maintenance ship is ready to depart for the next buoy to be replaced,
abcut 100 to 156 n mi away. At an average crujse speed of 18 kt, the maintenance ship
will arrive on sits at approximately 0300 the following morning.

While thess day-long operations—deploy a buoy and retrieve a buoy, then journey
to the next buoy —are being performed, the first buoy retrieved is being refurbished and

*This valus is based on 500 buoys depioyed, $6000 base cost/sea-day, 24 hr time-
to-plant-each-buoy, 10 port deys/cruise, 12 buoys deployed each .ruise, and a safety
iactor of 1.0. If a safety factor of 4/3 is used, buoy dsployment cost wouid rise to
about $12 million, for the same set of s*pulated conditions.
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checked out abou:u ship. At the rate of one buoy replaced per day, a maximum of

. eight days is available (though not neoessarily needed) to carry out on-board refurbish-
ment. Thus, the ninth and successive buoys mainiained are rsplaced by buoys refurbished
on board during the cruise. Following a prooedure such as this, it might be possible
to depart port, maintain uwp to 20 buoys, and return to port within = period of about
22.5 days. Of course, the buoys would heve tc be spaced relatively closely (1Cu—160
n mi) to keep cruizing Hime to about 5—~8 hr during the middle of each night. Alsc, to
fit this scenario, the port of departure and return must be contiguous with the region
in which the buoys are doployed.

When the bugys are about 500 n mi apart, the travel time between buoys becomes
of the order of 32 .= (at 18 Lt), and at least two days would be required for each deploy-
ment, retrieval, and journey to the next site. Also, it is likely that an average of at least
three days in total would have to be allocated to the port departure and port return por-
tions of the cruise. Thus, within 22.5 days, at most only 10 buoy stations would be visited.
If the duration of the cruise is extended to 29 days, thes 16 buoy statioes would be visited,* |

Even if a 12-buoy ship visits only 8 or 10 Deep Ocean buoy locations to perform main- b
tennr;ce. on-board refurbishment of buoys may take place. For example, {f eightdayn is
required for on-hoard refurbishment, then only four buoys would nesd tc be carried for
Deep Ocean cruises (carrying five would allow for a margin of safoty;. It ia desirable to
carry a minirum number of bugys, bscause the buoys o boarv repreeent capital
investment nut in use, snd ix & syswm such as this, the isvestment in spares (unueed
mxm).hmuummmammlwnﬁmmm
attending the maintenanoe operation.

The precspt buoy deploy ment/maintenance simuistion and cos? model {8 oagable
of handling the expliuit details of the typical soovario outlined above, thus permitting
the testing of hypothetical maintesance schadules ard ide determination of scheduling
foasibility and costs . |

*All o this discussion is based upon the concept that a cruiwe plagped for 23.5 days
can be extended to as much as 30 days, in the event of bad weather, etc., thus implying
. a acheduling safety factor of 1.35. Planuing the cruise to last 39 days, however, impliss
that s safety factor of approximately 1.0 has been used, and in the eveut of any mishep,

the aciual cruise might last longer than 30 days. It might then be clessed se a “bardehip”
cruise. Of course, that does not mean it could (or would) rot be uaderiakes.

11
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2.8 Choioes of Deployment Ports
The special attention directed in this atudy to comparing deployment costs

from three ports and eight ports indicates that initiai deployment savings of up to
$0.24 ;mitlion to $1.8 million might be ackieved by using eight ports. The conditions
for which these savings may be possible are shown in Table 2-1. Such savings are
based on data for the 375-buoy network, extrapolated to the 509-buoy and 250-buoy
cases. Less savings would be encountered for smaller buoy networks because the
distance from port to the farthkest buoy waa consistently reduced aa the tota! pumber of
buoys in the system was reduced. For exampie, most of the buoys in the 12 per cent
of baseline system (60 buoys) were located in the geographic zones contiguous to the
two deploy mentports used. Esser:ally none of the 60 buoys was located in the Deep

Ocean regions.

TABLE 2-1
PUTENTIAL DEPLOYMENT SAVINGS (§M)*: 8 PORTS VS 3 PORTS

Ship bnoy-carrying capacity

No. buoys

*Notos: (1) Time-to-plant = 24 hr
(2) Base Cost/sea-day = $5000
{3) Port days/cruise = 10
(4) Safety factor = 1.0

Use of Table 2-1 must be tempered by recognition that additional costs have not
Yeen included for port facilities, crew on-shore facilities, transportation of buoys to
the ports prior to deploymant (pousibly carried out by a very large commercial or
naval vessel capable of handling at least 30 buoys per trip).* Costs such as these
would reduce the potential savings shown in Table 2-1. Also, once buoys are deployed,

[PUSIVINSNIRNNERSRE, S

*Crew morale, an intangible factor, is sometimes adversely effectsd by returming
to a port other than the home port.
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a maintenance scheme permitting refurbishment on board would make maintenance

. cruises more efficient than deployment cruises, thus further reducing the potential for
savings due to increased numbers of ports. In general, on a Modular Deployment Zone
(MDZ) basis,* greatest savings appear possible in the North Pacific West MDZ. Smaller,
but substantial, savings would be accrued by use of a pert at 8an Diego (rather than San
Francisco) to deploy buoys in the Mex.can Comst MDZ. For the Gulf of Alaska MDZ,
potential savings of $2000 per buoy planted might be ichieved by deploying buoyvs from i

e b 5 Ml 2t N e .
l R T e

Keichikan, Alaska, rather thar from 8S8ar Franciscc. At first estimate, this saving must
be viewed a8 marginal, since uther costs could easily approach the $88.000 that might
be saved. **
Use of U.S. eastern geaboard ports other than Portsmouth, Virginia, provides
potential savings of about $1000 (or less) per buoy planted in the Grand Barks and Gulf
of Mexico MDZs. Such savings cannot be viewed as highly significant, because the:- :
would doubtiess be reduced by costs that have nnot beea included in this analysis. |

2.9 Effect of Variation in Time-In-Port Per Cruise

A facter of 10 port days per cruise has been used throvginout most of thiz repe:t;
in S8ection 7.0 the effect of using values of 5 and 20 port days per cruise has also been

U S I

conaidered foi the 375-buoy system, deployed from both the 3-port e1.d 8-port configur- :
ations. Table 2-2 shows a summary of the results for thc i2-buov, 18 kt ehip, with - ¥
safety factor of 1.0, and time-to-plant of 24 hrs. The date from Table 2-2 indloaies

that reducing port time per cruise from 19 te 5 daye reduces total daploynwt time

by sbout 18% fcr both 3-port and 8-port duployments Increasing port time pac crulse o
from 10 t. 20 days increases deployment time by 30% in both cases. Similar changss . R
around 10 port days per cruiae regult in veriations in total deployment cost of about

13% rcoucticr for 5 port deys per cruise and 26% incresse for 20 port days per cruive.
A reductior of one port day per crulse {rom e nominal value of 10 has an overall

average effect of increasing the deployment capability of the i2-bucy, 18 kt #hip by

*For a description of Motular Deplovment Zonos, see Joction 4.1.
**in the 75-buoy syciem there are 44 buoys in the Gull of Alaska MDZ; hence.
savings of W to $88,000 might be achieved fer the stipulated conditions in Table 2-1.




about 4 to 5 additional bucys per ship-year, although consideration of specific geograph-
ical regions and ports might modify this p!nning factor by as much as a factor of 2.0.

TABLE 2--2

SENSITIVITY OF DEPLOYMENT CHARACTERISTICS
TO VARIATION IN PORT DAYS PER CRUISE

{
| Port days Total deploy - Total deplay- Average cost Avecuge no.
| per buoy buoys planted
per crujes ment time ment cost planted per
mys shi M
(amys) (ship dayso) ($M) ($K) ship-year
S S £ = =R -
3-port
5 885 5 45 15.9 142
10 1,045 6.8 18.1 120
20 1,383 8 48 22.6 92
8-port
5 846 5.53 14.7 150
10 1,004 8.4 17 0 125
29 1,328 §.08 21.6 95
Notes: 1. Time-to-plant = 24 hrs
2. Base cost/aea dac - $5000
3. Safety factor = 1.0
4. Ship speed = 18 kt
5. Days/ship-ye:r = 335

ia




2.10 System Relative Effectiveness

The very brief investigation of system relative effectivensga* undertaken in

this study was confined to a limited number of econoraic user categories (seven), that
did not includs military or all social (general public) users. Primarily for illustrative
purposes, relative estimates of data use were gubjectively mzade for each of the 7
economic user categories in each of the 9 MDZs for 2ach of the seven data buoy sys-
tems. The results indicated that higher system reiative effectiveness could be acnieved
by aliowing the system designer flexibility to locate bucys where the data (or data
products) give rise to greater benefite, The avecage marginal system relative effective-
riess* * decreased linearly through the 375-bucy syster to a value of 0.18% per buoy.

In going from the 375-buoy to the 500-buoy (bageline) systerr, the average aystem
effectiveness reduced sharply to only 0.043%, indicative of the fact that the 375~buoy
system (unconstrained deployment) had a relative system effectiveness of nearly 35%

in compaiison to the i60% cffectiveness assumed for the 500-buoy baseline system.
This cursory system relative effectiveness effort is intended oanly to provide some
insight into this s.bject and to outline a ''strawman" approach for a much needed

thorou zh stu'y (n the future of system relative effectiveness.

* To avoid undue complication in preparing the illustrative sxample, 1t was aggumed
thi. the 500-bucy baseline system was 100% effective in satisfying the user needs. The
eftectiveness of the other six huoy aystems was then est'mated for esch of the scvan
user categories rclative to the (arsumed) affectivensss of ‘he base line ayatlem. Tnis
prccedure wouid not have been used, {f more reaocurces had been available for this part
of the study. . .

*® Average .narginal system relative effectiveneas {3 the change in estimated
relative system effectiveneas divided by the number of buoys involved in the change.
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3.0 CGST DATA

3.1 Ship Costs

The cost of operating a ship to deploy buoys at selected locations is in large
part a function of a base coat per sea-day-—a cost defined in this study to be primarily
determined by the number of nersonnel aboard ship. The UbCG NDBS DPC has
specified two basic ship opticns for this study: an automated ship requiring & mini-
mum ship .perauons crew, and a conventiunal ship. The NDBS DPQ considers at
this time that a marine data-gathering team of 15 men will be used aboard data buoy
tenders for collecting comparative data to assure that each implanted buoy is operating
properly, and to acguire aaditiongl data enroute and at sites where data buoys would not
be iocated. The number of personnel required in addition to the ship crew and the
marine data-gathering team will depend on the buoy deployment/maintenance concept
implemented. For example, buoy maintenance might be achieved by complete re-
furbishment at gsea; then more buoys would be maintained per cruise than are carned
on hoard from port. Or, all buoys may be refurbished at a shore depot; the number
of buoys muintained each cruise would then be equal to the number of huoys carried
from port. Table 3-1 delineates ship manning for the automated and conventional
ship approaches. Using the - mservatively high figure of $55/day &8 the average cost
of personnel abosrd ship (includes considerable overhead), it is evident thet personnel
coats por day lie in the range $6900 to $4270. For this atudy the NDBS PMO directed
that an average base cost per sea-cay of $5000 be used, and thet va' 'ce of $2000 and
$8000 also be investigated to asocertain the sensitivity of ree !t to variations in hage
cost per sea-day.* The NDBS LUPO directed that a ship maintenance cost per sea-
day that is a function of both ship speed and ship bucy-carrying capacity should be
addea to the base cost per sea-day. Also, the NDBS DPO provided fuel cost per n mi
as a function of ship spved and buoy-carrying capacity. These data ara shown in
Table 3-2 along with ship construction cost commensurate with the ship maintenance

and fuel coet rata.

* Use of three base costs per sea-day is essily transiated into other meaningful
figures. For example, $5000/day is equivalent to an average cost of $46 per day
($17, 50 /year) for each member of the 104-man crew aboard the maximum main-

tenance auvmated ship.
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TABLE 3-1
SHIP MANNING

- g o—— R

Buoy Deployment Total

Ship Suip Marine Data Msintengnce Crew Parsonnel

>rew | Gathering Team | Max. | Min .

[— — 4
Automated 45 19 78 3

i ‘

Conve..ticnal 67 18 40 ‘[ 24 126 110
The total ship cost attributsble to deploying buoys is the sum of thre- terwis:

) Ship maiptensnos cost per sea-duy pius base cost per sea-day, both -
reultiplied bv number of days at sea a

(2} Ship maintenance oost per sea~day plus dase cost | er sea~dry, both
nitipiled by 0. 84 and in turn multiplied by the numba. «f days in port (mumber
of days in port per sruise wag set at 10 by NDI8 DFY. direction),

(3) Frel cost per n mi multipiied by totRl diztance traveled ner cruise.
. ese tervms are sho- i in the following equation.

( |
el > Mgz gz) e D) foses 1}»{»::% ®a. 3

where C = Total 8hip Cruise Cost &)
8 = Bese Cost/Ses-Duy §)
M = Mgintenance Cost/Bea~Day (8)
D = Digtance Traveled (n mi)
3§ = Ship Speed (kt;
N = No. Puoys Dep. vyed
T = Time-to-Plant Esch Buoy days)
F = Fuel Cost/n mi (§)
P = Port Time/Cruise * {ayw)

P

#Port time/ovuise may be made variable with fixed upper snd lower hounds, B *
a3 a function of the ratio of buoys carried to ship buoy-carrying capacity. The buoy i
deployment imnaintenance model provides this convenience,




TABLE 3-2
SHIP COST DATA

Ship Maintenance Cost,/Saa-Day In Dollars

Ship Ship Buoy-Carrying Capacity
r 4 6 8 9 1?
9 246 RIS 445 300 800
’ 1: 24" 306 445 600 600
15 46 306 445 80¢ 609
ivo 306 306 600 60¢ 600
21 2156 780 180 780 780
24 980 980 980 98¢ 980
27 1200 1200 1200 1200 1200
30 1400 1400 1400 1400 1400
Fuel Cosi/N Mi In Dollars
Ship
i i
Soeed ftip Buo y~-Carrying Capacity
12 2. 19 2.78 2.75 5.178 5. 18
15 R 3.68 3.68 5.78 5.78
1€ 4. 38 4.38 7.01 7.01 7.01
21 7. 61 11. 27 11. 27 11. 27 11. 27
24 i6. 43 1€. 43 i8. 43 18. 43 18. 43
27 23. 37 23. 37 23.37 23. 37 23. 37
30 80 30 30 80 30
Skip Construction Cost In Millions Of Dollars
Ship ,
Speed Ship Buoy-Carrying Capacity

0.7 11

$ 7.8 6 16. 4 16.4
12 7.9 10.7 11.6 16.4 16.4
15 7.9 10.7 11.8 18.4 16.4
18 10.7 10.7 18.4 16. 4 16.4
31 14.7 20.8 20.8 20.8 20.8
2 25.6 26.8 25.8 25.¢ 35.8
27 1.8 31.5 315 31.5 31.5
30 39 8 3% 9 39
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In the buoy deployment model, distance traveled on each cruise is determined
by computing the great circle distance betwesn pori and first buoy deployed, plus
great circle distances from buoy to buoy for the remainder of huoys deployed, plus
the great circle distance for the return to port.* Navigstion points can be interspersed
between buoy locations in order to circumnavigate promontories, peninsulas and
islands.

Costs for each specified deployment cruise were computed in the manner in-
dicated above and summed over ali cruises to give total ship costs for carrying out
the depioyment of buoys in each MDZ. This value was divided by the number of buoys
in the MDZ to determine an average cost per buoy planted, directly attributable to
ship operation costs. (In acheduling actual deployment cruises for this study, it was
the practice to include some buoys along the boundary line of an adjacent MDZ when
needed to aasure that all cruises were carried out at full bucy-carrying capaocity.
Thue, the actual number of buoye deployed per "zane’ tended to fluctuate slightly from
run to run for some MDZs.)

Ship maintenance costs and fuel costs are shown ss functions of both ship gpeed
and bucy-carrying capacity in Fig. 3-1. Note that these graphs dearly indicate that
the costs for high speed vesseis are independent of buoy-oarrying capacity in the range
considered. Fig. $-2 shows comparsble curves for ship cmnetruction coet. Table
3~3 gives additionsl information conoerning the ship characteristics.

3.2 Buoy Costs

The buoy deployment and maintenance computer model has .he faciiity to compute
the cost of cach bucy deploved ua a function of ocean depth. The :sguired inputs are
base cost of the buoy, cost per thousand feet of mooring line, and cast of the mooring-
mountsd oceusiographic sensor packages assumed looated at twenty of the International
Associstion of Physioal Soientists and Oceanographers (IAPSO) levels from the surface

*In this study the deployment ship always returned to the port from which it de~
parted. ‘The computer prugram, however, is amenable to the use of separste de-
parture sud returs ports. In addition, a departure port and a depot at which buoys are
on=loaded can be speciiied as rouilne inputs to the program. The model has no in-
hereat limitstion on number of buoys deployed, ports visited, or navigailon points
used.
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to 5000 meters depth. * Table 3-4 lists the costs provided by the NDBS DPO for
elements of a typical one-point moored 40--ft diameter discus-shaped data bucy capable
of one year of unattended operation. These are representative conservatively high
costs and are subject to change (in efther direction). At the time of completion of

this report, the selection of data buoy shape, size, and sensing characteristics has nri
been made. The representative costs in Table 3-4 have been used oniy to demonstrate
the costing capabilities of the buoy deployment/maintenance cost model.

*The IAPSO levels at which ccesnographio (nstrument packages ars assumed
looated are 0, 10, 20,30, 50, 78, 100, 150 (%, 3,4, 8,6, 8, 10, 15, 20, 30,40, 50) x 100 meters.
Whan the distence from the last IAPSO levsl to the bottom is 0.7 or more of the
IAPSO increment, an instrument package is assumed to be located near the bottom.
Under no conditions does the number of cosanographic sensor packages exoeed 20.
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TABLE 3-3
NDBS DEPLOYMENT/MAINTENANCE EHIP CHARACTERISTICS

Average Buoy Typloal
snp | SO | gy | Shat JLoaded| . .d! Storage Ship
Cost Length Speed Horse | Diaspl. (tons) Area Buoy-

(t) ot) Power | {(tons) ft x 1) Carrying
Capacity ¢

$ 7,900K 259 15 1300{ 1870 580 114 x 42 4
12 660 4

] 390 4

$10, 700K 300 18 3000! 2700 780 148 x 44 8
15 21060 6

12 1060 6

9 830 6

$11,600K 300 15 2100| 2500 1630 148 x 44 8
12 1060 8

9 830 8

$14, 700K 350 21 6000| 3450 890 178 x 50 4
$16,400K 350 18 4800 4880 1830 176 x 80 12
16 2800 12

12 1430 12

$ 840 12

$20, 300K 400 21 $000| 6400 2860 200 x 50 12
$25,600K 450 7 16,000 6300 1780 228 x 50 12
$81,800K 800 27 34,000] 8150 1470 380 x 83 13
$39, 000K 580 30 40,000] 0400 1300 _ m x 88 12

At the time of preparation of this report, the cise and shape of NDBS data buoys
hid not yst been selected.




TABLE 3-4
HARDWAEE COBTS FOR 40-FT DISCUS BUOY*

40-Foot Disous

Item: Cost (Dallars)
40° Disous Hull 80000
Mooring/100 Ft. 115%
40 po;er Syotem 10000
Daia Storage 10000
Dats, Proc. - Soan. 15000
Time Control 1000
Buoy Teiemetry 15000
Fuel Supply 200
Mooring Teasion 500
Hull Temp. 100
Bilge Weter Lvl LL]
Mag. Heading 200
Anchor Reloase 2600
Anchor, Chain, Etc. 1000
Nav. Radio Bescon 65000
Nav. Light/Horn 500
Ambient Noise 1000 (1)
Ambient Light 1700 (3)
Trassparenocy Sensor 1100
Wave fensor 4380
Atmos. Press. Sensor 800
Air Temp. Bensor 400
Desw Point Senscr 1300
Wind Veloty Sengor 600
Precip. Rate Bensor 800
lnsolstion Sensor 500
Atmnos. Elec. Sensor 1000
Subsurface Sensor Pig. T000¢ *each

Basic Buoy Cost = $158,200
Mooring Ceble = §1, 780/:000 ft
Subsuriace Bensor Package = §7, 000 eack

*These represcntative coss are not to be used for financial planning purpuses.
*SNot incdluded in buric tnon-depth depeadsnt) oost.




4.¢ NUMBERS AND GEOGRAPHICAL LOCATIONS OF DATA BUOYS
It is emphasized that the primary purpose of this study is to determine

statistically useful results to support development planning in the NDBS DPO. For
example, the sensitivity of costs to locations of huoys and deployment/maintenance
ports i8 of fundemental importance in defining ship design parameters such as ship
speed and buoy-carrying capacity. It is of interest to have an accurate count of total
length of mooring iine required, total number of oceanographic rensor packages
needed, and total cost of buoy hardware deployed in various gecr;. aphical regions.
These and other results from this study are useful for development planning at this
time. Clearly, the choice of actual lucations for deployment of buoys will require
inputs from all government agenc.es (and the data users they represent). Buoy loca-
tions used in this study are, therefore, to be considered only as representative of
beth grid spacings and choice of locations that may ultimately be selected. The
statistical results from this study, however, are believed to be relutively independent
of the selection of sitez, as will be made clear in Section 5.

4.1 Constrainta and Sammaries of Buoy Locetions

For the purposes of this study. the USCG NDBS DPO specified the charaocter-
istics of the baseiine data buoy system to be 500 bucys uniformly distributed in a
500 a mi grid in the Deep Ocesns of the northarn hemisphere between the equator
and 80° N latitude asd in & uniform 100 a8 mi grid in the Coastal North American
regions aut $0 400 n mi from shore. Thess grid specings resuiisd in 180 Desp
QOcean buoys and 350 Cowstal North American buays. Certain sorthern hemisphere
goographical arsas wers proscribed by the NDBS PMO for deployment of buoys:

@ Ths region betwsen the squator and the southern coast of Africa
® The Mediterranean Sea

e The Sea of Ckhotsk

o Regions sdjacent t3 the coast f Communist China. ®

To place the results of the buoy deployment study on a statistically comperative
basis, it was elected to divide the Deep Oconn regions of the world inlo a total of

*These proscribed areas were avolded in all buoy deployments.




seven Modular Deployment Zones {MDZ), of which three wre in the northern
hemisphere. The Coastal North Americsa region was divided into six Modular
Depioyment Zones. The thirtean MDZs are ehown in Figure 4-1. Fer the northern
hemisvhere 500-buoy baseline system, approximately 50 to 6¢ buoys are located in

each of the nine northern hemisphere MI)75.

Fig. 4-1. National 1'ata Buoy Systema Modular Deployment Zones




The NDBS DPO selected Portemouth, Virginia; San Francisco, California; and
Honolulu, Hawaii as representative deployment port locations, suitable for this initial
study. The MDZs served by these three deplovment porte are given in Tahle 4-]
beiow.

At the direction of the NIX3S DPQ, seven northern hemisphere data buoy deploy -
ment configurations have been investigated in this study. Beginning with the 500-buoy
uniferm-grid baseline system, the *emaining giv len!oyment configurations are based
on successively smaller percentages of the L.seline system deployed according to a
series of different rationzles. A thre«-fourths of haseiine systemn (375 buoys) was
depleyed ina 620 n mi Deep Ocean grid (100 huoys) and 8 variable 100 to 160 n mi
Coastal North American grid (275 buoys). These grid spacings were determined, in
a TRC effort carried out in paraliel with this studv, as tiose most applicable for s
initial NDBS, Goverament agencies stating requiremenis fcr meteorclogizal and
oceanographic data coucurred with these grid spacings {3]. With the exception of the
North Pacific West and East Coest MDZs, the 375-buoy deployment r.suits in each
MDZ holding approximately three-fourihs of the number of baselire buoys ir each MDZ,

Two 250-buoy depioyment configurations were prepared. They represent one-
half baseline systems. In one of these configuratione, the lozation of bunys was left
much to the discretion of the 'system designer, " and the preponderance of the total
number of buoys wag placedin MDZa ir which it vas considered deployment of buoys
would be of high economic benefit and cost of deployment would be hela to 2 mintmum.
MDZs {n which location of buoys might not be of comparable economic benefit hald a
smaller percentage of baseiine buays. The second 250-buoy configuratt'm was con-
strained in sach MDZ to have axactly 50 per ceni of the number of baseline buoys.

The sotual locatiann of buoys within the MD'Zs was laft to the discretion of Lu “sysiem
wesigser, ' as befor.
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TABLE 4-1
DEPLOYMENT PORTS AND MODULAR DEPLOYMENT ZONES

Regicn Modular Deployment Zone Deployment Port l
Cosstal Grand Banks (GB) Portsmouth, Virginia
East Coast (EC) Portsmouth, Virginia
rth
Nor Gulf of Mexico (GM) Por{smouth, Virginia
iAmerica Mexican Cosast (MC) San Francisco, Californie
Weet Coast (WC) San Francisco, California
Gulf of Alaska {GA) San Francisco, California
Northern North Pacific East (NPE) | Honolulu, Hawail
L)}lemisphere North Pacific West {NPW) Horolulu, Hawali
Ec—eep North Atlantic (NA) Peortsmouth, Virginia
eans !

Using the same two rationales outlined above — unccnstrained deployment and
deplcyment constrained to a fixed percontage of baseline buoys in cach MDZ — two
125-buoy conngurations were established. In the unconstrained case, location of all
125 buoys was lefi to the digcretion of the "system designer ' In the second rase,
each MDZ contained 2o per cent of the baseline buoys previocusly located in the MDZ.

The final buoy configuration provided only 12 per cent of baseline (60 buoys).
There was a ..t.! of 36 buoys in the eastern region and 24 buoys in the western region
with 56 of these huoys located in the CNA regions and 4 buoys (3 east coast, 1 west
coast) located in adjacert DO MDZs. All locations were left to the discretion of the
"gsystem designer.' The above comments are summarized in Table 4-2. The re-
mainder of this section degcribes in some detail the rationsles behind the location of
buoys in the seven deployment configurations used in this study.

The next five sub-s._ctions describe the seven deployment configurations in

greater detail.
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TARLE 4-2
BUOYS DEPLOYED IN MODULAR DEPLOYMENT ZCNES

Moduiar ' v B uoy Bystems

Depégz’m (&zgfm 6)! 375 ] 250 Baigzm 125 &iﬁm 80

Gvand Banks 56 40 17! 28 §| 14 4 5
East Coast 53 53 | 2 290 13 | 18
Gulf of Mextoo 60 52 36 30 20 15 | 12
Mexican Coast 80 38 8 30 2!l 15 0
West Coast 67 48 33 33 231 17 | 18
Gulf of Alaska 54 # %4 27 15| 14 7
CNA Total ase | 275 | 187 | 175 98 | 88 | 58
North Pacific West| 53 29 16 26 o] 13 0
North Pacific East | 49 35 34 | 25 18] 12 1
North Atlantic a8 | 38 33 | 24 14| 12 3
DO Total 150 | 100 83 75 271 | a7 4
Grand Total 500 {375 250 | 250 | 125 | 125 | 60

4.2 The 500-Buoy Baseline System

The 50d-bucy baseline system, shown in Fig. 4-2, wae derived in part from the
: summary c¢f national requiremeats for marine meteorological and ooeanographic date
collected as part of the 1967 NDBS Feasibility Study. In the 500-buoy deployment,
; little or no emphasis has been given to iocating of buoys to satisly unique data needs
from specific areas. Nor has positiouing of buoys to satisfy potential economic
benefits or to hold down deployment costs been introduced in an express fashion, The
] 500-buoy system was based on composite 1987 national operational data requirements
; from many government agencies specifying need for data from 100 u mi grid points
in the Coastsi North American regions and 600 n mi grid points in the Deep Oceans
of the world. As will be disousaed in the next section, refinement and ro-assessment ‘
of 1967 data requirements has indicated that a lesser number of buoys in the northern 3 ;
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hemispihere might be adequate fox initial satisfaction of requirements, Hence, the

500-buoy rorthern hemisphere deployrnent appears to be a reasonable upner bound on

system size for consideration ai this time. Systems with !esser numbers of buuys

can be taken as representative of the likely evolutionary growth national data buoy

systems are apt to underge. Because of the large sumber of buoys in the i:00-buoy

baseline system, it appeared that uniform grid spacings for the bageiine system would )
be best for development of statistical compariaons with configurations of fewer bucys, '

4.3 The 375-Buoy System i;

In the 375-buoy system, shown in Fig, 4-3, specific attention has been given to
satisfying U, S. government agency requirements that were reviewed and refined (by
the agencies} during 1968, These reeulted in 8 600 n mi gria for the Doep Oceans
and a variable 100 t0 150 n mi grid {n CNA, and need for buoys at a number of
selected sites. In Fig. 4-2, buoye in the innermost row of CNA huoys are approxi-
mately 25 n mi from shore and approximataly 100 o mi spart, The next row is
approximately 100 0 mi{ from the firat aund about 112 n mi zpart. The third row is
125n mi beyond the second and thece buoys are 125 » mi apart. The fourth row
extends 150 n mi beyond the third and the buoys are 150 n mi apart. The gbove
comments hold for all CNA MDZg with the axception of the Mexican Coast. There,
the buoys in the first rov are 100 n mi from shore and 100 n mi apart. The second
row is 150 b mi beyond the first and has buoys 126 n mi apart. The third and last
row 18 150 n mi from the sscond and those buoys are 150 n mi apart, These
comments are summarized in Fig. 4-4.

As {8 evident from Fig. 4-3, noi all CNA buoys are located ir the variable grid
described In the Grand Banks MDZ, fishing and shipping interests in the Gulf of
Maine and on the Grand Banks have been recognized. The Labrador Current is moni- *
tored up through the Davis Strait; the ice patrol ares below Newfoundland continues 8
to receive good coversge. CTertain CNA buoys are loosted to meet specific require- |
ments such as the treusect lines in the East Coast MDZ, where buoys are deployed to

oy S .
BRI e EPREE

monitor the flow of the Gulf Stream and to detect typical extra-tropical cyclonic dis-
turbances that originale in the southeastsrn U.S., or off-shore, then move out to sea and
up the U.S. eastern seaboard. Additional transect lines are indicated across the
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Florida Straits and the Yucatan Channel. Wh. the Gulf of Mexico, buoys are located off
the Louisiana and Texas coasts to provide meteorological informsation for the off-shore
oil and gas industry and the shrimp industry. The Gulf of Mexico gyre ig monitored by
means of eight buoys in a square, north of the Yucatan Straits. Some buoys serve the
USAF test range in the eastern section of the Gulf. Other buoys are placed in locations
providing cata tuat would serve the U. 8. fishing industry and the general needs of
loca: inland and maritime weather and marine forecasting and hurricane warning.

Buoys off the Mexican coast are located primarily to previde oceanographic and
meteorological information for the fighing industries. Extending northward along the
U.S. west coast, CNA buoys would provide data useful for iniand and near-shore
meteorological purposes, off-shore ofl and gas in the vicinity of Santa Barbars, other
mineral resources, and commercial and sports fishing. Some northernmost West
Coast MDZ buoys are deployed to satisfy a requirement to monitor the out-flow of the
Columbia River. In the Gulf of Alaska, meteorology and fishing are of primary im-
portance, with coastal buoys of use to off-shore mineral operations (one buoy has been
specifically located in Cook Inlet to provide information ueeful for oil and gas explora-
tion and production operations),

In the Deep Ocean regions, it has been tacitly assumed that existing ocean
weather stations would continue to operate with manned vessels, and buoys are not
located near those points, Buoys are located along 150° W to satisty Air Force range
requirerueris. Other buoys appear along standard transect lines between the U. 8,
coastline znd Havaii. In the North Pacific and the North Atlantic, buoys are snown at
points from which data would be useful for optimum ship tracking routing (OSTR), and
long-range weather forecasting. Buoys are located in the Caribbean and southeast of
the U.S. coast line in positions useful for monitoring hurricanes and oceanographic

currents.

4.4 The Two 250-Buoy Systems: Unconstrained snd Constrained

In this discussian, the following two definitions will be used. The 250-buoy sys-
tem deployed at the disc* .lon of the "system designer" will be called the "uncon-
strained" system. The deployment, having in each MDZ 50 per cent of the baseline
pumber of buoys in that MDZ, will be called the "constrained” system. The uncon-
gixained deployment shown in Fig. 4~5 will be discussed first.
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In the Desp (iceans, buoys at great distances from U.S. deplorment ports have
been eliminated, &.g.; in the North Sea, off the shores of Europe anc Africa, and off
the shores of Asia. Throughout the North Pacific East MDZ, the eastern side of the
North Pacific West MDZ and most of the North Atlantic MDZ buoy spacings of approxi-
mately 600 n nd have been maintained. Buoys are not located at those pointe
prosently being covered by ocean station vessels. Ocean currents, typhoon and
hurricane tracks, and some military ranges in the Dee~ Oceans have been considered
in the process of locating buoys. Collecti~ni .f data to supnort optimum ship track
routing has also been taken into consideration.

Ir the Coastal North American region, only eight buoys have been located in the
Mexican Coast MDZ, partly because of the high cost of deplovment from the specified

'port of San Francisco, and partly as a function f allocsting buoya to potentially more
(economically) beneficial areas. Less buoys than 50 per cent of baseline have been
aliocated to the Gulf of Alaska and the Grand Banks. More buoys than 50 per cent of
baaeline appear in the East Coast and Gulf of Mexico MDZe and exactly 50 per cent of
baseline is positioned in the Wes: Const MDZ, As before, these buoys are located to
serve off-shore cil and gas, and commercial and sports fishing interests, in sddition
to providirg transect data for monitoring marine meteorological and oceanographic
phenomena .n the CNA region for forecasting. For example, Gulf Stream transects
still sxist {n tre East Coast MDZ, and in the Gulf of Mexico MDZ; transects for the
Straits of Floriua and the Yucatan Channel are still in being, although each has been
raduced by one buoy., The Gulf of Mexico gyre continues to be monitored,as do certain
out-flov properties of the Columbia River.

The consirained 250-buoy configuration shown in Fig. i-6 indicates the effect of
keeping a larger number of buoys {n the Mexican Coast, Grand Fanks, and Gulf of
Alaska MDZs; thus serving better the fishing interests in these zones. Previously in
the unconstrained 250-buoy configuration, these areas had provided buoys used te
augment the North Atlantic, North Pacific East and North Paciflc West Deep Ocean
MDZs. The constrained configuration affords fewer buoys for the East Coast and Gulf
of Mexico MDZs; thus reducing the fineness of transect monitoring and Gulf of Mexico
gyre monitoring. As in the unconstrained configuration, there is a buoy in Cook Inlet,
Alaska, for oil and gas purposes, and there are buoys for monitoring the out-flow of
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the Columbia River. Buoys are provided for marine meteorolcgical and oceanographic

monitoring and prediction purposes in ail MDZs,

4.5 The Two 125-Buoy Systems: Unconstrained and Constrained

Lefinitions of "unconstrained" and 'constrained" buoy confignrations used here
are the same as those in the previous secidon. The principal features of the 125-bucy
unconstrained system shown in Fig, 4-7 are the elimination of deployments in the
North Pacific West MDZ and the virtuai elimination of buoys in the Mexican Coast MDZ .
North Pacific East and North Atlantic buoys are reduced to 13 aud 14 buoys respectively .
In the North Atlantic MDZ, buoys are deployed primarily to provide marine meteorolo-
gical and oceanographic data along principal shipping routes and storm tracks between
the U.S. and Europe and to monitor the generation and growth of hurricanes in the
nuuthwest Atlantic. In the North Pacific East MDZ, the principal rationale for
deployment has been the provision of marine meteorological and oceanographic dats
for weather prediction purposes — both long-range predictions for {nlard U. 8. ar.as
and short-range predictions for shipping, fishing, and CNA coastal regions.

The Coustal North American MDZs in the i25-buoy unconstraiued system retlect
the assumed highsr priority for data directly off the east and west coasts of the U S,

A line of buoys in the Gulf of Alaska, approximaiely 100 to 150 1 mi from shore,
provides monitoring for short range weaathar prediction., A much coarser group of
buoys, 400 n mi{ from shore, has also been provided. Cook Iniet, the Columbis
River out-fiow, the regions west of San Franciacc and Santa Barbsra, and the region
west of the Southern California megalopolis have il been given as much consideration
as this small number of buoys permits. In the Gulf of Mexico, monitoring continues on
a reduced scale in the Yucatan Chanrel and the Floride 8traits. Nearshore {ishing
and otl and gas interests in the Gulf of Mexico continue to be served, Buoys in the
vicimty of the southwestern Gulf of Mexico MDZ no longer appear. Off the U. 8. east
coast the denaity of buoys kas been held regsonably high, serving shipping interests,
fishing interssts and marine meteorologival and oceanographic observation for short-
range prediction. The Grand Barnks MDZ ncw includes anly etght buoys, none of which
appuars in Davis Strait, leaving only approximately three or four that could be con-
sidered effective in monitoring the Labrador Current. Ouly one buoy remains in the




140°

100° +20° 140° 160° 180° 160° o* 120° 100° «© (7 b [
(330 — - R , F = 5
ASTETTT T T T ™ QA
‘Mﬁ\ L’ri‘ ) i y R é ~
l‘_o' o ':‘ - i ! - -
AF b . . ' %ﬁﬁ & . >
an* e A i ) - > . H 2 ,'j
':" RS L ‘ ° A &
L - ggv‘ N . -
w o I : ~ 1
B i E B ¥ \ i / '
a0° l‘ f?: 3 ) DI "—:“M“‘"‘ v 1. ":: 4 ’;. rs d ’“’*4
S FEE B . s
Pl ” | i o
[ Lﬁ“""k .~ mas e wup + o v P '’ I’\Q
1000 120° 140° 160" 180°* 160 140* (Fa 100° | i d [ 20 [

b. Deep Ocean Data Buov Lzcations (27)

& Oupleyment Por:
W favigation Poir:

Fig. 4-7 Data Buoy Locations for the 125-Buoy System (Unc:astrained)

39



Gulf of Maine. The Grund Banks fishing area and the ice patrol area are still served,
but to a leaser degree than previously. Though reduced in number, the buoys are in
position to provide useful metecrological monitoring of blocking high pressurs systems,

Fig. A-8 shows the 125-buoy constrained deployment ccafiguration, In this case
15 buoys are required in the North Pacific West MDZ and are arraaged to provide frum
the Central North Pacific metecrological and ocean-current information, especially the
monitoring of typhoons. The North Pacific East and West cunfigurations are deployed
with considerstion to the locaticn of present ocean station vessels and the potential to
monitor metsorological conditions from ialands {which do not appear in the figure).
The 12 Ncrth Pacific East buoys primarily serve ocean transportation and long-range
meteorological prediction interests, although some U, 8, Air Force and U. 8. Navy
range requirements have also been considered. In the North Atlantic MDZ, coverage
of storm trecis and the principal shipping route between the U, 8, and Europe have bsen
the principal cousiderations, along with deployment of buoys north of Puerto Rico for
hurricene monitoring and to serve shipping and sports fishing. With 25 per cent of
baseline buoys in each CNA MDZ, exast and west coast coverage is much reduced from
the unconstrained 125 buoy configuration. The same is true for the Gulf of Mexico
MDZ. Mositoring of the Yucatan Channel and the Floride Straiis has become minimal,
Little or no resolution of the Gulf of Mexico gyre can now be expectad, but Continental
Sheif fisbing intarests in the Gulf of Mexioo continne to be served in essentially the
same fashion us previously. Xore bucys are located in the Orand Banks MDZ than
* was the case for the mconstrained configurstion and buoys now extend up in the Davis birait,
glving better coverage of losherg regions, the Labrador Current,and to the south the
48T 60-Duay System

Tho 80-buay mywtem, shown n Fig. 4~9, is an vaoonstrsined deployment, as
&ftned \n Seetion 4.4, Twenty-four buays axe located off the weat coast of oantinental
Novth America snd thiviy-eix off the enstaru and southern cosst of contineatal North
Amarica. Ouly four of theee bucys Al in Deep Ocoan MDZa, and thooe locations are
only slightly beycud the 400 n mi CNA bosn<yy. No buays are Josaied in the
Maxiosn Coast MDZ and only fouer are foued in the Orand Baks MDE. The U.5. West
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Coast, East Coast, and the Gulf of Mexico MDZs have 15, 18, and 12 buoys respectively.

These buoys are located strategically to serve oil and gas interests, commercial and

sports fishing interests and, to the best extent possible, meteorological and oceano-

graphic Jorecasts in coastal and inland regions and off-shore maritime regions.

4.7 System Relative Effectiveness

It was not onc of the major purposes of this study to consider the effect of system

siz2 (number of buoys) and location of buoys in a system relative effectiveness frame-

work. It was reccgnized, however, that location of bucys for the seven data buoy

e R
g ",

systems should be based, to the degree pcssible, on rationales relating buoys in various
MDZs to the potential utility of the collected data and likely data products ultimately

to be produced and used. At the request of the NDBS DPO, TRC undertook a very

brief and highly subjective analysis of data buoy system relative effectiveness as a
function of system size.

In contrast to other topics in this report which are based on objective structives
of unalysis and are believed to be at least as well-founded as the coat and other assump-
tions that underlie them, the system relative etfectiveness results presented here are
recognized to be completely open to dispute and obviously in need of considerable
refinement. Both TRC and the NDBS I'PO recognjzed that neither time nor resources
were available to carry out a study ~f data buoy system relative effectivenees at the
desired level of detail. Yet, it w.:s clear to both partiea that the need existed to creata
at least an initial “strawman’” to give some insight into the complexity of relating
numbers and locations of buoys to the utility and/or benefits to be derived from the
collected date and commensurate data products. The subjective approsch used bave
may serve thie need somewhat by providing an initial frame of reference for discussion

and some topics and ideas to stimulate further thought along these lines.

4.7.1 The Baseline System

The 800-buoy bassline system (Fig. 4-2), provides more buoys, more du: sely
located in all MDZs than any of the other systoms (minor exceptions: some transsdt
lines that appear in the 375, 860, and 50% systems). More area is coverwd by the
baseline system, although the “worth” to the U.8. of having buoys in the far reaches
of the Northwest Pacific is by no means clear. (It must be remembered that the form
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of the baseline system was primarily specified to give a > eterence point for the depioy-
ment study.) The baseline system is arbitrarily assigned a system effectiveness

score of 100. The estimated system effectiveness for each of the gix other data buoy
aystems {8 scored relative to the £00-buoy baseline system.

4.7.2 Criteria for Estimating Effectiveness Scores

The list of users of the oceans and marine environmental information has been
well~documented elsewhere, especially in efforts to establish the nature of potential
benefits to be derived from collection of marine data through use of buoys {5]. For
this cursory effort, seven categories of economic users were used; Table 4-3 shows
these categories and relative weights assigned to each. It is obvious that to be more
completa, Table 4-3 should slso include several militar 7 and social ‘;eneral public}
categories.

TABLE 4-3

RELATIVE IMPORTANCE OF ECONOMIC USES
OF BUOY-COLLECTED DATA

Users Rehtive impom:me (weighta)

1. Long r¢ e forecastiog " 15
2. 8hoxt range forecasting i5
3. Ocean vesaarch a6
4. Qil/gas/minersls 10
8. Compercial fisheries 10
&. Recroatim 5
7. Obther 10

Toksl i 100

It would be unitkely that data derived irom sach of the § northarn hemizphure MDZs
would all bs of equal velus, even to a single category of users. fm & maximurn
mhmmwwwm:Msm(MImanm
judgment of e coverall relative valus of dets from each MDZ.
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TABLE
MAXIMUM ATTAINABL MDZ SCORES
F MDZ Maximum attainable MDZ scoves
Grand Banks 8
East Coast 13
Gulf of Mexico 13
Mexican Coast 5
West Coast 18
Gulf of Alaska 12
Subtotal 5
North Pecific West 4
North Pacific East 10
North Atiantic o 11
Subtotal 25
4.1.3 System Relative Effectivences Ewtimates

The next atep in this brieof éxerciss to detsrmine sma'mﬁumm
mtopt@neaﬁmhn&b@«duﬂ&cﬂmdmhd%mmrm
:ormammzqmmmmcmmmmm ma an
G¥as tuds briaf tavwstigation invoiviag ¥ ueer caiegocies, ¥ Ty MiAT gt
requircs 943 Infiviémi estimebes * Tho reaull of these eatimates’s
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TABLE 4-5
ESTIMATED RELATIVE EFFECTIVENESS SCORES

Data buoy sysiem estimated relative effectiveness score

Mpz b::;)- 375 250  50% 125 259 60
L. line
“I oB | 8 75 4.8 6.4 1.6 2.8 0.8
EC 19 18.05 17.1  il140 1140 3.8 1045
GM 13 1274 845 575 520 26 3.9
MC 5 49 20 40 025 20 0
we 18 1674 1350 153 9.0 45 45
GA 12 1164 1.2 96 48 36 2.4

Subtoial 75 71.67 53.05 56.46 32.26 183 22.06

NPE 10 9.5 9.0 8.0 5.5 0.50 0
NPW 4 3.2 2.4 1.6 9 0.08 0
NA LB 10.45 8.25 3.3 5.5 1.1 0

Subtotal 25 23.15 1968 109 11.0 i.68 0

Total 100 94.8% 12.?0 67.35 43.25 2098 22466

The average marginal ootributica tc system ralative effoctivensss by u&
additions] buoy has been computed for the naconstrained dsalcymm. itis sompared
mmmmmmwmm 4-11. xtmpermmm
marginal system relative Mwn dacresses tmnm!h MMM
mmmm.hmdwﬂ.&n&»blmmm

mmaaﬁmxmmmmdmmmmw
mhm-nm-w.dwumuwa MW&O&M
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2. For data buoy system™s growing in s8ize over dme, high marginal
system relative efiectiveness is achieved by letting .he svs ¢m designer
sele~t Tocations that best support data requirements xnd benefits The |
alternative of building up a data system by equai voluticnary growth in
ali MDZs (the 50% and 25% s, stems) i8 not as cttecw ‘e an approiach.

3. Marginai system 1elative effectiveness bes.omes low, once ahcut
375 buoys have been deployed.

4 Compared to a hypothetica! 'near growth,the system relative
effectiveness results for the seven buoy systems studied show that
marginal system relative effectiveness peaks with the 60-buoy system,
and <ontinues relai,.ely high 'hrough the 125-buoy (unconstrained)
system. At the point of the 375-buov system, marginal =ystem relative
effectivencss per buoy added i3 less than one-hatf the value of the
60-buov system. Beyund the 375-buoy system. marginal system relative

effectiverwmss {3 of the urder of one-{eath the vajue for the 60~bun, system.

None of the above comments is out of line with what prohably would have been
grossly estimated cn an intuitive basis. Ye!, it must be fully recegnized that agree-
ment with intuition is fusufficient to give a high level of confidence to the use of the
results piosented here. :sdeed this brief investigation points out sall the more strongly
the need to expend one (o two magnitudes more affort to relate in a truly cbjective
fashion attlity of data and daia bromctn and/or benefits to numbers and locations of
dats baoys. It is boped that tds brief example will serve to arouse thought and interest
in a&va&ciﬁu this arva of study.




4.3  Summary

In summary, it musat be stressed that the principal consideration in this buoy =
depioyment study was {o locate specific numbers of buoys at reasonably represeutative '
locations throughout the northern hemisphere Doep Ocsans and Coastal North Americe

regions. To carry out this essignment, any of a number of approgches might have

bean chosen and, a8 & mafter of fact, at least three rather distinct rationales have

bosn employed. The purpose for using three aiternative ratoneles was to determine

thy sensitivity of results, such as average ship opersiing cost per buoy planted, Ths

locating of buoys for the various configurations used in this study should not be taken as

indcative of preferred locations for NDRS data-collecting buoys. The exzct locations

at which buoys will ultimately be depioyed will have to be chosen by the appropriate )
revresentatives of interested U. 8. government agencies, in conjunction with the
idesitifiec. ultimate users of the data or products derived from the data, As will be .
sesn in succeeding sections of thia report, it {8 considered that adequately representa-

tive deploymente of buoys have been investigated to provide a firm statiatical base for

decisione related to NDBS planning at this stage of buoy system deveiopment. As

actual desired locations of buoys are determined, the buoy deployment/maintenance

simnulation and cost model used for this study can be used for determining explicit

st ategies and details associated with coordinated agency /user location choices.




5.6  ANALYSIS OF SHIP SPEEDS, BUOY~-CARRYING CAPACITIES, AND COSTS

This section presents Huoy deployment/maintenance simulgtion and coat model
resuits that Indicate "optimum" ship characteristice, based upon the set of ship
characteriaticy and coets deecribec in Section 3. While the results of this analysis ars
not gufficiently comprehensgive to staie categorically that for the input coet dats pro-
vided the "optimum" deployment ship has been defined, it is believed that the results
presented herein are sufficiently convincing to provide guidsnce for deveiopment
planning at this time.

A number of corollary buoy system deployment features are uiso pregented in this
section. Many of these features are independent of specific input ship characteristics
and/or costs. For exampie, in Seciion 5.2 the total distance travaled to depioy all buoys
in each of the seven typical data buoy systems described fn Section 4 is given. These
results depend only on buoy deployment strategias, such as those described in Appendix
B,

This section concludes with a resume of buoy hardware cests, baserd on equip~
ment coaia listed in Table 3-4, for a dats bucy comparable to the ONR 40-ft discus.

In the course of computing buoy hardware costs, it hns been necessary to determine the
mooring depth for sach buoy in all seven data buoy systems; a total of more than 1000
depths at selected geographical puinis in the northern hemisphere has beenused. Another
sutput of the model that is independent of cost inputs is total length of mooring for & buoy
system and/or average mnooring depth per buoy by MDZ or for a total buoy system,

Total buoy hardware cost, of course, is dependent vpon the oost assumptions of Table
3-4 and other agsumptions such as the requirement (o ingtrument IAPS0 Jevels down

to and inciuding depths ~f 5000 meters. Thus, the buoy hardware costs are preseuted
only to illustrate what thege costs might be, in the event one of the more long-lived

types of data buoy is deployed.

One of the key planning lactors that can be generated from u study such as this
iz the aversge ship operating costs por buoy deployed. This planning factor is a func-
tion of a large number of variables including all of those involved in Eq. 1 for total

ship cxuise coats (3ee Section 3). Average ship operating cost per buoy plaated iz
dafined to be:

5.1 __Approach to Determina
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W r~1x
Q
.2

Average ship-oporating -
cost per buoy plantad avg

{Eq. 2)

Ne

k=1

~1»

Totsl ship cruise cost on K8 cruige ) (see Eq. 1)
No buoye dsployed on kth cruise
K = Tota! number of cruises.

where Ck
Ne

The general nature of Eyg. 2 {8 of interest because it is 8 function of ship buoy-
carrying capecity and ship speed. Cruise deployment achedulss snd location of buoys and
ports and ship buoy-carrying capacity dete rmins the digtanoe traveled foreach cruise. The
sum of all cruise distsncee in an MDZ represents the total distance traveled to deploy
ali buoys in the MDZ and, when summed over ail pertinent MDZs, gives the total distance
traveled tc deploy all buoys in reglors such as CNA or DO, or for ali buoys in a total
system. Once total daployment distance travelod is imown, avarage ship apeed car be
used to compute time apent traveling, which i{s addec to time-to~-implant all buoys to
detsrmine total {minimum) cruige time. Port duys per cruise is added to cruise time
to give iotal (minimum) deployment time, Fuel cost and ship maintenance cost per zea~
day depend on ship buoy-carrying capacity and ship speed. In general, ship maintenance
cost per sea~day and fuel cost per n mi traveled tend {0 increase with both ship speed
and ship buoy-carrying capacity, but in the non-linear fashion as indicated in Fig. 5~1.
In contrast, the number of days spent 2t sea decreases lineariy as a function of ship
speed for given deployment schedules. In turn, that portion of cruise costs that depend
on thme at 2ea alsodecreases linearly as & function of ship speed. Thus, the cost curvea
of Fig. 5-1, which are easentially constant over the low speed range of 8 to 15 or 18 kt,
and the linearly deoressing time spent at sea per cruise as ship speed increases, cause
ship operating costs to decrease until ship maintenance and fusl costs begin to increase

in the 15 to 18 kt region, thus causing cruise costs 0 pass through a point of mintmum .
(at 18 or 18 kt for the cost curves given) and increage relatively sharply for ship
speeds nbove 18 kt, for all ship buoy~carrying capacities. These pointe are filustrated .

v Fig 5-2, which shows the general nature of the coet curves, the decreane in distance

?’g"




R

o

L
-
g Buoy-carrying
o Capasity
Ship .o &
Maintananos o
Cost
par Sea Day
{$K)
] | 1 3 } | 4 ] i
8 2 18 18 21 24 27T 30
Ship Speed (it)
Fuel Cost
per
ami
®




P

AL T

Ship
Malntenance
or

Fusi Ship Buoy~-Cerrying Capecivy .

Cg():;s // /
4
4

J\[il A 3 { 4

| 1 4
9 i 15 16 21 24 27 30

i / Ship Buoy-Carrying Capacily
/
7/
Tutal Time /
to Deplay . /
All Buoys
(Days)
'l‘otﬂ Time “s-plant All Buoys
l\ L f 2 d i i 1 [l §
9 12 15 18 21 24 27 30 |
4 Ship Buoy-Carrying -
Capacity ) ,
Average
Cost :
Pgr
Piarted -
®
I VN T SN SO S T T B
8 132 15 15 131 M 37 .
thip fpeed (kt)

Fig. §-2. Typloal ship operating cost cuzrves.

N by e 7 P R by S

54




traveled (and hence total conts per cruise due to base costa per sea-day) and the
resulting average shiv operating cost per buey~planted curves, ail as a function of
both ship speed and ship buoy-carrying capacity.

Of courae, there are many other facats of the buoy deployment/maintenance
simulation that sre of intereat. A numbe: »f these ars shown in Table 5-1, which
gives for the 500-buoy baseline systemn North Atlantic MDZ, cruise data for an 18 kt
ship. The table illustrates that increasing buoy~carrying capacity from 4 to 12 permits
essentially a 50 percent reduction in distance traveled to deploy the 48 North Atlantic
buoys (using the 8-buoy ship affords a2 41 per cent reduction in distance traveied for
this MDZ). Of oourse, this reduction in distance traveled is a direct function of the
number of cruises required; these range from 12 cruises for the 4-buoy ship to 4 for
the 12-buoy ship. Using a safety factor of 1.0, total minimum deployment time can be

determined; it varies from 331 to 188 days for the 4-buoy and 12-buoy ship respectively.

The amount of time in port and at sea is also indicated. For the 4-buoy ship, over 59
per cent of the time {s spent in port; for the "2-buoy ship, only 34 per cent of the

TABLE 5-1
500-BUOY BASELINE SYSTEM
NORTH ATLANTIC MDZ CRUISE DATA: 18 KT S8HIP SPEED

Total min Max Avg. Max
v ¥
::,i?:’:; deployment ;"::rt :: T;’. cruise | cruise :::'b::{f' No, buoys
time length | length ; planted per
required (days) (deys) | (days) { (daye) planted ship yoar

211 23

> o b s < 1

12 17.6 6.9 49
8 245 80 185 25.8 206 5.1 66
L] 205 60 145 28.5 24.2 4.3 79
5 183 50 133 30.7 %6 3.8 88
4 168 40 128 35.1 320 3.5 98
k3
Notes: (1) Time-to-plant = 34 hr {4) Port days/cruise = 10
(3) Base cost/sea day = $5000  (5) Ship speed = 18 kt
(3) Safety factor = 1.0 (6) Days/ship year = 335




deployment time {8 apent in port. It ia clear, however, that use of the 12-buoy ship,
loaded to 18 maximum capacity, will require average deployment cruise times of

35 days, minimum. (Thig factor depends in part on the sssumption of 24 hours time-
to-plant for each bucy.) Because a safety factor of 1.0 hag been used, it must be

recognized that actual cruises could be longer in time than these figures indicats,
Such lengthy cruises may be bad for crew morale, (Of course, only four such cruises
would be required to deploy all 48 North Atlentic MDZ bunys.) Finally, the table
shows ‘wo important planning factore that can be cbtained from the previously listed
data; namely the average number of days required per buoy planted and the maximum
number of buoys that could be planted per ship-year (based on 335 days per ship-
year).

The TRC buoy deployment/maintenance stmulation and cost mode!l provides
data shown in Table 5-1, as well as other usaful information {(see Appendix Aj. Thia
type of data has been generated and analyzed for each of the seven buoy systems out~
lired in S8ection 4. In general, in this section, specific resulis of analyzed data will
be presented for the 500-buoy bageline syatem. Comparable resuiis have besn
obtained for the other buoy systems but the regults yroved to he linearly dependsnt on
number ¢f buoys in the syatem; therefore, for the most part, only average velues
and total results are compared for all seven systems. It wiil become apparent, as
the presentation of material in this section procecda, that the average values pre-
sented (the "planning factore') are essentially independent of the number of buoys
in the systems, once systems of approxlmatsiv 100 or so buoys are taken under con-
sideration.

2__T ) Traveled to
As discussed in the previcus seciion, total distancd traveled to deploy data

buoys is one of the key factors in determining average ship operating cost per buoy
planted, and is intrinsically indepsndeni of cost asswinptions. It is, of course,
completely dependent on the choioe of buoy aind port locations and the cruise scheduies
reiating them. A deiailed discussion of preferved crutae soheduling is given i
Appesdix 3. Figuve G~3 shows three typical urvise deployment achedulss for the 500-
buoy baseline syatem North Atlantic MDZ, where thers are ¢8 buoys to be deployed;
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the figure shows cruise zchedules for ¢-buoy, 8-buoy, and 12-buoy deployments.*

Figure 5-4 shows total distance traveled for the East Coast MDZ ead the North
Atlantic MDZ; average distance travslad per buoy pianted is also indicated o 2ach
figure. Note that for the 12-buoy ship it is necessary to travel a littie over 700 n mi
per buoy deployed in the North Atlantic MDZ, but only about150 n mt per buoy planted
in the East Coast MDZ, thus illustrating the difference in distance traveled in planting
CNA and DO data buoyn, a ratio of almoat 5 to 1 in this instance. (It should he held
in mind that for the 500-buoy bageline system there are 350 CNA data buoys and 150
DO buoys, or a vatio of 2.33 to 1.0. This ratio was heid constant for the 50 per cent and
25 per cent of baseline systems. It was varied soraewhat for the 375, 250, 123, and 80-
buoy systema.)

Congidering &1l seven data buoy systems, Fig. 5-5 gives total distance traveled
to plant CNA buovs, DO buoys, and the combination of DO and CNA buoy.. Note that
the distiances traveied for the 50 per cont and 25 per cent sysiems are scmewhat
greater than for the comparatle 250 and 128 buoy systems. The primary reagon for
thig ie that more buoys were doployed in the North Pecific Weat MDZ and the Mexican
Coast MDZ in the 50 per cent and 25 per cent systams. With these exceptions, total
distance traveled tends tc be a murotonically (approximately lincar) decreasing
function of the number of buoys in the eystem, as wouid be expected.

Total gistance traveled to plant ail buovs varies from 200,000 n mi for the 12-
buoy ship deploytag the 500-taoy system, to shout 50,000 n mi for implanting the 135~
buoy and 25 per cont systams. Figure 5-8 chows the average distance traveled per
buoy pianted for ail scven bucy systems. The CNA, DO and combined CNA and DO
regions are shown separately with curyss for 4, 3, and 12 buoys per ship. Thrse
figures show the independence of avarage distance traveled per buoy piantsd ss & finc-
tion of system size, at least through the 138-buoy and 28 per cent system, Por

* The intorested reader may wish to challmgs the deployment :chedules shows in
Fig. 5~-3. As noted in Appendix B and elaswbers, no suggestion is mao: i this report
that opttsuan cruise scheduling has been attcined. However, Appendix B shows that
osttaln oruise scheduling strategise are preferred over others sad these guideiinea
have been follow.d throughout the study.
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Notes: 1. Time-to-Plant = 24 hr
2. Base Cost/SeaDay = $5000
3. Seafety Factor = 1.0
4. Port Days/Cruise = 10
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* There iz, of course, an upper bound on how far ship buoy-carryiog capacity should

example, for the 12-buoy ship, it 1s clear that for all CNA MDZs (and two deployment
pr.is) the average distance traveied per buoy pianted is approximately 275 n mi. In
the Deep Ocean (again, for two Deep Ocean deployment porizs) the average distance
traveled per buoy planted using the 12-buoy ship is about 750 r mi. Averaged over the
entire northerr hemisphere, the 12-buoy ship csn carry cut deplovments at a rate of
approximately 406 n mi traveled pei buoy planied.

In each MDZ, there is alwuys one cruise greater in distance traveled than any of
the others. In general, this cruise depends more on the buoy that {s at the farthest
distance from the deployment port than it does on ghip buoy-carrying capacity. This
point is clearly illustrated in Fig. 5-7, which shows for the 50¢-bucy baseline svatem,
maximum cruise diatance in each of the nine MDZz, and indicates that ship buoy-
carrying capacity has little effect on this factor. (As would be expected, increasing

ship buoy-carrying capacity does increase maximum cruise distance somewhat.)

5.3 __Average Ship Operating Cost per Buoy Planted

Section 5.1 has given a general explanation of hew aversage ship operating cost
per buoy planted is obtained and what the nature of the curves as functions of ship buoy-
carrying capacity and spsed are expected to be. Section 5.2 haa shown the character-
istice of on~ of the wmajor factors determining average ship ope:atiug cost per huoy
planted, namely, tolal distance traveled to deplov all buoys {in an MDZ or in CNA or DO
ox in the northern hemizphere), and average distance traveled per buoy planted in
various MDZs or regicns. ] _

Figure 5-8 shows two sets of curves for average ship operating cost per buoy x o
planted as functions of ship speed and buoy-carrying capacity. The data for Fig. 5-8 -
is given in Table 5-3. Average ship operating costs for the 500-buoy baseline system |
East Coast and North Atlantic MDZs are presentad as reprogeuntative of higher and
lowor average costs tu be encountered for the conditions stipulated on the figure.
Clearly, the minima Jccur at efther 15 or 18 kt for each ship buoy-carrying capacity,
and increasing ship buoy-carrying capecity tends t» make deployment more efficient.*

be carried. That beund dependa primarily on he desired maximum cruisc time, The

USCG NDBS DPO provided TRC with the guidance that 22.5 days at a safety factor of *
1,0 represents desirable maximur. cruise time. Thie 22.56 “ay fa tor will be discuszed

at a number of points in the remaining port' sus of this report.
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Notes: 1. No. Buoys Deployed = 500 [
2. Deployment Ports: 8. Purtsmouth, Vs.
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One aspect of the analysis for this buoy deployment study was determination of
the point (or points) of minimum (or slope reversal) in the curves for average ship
operating costs per buoy planted as defined by Eq. 2. In every case investigated in
this study, the minimum point occurred either at 15 or 18 kt ship speed. Review of

ti.e cost curves (Fig. 5-1) indicates why this occurs. With nc exception, for all cases

investigated and all variations of parameters, the 12-buoy, 18 kt ship provided the

lowest average ship operating cost per buoy planted. It was, therefore, decided to

present most of the comparative data at ship speeds of 15 or 18 kt, commensuraie with
minima as a function of ship buoy-carrying capacity. Figure 5-9 is such a grapl. it
shows average ship operating cost per buoy planted at the points of minima on the cost

curves for all nine MDZs in the 500~buoy baseline system. Average costs for ship

TABLE 5-2
500-BUOY BASELINE SYSTEM
Ship huey- No.buoys
. h -
carrying Ship Speed (k) deployed
, capacity 9 12 15 18 21 24 27 30 in MDZ
e
East Coast MDZ
4 25.9 | 24.1 | 23,0 | 23.1 244 | 28,5 | 31.1 33.5 53
] 200 186 } 180 | 376 |20.2 |216 | 236 | 249.5 53
g 17.3 16,2 | 15.7 16.2 §17.1 i8.3 199 | 21.5 49
i0 18,2 15.1 i4.5 | 14.2 | 15.1 16.1 17.5 18.9 49
12 15.412J 142 | 138 134 14.2 15.1 16.5 17.7 49
North Atlantic MDZ
9 as 15 18 21 24 27 30
4 565 | 47 1 42,3 {423 1456 | 59.5 1 69,2 {7188 48
8 423 | 85.9 | 83.0 | 31,1 |38.7 | 43.5 | 50.5 | 57.3 48
8 36.1 307 [ 282|295 |32.3 | 36.3 | 42.1 | 47.7 48
10 3.2 1 30,3 {273 1263 (287 {322 | 373 {422 48
12 328 | 28.1 | 253 | J44 | 26.7 | 300 | 348 | 384 8




Notes: 1. Time-to-plant = 24 hr
2, Base Cost/Sea Day = $5000
3. Ssafety Factor = 1.0
4, Port Days/Cruise = 10
5. Ship Speed = 15 or 18 kt
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buoy~carrying capacity of 4, 8, and 12 buoys are clearly indicated on the bar graphs.*
Data was produced for 6 buov and 10-buoy ships, but has been omitied in the interest of
simplicitv. Figure 5-9 makes clear the advantage of deploving huoys from deployment
ports contiguous with the deployment zone. For example, average costs to deploy each
buoy are lowest in the East Coast and West Coast CNA MDZs and in the North Pacific
East DO MDZ, because average distance traveled to deploy buoys was lowest in these
three MDZs.

Figure 5-19 shows average cost te deploy all CNA buoys for all seven systems,
using ship buoy-carrying capacities of 8 and 12 buoys. The average cost is bounded by
the maximum average cost found in any of the appr~priate MDZs and the minimum
average cost per MDZ encountered in each of the seven systems.t Also, the 8-buoy
per ship and 12-buoy per ship averages are compared directly at the bottom of Fig.
5-10,

The large increase in maximum average cos! per buoy planted for the 250-buoy
system cccurs because the number of buoys In the Mexican Coast MDZ was reduced to
a small number, but of these several were located at large digtances from the deploy-
ment port in 8an Francisco. Thus, there are no '"'short’ buoys to counterbalance the
"long”’ buoys. Note that the overall average for the CNA buoys in the 250-buoy system
is less than the CNA buoys in the 50 per cent system. CNA average coat per buoy
planiad ts of the order of $19,000 for the 8-buoy ship and $16,000 for the 12-buoy ship.
Clearly, there iy a differential of approximately $3000 per buoy planted between the
average cost curvea for the 8-buoy and 12-buoy ships. Thus, using an 8-buoy ship,
rather than a 12-buoy ship, to deploy CNA buoys would increase average ship operating
cost per buoy planted by nearly 19 per cent. For the 350 CNA buoys in the baseline
system, this would amount to an increased deployment cost of $1.05 milifon. Recurring

* The number of buoys deployed in each MDZ does not exactly agree with the duta
in Table 4-2, because sometimes for eiciency of cruise scheduling, buoys from an
adjacent MDZ were deployed under a different MDZ heading.

t In other words, under no conditions investigated was average ship operating cost
per buoy per MDZ more or less than the curves of maximum and minimum. These
curves are, therefore, useful in determining how much deviation might be expocted
around the average value curve, in a relative sense. Absolute values are, of course,
complelsly dependent on the safety factor, costs, ship characteristics, and port-days
per cruise assumptions.
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maintenance costs of comparable magnitude would alse occur at least annually.

Figure 5~11 shows average ship operating ccsts per buoy planted ior the three
Deep Ocean MDZs for all buoy systeme, with maximum average cost per MDZ and
minimum average cost per MDZ also indicated. For the buoy systems of Iar ze si
investigated, use cof the 12-huoy ship provides an average cost per buoy pla. .ed in the
DO of approximately $25,500, while the 8-buoy ship provides an average cost per buov
planted of approximately $29.500, thua affording a $4000 differential between the two
buov-carryi.g capacities.

Carrying out the averaging processes over all buoys (CNA plus DO) in each of
the seven systems [or the 8-buoy and 12-buoy ships gives the average cost curves
shown in Fig. 5-12. In thia figure the grand average for all buovs is shown compared
to the average for all Deep Ocean MDZs (which generally {s about $7000 per buoy more)
and the average for all CNA MDZs (generally more than $4000 per buoy less:. Use of
the s-buov ship produces an average ship operating cost per buoy planted of approxi-
mately $22,000 while the 12-buoy ship deploys buoys at an average ship operating cost
per buoy planted of about $19,000.

Figure 5-12 makes evident the contention that average ship operating cost per
buoy planted is essentially independent of number of buoys in the system. It also
clearly indicates the expected result that the greater the distance from the deploy-
ment port, the more expensive it i8 to dvploy buoys Is substantiated. On the basis of
average distance traveled to deploy buoys, the relationship is reversed. Fcr example,
with a 1¢-buoy ship, it requirey about 750 n mi of travel {average per buoy) to deploy
DO buoysatanaverage ship operating cost of $28,500 per buoy, or nearly $40 per n mi traveled.
To deploy CNA buoys, the average distance traveled per buoy planted ls sbout 280 n mi,
and the average :hip operating cost per buoy planted is about $15,500; this results in &

cost of about $55 per n mi traveled. Planning factors such as these are useful for

first estimatas in determining deployment cost, given the numnbers and locatinng of
desirod data bucy networks and potential Geployment porta. The sensitivity of these
planning factors to variations in bane coet per sea-day and time~to~plant each buoy
are discussed below in this section. Cost sensttivity to use of additionai deployinent
ports ta given in SBection 6. Bensgitivity to variation of port-days per cruise is given in
Section 7. Total d loymont cost is discussed pext.
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Notes: 1. Time-tg-plant = 24 hr
2. Base cost ‘sea day $5040
3. Safety factor - 1,0
1, Port davs cruise 10
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0.4 _ Total Ship Operating Cdst for Seven Buoy Systems

‘Total ship uperating costs to deploy CNA, DO, and combined CNA ard DO buoy
sv:tems are shown for all seven buoy systems and 4, 8, and 12 ghip buoy-carrying
c:ipacitles in Fig. 5-13. These total ship operating costs decrease approxi.mately
linearly with total number of buoys, as might be e:;pected. As an overall average, the
50 per rc¢nt buoy system costs glightly more than the 256~buoy syatem; the same com-
ment applies to the 25 per cent versus 125-buoy system. This occurs, of course,
primarily because the 50 and 25 per cent systems have proportionately mcre buoys in
the Nerth Pacific West and Mexican Coast MDZs than do their 250-buoy ard 125-buoy
counterparts, as noted previously. The 500-buoy system deployed by a ship with a
12-buoy-carrying capacity requires slightly more than $9 million for deployment,
based on a safety factor of 1,0; a time-to-plant of 24 hours; 10 port-days per cruise;
$5,000 base cost per sea-dav; and an i8 kt ship. This is approximately 45 per cent
less than the equivalent cost of $17.4 million for a 4-buoy ship. Comparable savings
are indicated throughout the 250 and 50 per cent systems with somewhat lower percent-
age oi saving accrued in going from the 4-buoy to the 12-buoy ship for sys=tems with
less than 250 buoys. The details of ship operating cost to deploy the seven buoy

systems are given in Table 5-3.

TABLE 5-3
SHIP OPERATING COST TO DEPLOY BUOY SYSTEMS ($M)
Ship buoy-~
Region carrying Buoy systems
capacity
CNA 4 9.864 | 7.603 | 4.456 | 4.857 | 2.676 | 2.515 ‘| 1.587
8 6.530 5.096 3.089 3.257 1.859 1.717 1.212
12 5.354 4.199 2.578 2.970 1.586 1.463 0.944
DO 4 5.541 4.210 3.341 3.093 1.029 1.387
8 4.425 2.973 2.366 2.24 0.769 1.07¢
12 3.767 2.594 2.077 1.959 0.742 1.008
Combined 4 16.405 |11.813 7.797 ?.950 3.706 3.802 1.587
f:!‘* 8 10.955 | 8.069 | 5.435 | 5.491 | z.628 | 2.70¢ | 1.212
DO 12 9.121 8.793 4.656 4.729 2.328 2.466 0.944
Notes: 1. Time-to-plant = 24 hr 4. Port days/cruise = 10
2. Base cost/sea day = $5900 5. Ship speed = 18 or 18 kt
3. Safety factor = 1.0
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Notes: 1. Time-to-plant 24 hr
2. Base cost/sea day $5, 000
3. Safety factor 1.0
4 . 4. Port days/cruise - 10
—
»
= Ship Buoy-Carrying Capacity
=
‘—
1 [ 1 A 1 ]
500 375 250 50% 125 25% 60
r
| 4 «— Ship Buoy-Carrying Capacity
DO
o
1 1 1 1 I
§00 375 250 50% 126 25% 6¢C

4-+— Ship Buoy-Carrying Capacity

i A k]

500 376

4
30 50% 125
Buoy Systems

25% 60

Fig. 5-13. Ship opersting cost to deploy buoy systems.
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5.5 "Total” Average Ship Operating Cost Per Buoy Planted

The above analvses have not included pr rated ship constructicn costs, in this
subsection it will be ghown that the inclusion of such prorated ¢aets has little <ffect
on the matcrial preseated and conclusions drawn thus far.

Figure 5-14 shows prorated ship construction cost per day based op a 20-year
lifetime, fcr the ship construction costs previcusly given in Table 3-2. The data for
these curves is given in Table 5-4,

Equation 3 sl.ows the expressien used to comopute ''total' average ghip operating

cost per buoy pianted.

"Total" Average Ship s

1
Operating Cost Fer = C + ey D {Eq. 3
Buoy Planted avg %300 !
Where
S1 = Total ccst of ship construction (§)

I,‘)1 = Average Time per Buoy Planted (days)

Figure 5-15 shows “total" average ship operating cost per bucy planted for 500~buoy
bageline s,stem deploymentc in = East Coast MDZ and the North Atlantic MDZ. These
are repreaen..tive of other results obtained throughout the study and clearly indicate
that with minor eaceptions, increased snip buoy-carvying capacity at speeds ¢, 15 or
18 ki leads to reduced total average cost per buoy planted.

Because of the consistenty of results such as those indicated in Fig. 5-15, pro-
rated ehip construction cosis have not been used in presenting resuits and illustrztions
throughcut the remainder of this report, because real costs were considered to be of

more interest than prorated (1.e., amortized) costs.

TABILE -4
PRORATED SHIP CONSTRYCTION COJTS PE+. DAY* ($K)

P _ shipapee ikt
capacity 9 _“E 12 | 15 T 18 2_1_"] 24 | 27 ]__30
4 108 | 108 |1.08 [147 (200 [351 | 432 |5.0¢ .
6 va | 147 [rar e joe |
8 159 | 150 |18 |..5
T 226 | 225 225 i 2.25 )
R ©25 | 225 |22 [228 _ * L J'

*20-yes lifetime (7300 days) assumed,
T4
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Fig. 5-14. Pro-rated ship construction cost per day (20-yr lifetime).
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Fig. 5-15. Ship speed and buoy-carrying capacity trade-off.
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Sengitivity of Avcrm Cost Per B\agy Planted to Varistions in Cost Factors

Average nhtp optr&ng cost per buoy phntad depench primarily on base cont
per ses~day. The rationale for various choices of base cost per sea-day bas been
given in Bection 3, where it was noted that in essence base cost per sea~dsv reflects
crew cost, which in tumn is 4 function of the level of automation in ship operation and
the amount of planned, on-bosrd refurbishment of buoys.

The TRC buoy deployment/maintenance mode! provides the opportunity to vary
bage cost per sca-day. Thres values were used in this study: $2000, $5000, and $8000
per day. The sangitivity of average cost per buoy plaated to variations in base cuai per
sea-day {s shown in Pig, 5~16a. Base cost per sea-day applies %o all days at sea and
in port*; therefare, average cest per buoy planted varies as a linear function of bage
cost per sea-day. As the number of sea-dasys per buoy planted decreases (ss is the
cas¢ in going fram the 4-buoy to the 12-buoy ship) sensitivity of average ship operating
cost per buoy planted siso di ~reases. |

The rate of change of sverage shlp operating oo-{per buoy-pisnted {a indicative ‘
of the gensitivity of this factor to changes in hare cost per sea-dey. Ths rate of change *
(alopes of ths curves in Fig, 5-16a) is shown In Fig. 5~16b. This figure indicates that :
the sensitivity has docressed to the point where a vartztion of oné dolizr in base cost
per sea~day for the 19-buoy ahip as the net effect of creating sbout a $2.50 change ;
(In the same direction) in averags ship operating cost per buoy plunted. Of course, 8
curves such as that in Fig. 5-16b delineating cost sensitivity differ from MDZ to MDZ.
The usture of this differcnce is shown in Fig, §-17, wh!ch {litetrates the point that the
average sost variation in CNA MDZs for the 10 and 12-batoy ships 1s relatively minor,
and tends S0 avsrage approximately $3.50 ochange in Wﬁr@» cost par bucy ;ﬂmwd pat
dollar cheage in base cost per sse—day. In the DO MDZ, the Ssoter o approximaiely
$3.50 per dollar cisnage in base cost. Thus, it is Apparent that what might appear o be i
rathor small improvements in reduckig base cost per sea-day might be im:nussd by 3 » -»'f'
fecter of about 3 in the veduntiop of msrm m& per bua'y plumi | ' - ¥ 4

T *Cost p psr port day was specifiod by the mms DPO to be 94% nt' bm cost per
sea-day.
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5.6.2 Sensitivity to Variations in Time-to-Plant

Throughout this report a time-to-plant each buoy of 24 hours has been used. .
The buoy deployment/maintenance model has provision for variation in time-to-plant
and 12, 24, 30, and 36 hourse have been used. The sensitivity of average ship
operating coat per buoy planted to variations in time-to~plant each buoy is given In
thig subsection.

Time spent on station deploying buoys results in ship operating costs comprised
of the base cost per .~a~-day and the ship maintenance ccst per day. Ship maintenance
cost per day is a function of ship speed and ship buoy-carrying capacity as shown in
Fig. 5-1. Once ship speed and ship buoy-carrying capacity have been fixed, the
sensitivity of average si ‘p operating cost per buoy planted becomes a linear function
of time-to-plant each buoy. For example, for a 4-buoy ship operating at 18 kt and a
base cost per sea-day of $5700, the ship maintenance cost per day is $306, resulting in
a linear factor of $5,306 per 24 hours time-to-plant relating average ship operating
cost per buoy planted to time-to-plant each buoy. (That is, the change in average cost
per buoy planted is $221 per hour variation in time-to-plant.) In the case of a 12-
buoy, 18 kt ship, the sum of base cost per sea-day and ship maintenance cost per sea-
day !a §5,600 per day resulting in a aensitivity of average ship operating cost per
buoy planted of $233 per hour time-to-plant. These statements are {liustrated in
Fig. 5-18 which shows sersitivity of average ship operatirg cost per buoy planted to

variation of time-to-piant in the baseline East Coaest MDZ and North Atlantic MDZ.

The slopes of curvea for comparable ship buoy-carrying capacity are the same in all
MDZs. For the 500-bucy baseline aystem a reduction of one hour {{me-to-plant would
result in & net saaving of $117,000 uver the entire system, given all the conditions noted
in Fig. 5-18.

5,7 Buoy Bvstem Daployment Time

A factor of considerable interest in NDBE development planning {s the total
deployment time (in ship-days) required to mplant buoys {n MDZs or in the CNA or DO
region, or for the combination of both CNA and DO reglons. These factors are discussed

in this subsection.
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Notes: 1. Buoy System = 500 :
2. Base Cost/Sea Day = $5,000
3. Safety Factor = 1.0
4, Poirt Days/Cruise = 10
5. Ship Speed - 18 kts
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Fig. 5-18. Sensitivity to t.w-tu-plant.
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Figure 5-1¢ ghows total minimum deployment ship~days* for -ach of the nine
Modular Deployment Zones for the 500-buoy baseline system. The raduction in
deployment ship-days achieved by using ships of high buoy~carrying canacity is made
evident by Fig. 5~19. On a normalized basis, minimum average depioyment time ir.
ship-days per buoy pianted is given in Fig. 5-20a, It is evident that for the 12-buoy
ship,minimum average deployment time is approximately 2.25 ship-days per buoy
planted in the CNA MDZs and about 3.2 ship-days per buoy planted in the DO MDZs.

One day of each of these values is asgumed to be spent on-station deploying the busv.

A second day {approx‘mately) is spent in port. Thus, the average time traveling pe: buoy
depioyed for the 12-buoy 18 kt chip is about 0,25 days for CNA buoys and 1.4 days for

DO buoys.

Using the minimum average deployment time for each MDZ an‘i a ship operating
yéar of 335 days (alldws 60 days dry-dock time every two years), it is possible to
determine the maaimum number of buoys one ship would be capable »f deploying in
one year. This information is given in Fig, 5-20b, Note for this figure that the 12-buoy,
18 kt ship provides the greatest deployment capability, numbering between approxi-
mately 120 and 140 buoye per year (maximum) in the CNA MDZs and about 90 buoys per

year in the Deep Ocean MDZs. These figures are, of course, for a gafety factor of

1.0. A more conservative planning factor might be about 90 buoys pcr ship year for
CNA MDZs and asbout 70 buoys per ship year for Deep Ocean MDZs.

Ag has been noted elsewhere, a potential bound on the number of buoys deploy:d
per cruige (or per ship year) depends in part on the maximum cruise¢ time allowed.
Figure 5-21 shows that the maximum cruise time in CNA MDZs {s within the 22.5 day
desired maximum cruise time (ac specified by the NDBS DPO) with iie exception of
the Gulf of Alaska MDZ where the 12-buoy ship would require a maximum cruise time
o1 about 24 days, under idezl conditions. t In all Deep Ocean MDZs thiz problem is more

* Total minimum deployment time is the time required to deploy 1 given number
of buoys in a given region, for given ship characteristics and port-d:ys per cruige,
without regard to bad weather or other adversities (i.e,, safety facto: of 1.0). In ac:aal
practice, total deployment time might be 10 to 30 per cent greater than the (ideal) tctal
minimum deployment time.

t Actual cruises can be longer than 22,5 days. Applying a safety :actor of 4/3 to an
actual aliowed cruise time of 30 days results in desired cruises of 2:.5 days duratio:,
under ideal conditions (safety factor of 1.0).
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Notes: 1. No. Buoys Deployed - 500 ;
2. Tiue-to-piant = 24 hr 1
3. Safety Factor = 1.0
4. Port Days/Cruise 10
5. Ship Speed = 18 kt ‘
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Noteg: 1. No, Baoys Deploved = 500
2. No. Days/Ship-Year - 335
3. Denloyment Ports: a. Portsmouth, Va,
b. 3an Francisco, Cal.
¢, Henolulu, Hawali
4. Time-to-plunt = 24 hr
 Ship Speed = 15 or 18 kt
R — 8 Minimum Ay rage Deployment Time
Minimum 6 j 4
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Time LI . | r—
{Days/Buoy) " "~ 12
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b
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Fig. 5-20. Maximum number buoys deployed per ship-year and minimum
sverage deployment time.
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Notes: 1. No. Buovs Deployed - 500
2. Time-to-plant 24 hr
3. Safetv Factor 1.0
4. Ship Speed - 18 kt
5. Port Days/Cruise 10
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Maximum 40 |- (S:T:af“:z’ arrying
Cruise -
Time . \
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Fig. 5-21, Loﬁgest cruise time per modular deployment zone.
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crucial. If maximum cruise time for ideal condidons is increased tc 30 days, then
number of buoys carried by the 18 kt ship on long cruigses probably should not 2xceed
eight. Of course, this comment is dependent upon the sasumption of 24 hours time-to-
plant each buoy and 10 port days per cruice.

Since maximum deployment time in CNA MDZs does not appear w be & problem,
concentration of interest is placed on IO MDZs. In particular, Fig. 5-22 shows maxi-
mum cruise time for the 18 kt ship carrying 4, 8, and 12 buoys in the North Atlantic
MDZ, which is considered to be s typical DO MDZ., Figure 5-22 makes evident the
fact that maximum cruise time will be of the order of at least 35 days (minimum) for
efforts to implant 24 or more buoys throughout the North Atlantic MDZ. Even when the
number of buoys n the North Atlantic MDZ is only 12 and they are confined primarily
to the major shipping lane between the U.S. and Europe, minimum cruise time will be
of the order of 29 days. (Of course, under such conditions only one cruise would be
required by the 12-buoy ship to deploy all 12 North Atlantic MDZ bucys).

It ie not the purpose of this report to attempt to establish policy regarding
maximum tolerable crulse time. That is a functien of ine nperating agency deploying

{and/or maintainirg’ buoys in & future NDBS. The TRC buoy ueployment/maintenance
mode! does, however, provide insight as to the potent'al capabi!:ties of ship speed and
bnoy-carrying capacity combinatiore .ipplied to the anticipated deployment/maintenance
tasks of the future NDBS. In thia context, then, it is evident that cruises of long dura-

tion will likely te encountered in deploying »nd/or maintaining dats buoys in DO MDZs, o

or it will require many cruises involving sa a:l aumbers of huoys each cruise,

As a fina! point to be made in this section, Fiq. 5-23 shows toial minimum
deployment time required to deploy all CNA buoys, all DO buoys and combinationa of
alt DC and CNA buoys for all seven bucy systems. The figure indicates that approxi-
mately 1400 snip-days would be required (as a minimum) to deploy the 500-buoy base-
line system, while 1045 ship-days (minimum) would be required to deploy the 375-buoy
system. Other times are commensurate with the number of buoys deployed. All these
dsta are presented in Table 5-5, which shows not only total minimum deployment time
by buoy systems, but algo minimum average deployment time per buoy and the maxi-
rmum numbor of buoys deployed per ship-ywar for each of the seven buoy systems. The

last column of 1.%le 5-5 shows the minimum number of ships required to deploy each
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Notes: 1. Time-to-plant = 24 hr
2. Base cost/sea day = £5,000
' 3. BSafety Factor = 1,0
4, Port days/cruise = 10
5. Ship Speed = 1B kis
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Fig. 5~23. Total minimum deployment time for all syetems.
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of the seven buov svstems in one vear. Jt must be held in mind that all these figures
are for a safety factor of 1.6, 24 hours time-to-plant, an 10 port days per cruige,

Variation in anv of these influential factors will change the data presented in Table 5-5,

5,8 Buoy Hardware Cost

Buoy hardware costs for al! seven buoy systems are presented in this subsection,
primarily as an illustration of the capabilities of the TRC buoyv deployment /maintenance
computer aimulation and cost model. The cost figures used here are based on con-
servatively high cost estimates provided vy the USCG NDB§ DPO und are not intended

for financial planning purposes of long-range significance.

5 R 1 _Depth of Mooring

Total buoy cost is determined in part by the cost of the meoring iine, which for a
buoy with a one-point mooring at a scope of 1.0 is equivalent to the depth of water in
which the buoy is moored.* Average mooring depth by MDZ for the 500-bucy baseiine
system is shown in Fig. 5-24a. In the Gulf of Mexico and Grand Banks MDNZas, average
mooring depth is between 5200 and 6000 feet. In the other fr '+ CNA MDZs, average
mooring depth is between 9400 and 11,600 ft Average mooring depth in the three IX)
MDZs varies from 11,360 to 13,200 ft,

One of the output features of the TRC buoy deployment/mainienance simulation
and cost model is the total length of mooring required for all buoys deploved ir a given
computer run. (A computer run was made for all buoys in each MDZ. See Appendix A
for an example.) Figure ~-24b shows total length of meoring required in each of the
nine MDZs. The sum of mooring cable required for all MDZs is 4,982,060 ft. At a cost
of $1.75 per ft (dacron cable with central conductors), the investment in mooring cable
for the 500-bucy system would be $8,730,000,

The average mooring depth per buoy, considering all buoys in each of the seven
systems, 18 shown in Fig. 5-25; {t is seen to be of the order of 10,000 ft, Based on
this average mooring depth per buoy, it is clear that the total length of mooring

*1t is recognized that a taut-line moor usually involves a scope of less than 1.0,
due to the elasticity of the mooring line, This fact has not been considered here
because of the desire to maintain a one-to-one equivalence between ocean depth and
tota) length of mooring line required. Appropriate conversion factors can be easily
applied for scopes other than 1.0. Mooring scope is an input to the buoy deploy ment/main-
tenance model and any non-negative value of scope is acceptable.
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Notes: 1. No. Buoys Deployed = 569
2. Mooring Grand Tetai = 4,%.2, 000 ft

a. Average Mooring Depth
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Fig. 5-24. Average mooring depth and total lerngth of mooring.
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Length of nmooring for seven data buoy systems.
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BUGY SYSTEM DEPLOYMENT CHARACTERISTICS

TABLE 5-5

Minimum time | Average time Max. No. of Mi'n. No. of
Buoy _ ships to
to deploy to deploy per bucys planted
system (ship days) buoy (days) r ship-vear deploy syvstem
! A pe p= in 1 year
500 1400 2.8 120 4.16
{baseline)
375 1045 2.8 120 3.13
259 716 2.88 116.6 2.14
500 720 2.88 116.0 2.15
125 363 2.9 115,56 1.08
25" 374 2.98 112.2 i.11
60 150 3.5 96 0.623

required for each of the geven data buoy systems is essentially a linear function of the

number of buoys in the system. This feature is also illustrated in Fig. 5-25.

5.8.2 Mooring-mounted Oceanographic Senscr Packages

Baaed on the assumption that 20 IAPSO levels (see Table 5-6) would be instru-
mented from the surface through 5000 meters depth, the average number of oceano-
graphic senger packages per buoy can be determined.* This information is another
output feature of the TRC buoy deployment /maintenance model. Figure 5-28a presents
the average number of oceanographic sensor packages per buoy in the nine MDZs for
the 500-buoy system. Table 5-6 lists the JAPSO levels and their equivalent depths.
Figure 5-26b shows the total number of oceanographic gsensor packages deploved {n
each MDZ for the 500-buoy system. It has been arbitrarily choaen to daploy a sensor
package rear the botiom of the mooring cable, {f the distance between the bottom and
the first IAPSO level above 18 0.7 or more of the IAPS( depth increment, In no case

* The selection of the actual number and location of mooring-mo mted cceanographic
sensor packages has vet to e determined. In fact, it {8 not clear at this time that
discretely instrumentad pointa are necessarily the most reliable and cost effective
method of ocean data collection. Other forms of sub-gurface data ccllection may be
worth developing.
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TABLE 5-6

INTERNATIONA L, ASSOCTIATION OF PHYSICAL AND
SCIENTIFIC OCEANOGRAPHERS STANDARD OCEAN DEPTHS

i

Number Depth
(Meters) iFeet)
= —
1 0 0
2 10 32.82
3 20 65.64
4 30 98 .46
5 50 164 .1
6 75 246
7 100 328.2
3 150 493
¢ 200 656.4
1v 300 J84.6
11 400 1,312
12 500 1,641
13 600 1,970
14 800 2,624
15 1,000 3,282
16 1,200 3,940
17 1,600 4,930
18 2,000 6.564
19 2,500 8,210*
20 3,000 9,846
21 4,000 13,120
22 5,000 16.410
*These levels have been omitted in this study. 7]
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Notes: 1. No. Iuoys Deployed = 500
Z. Sensor Package Grand Total = 8, 38"

a. Average Number of Oceanographic Sensor Packages
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Fig. 5-26. Ocearographic sensor packages,
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have more than 20 instrument packages been deployed with one buoy. Figure 5-26
indicates that the total number of sensor packages required for the 500-bu~y system
is 8.386, At a cost of $7000 each, this represents an investment of $ 58,702,000,

Figure 5-27 shows the average number of oclaanographlc sensor packages per
buuy required in each of the seven buoy systems. With the exception of the 60-buoy
svstem, the required : verage number of oceanographic sensor packages pcr buoy lies
between 16 and 17. Figuve 5-27 also indicates the total number of sensor packages
required by each of the seven data buoy systems. Since the average numbcr of
oceanographic sensor packages per buoy is essentially constant at about 16.5 sensor
paékages per buoy, it is apparent that the total number of oceanographic sensor
packages is linearly dependent on the number of buoys in the system, when considering
both CNA and DO deployments of more than 100 data buoys,

Based on the buoy component data given in Table 3-4, buoy hardware costs have
been computed for all buoys, all MDZg, and each of the seven buoy systems. primarily
to provide some insight into the usefulness of the model, once cost figures become
firm. Figure 5-28 gives buoy hardware costs in each of the nilne MDZs for the 500~
buoy svstem. Baseline system buoy hardware costs per MDZ range from approxi-
mately $12 million to $19 million. Total buoy hardware cost for all 500 buoys is
$146.4 million. Average buoy hardware costs per Modular Deployment Zor are shown
in Fig. 5-29. MDZs having large continental shelf regions are evident (Grand Banksa
and Gulf of Mexico), The average buoy hardware cost for all buoys in the h:ageline
system is approximately $292,000.

Average buoy hardware cost for all buoys in each of the seven data buoy systems
ia shown in Fig, 5-30, 1t {s essentially constant at a value of approximately $292,000,
regardless of numaber of buoys in the system, Thus, total hardware cost is a linear
function of the number of buoys in the syatem; this is also shown in Fig. 5-30.
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Notes: 1. No. Buoys Deployed = 500
2. Data for 8 Buoy per Ship Capacity
3. Total Hardware Cost = $146.4 M
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Fig. 5-28. Buoy hardware cost per modular deployment zone -~ baseline
system.
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Notes: i. No. Buoys Deployed = 500
2. Data for 8 Buoy per Ship Capacity
3. Total Hardware Cost =$146.4 M
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Fig. 5-29. Average buoy hardware cost per modular deploymsent zone.
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6.0 ANALYSIS OF PORT LUCATION ALTERNATIVES

5.1 _ Intredurtion .
Costs of buoy deployments, time to deploy buoys, and cruise distances presented
in the previo s section are all dependent in part on the location of the port from which
buoys are depioyed. Al resuits in Section 5 are based on deployments from three
poris: Portsmouth, Virginia; San Francisco, California; and Honolulu. Hawaii. An
cbvious question immediately arises “How much could be saved in deployment cost,
what reduction could be achieved in cruise distance, and how much time could be saved
per cruise if deployment in all Modular Depluoyment Zones took place from a port
contiguous to the Modular Deployment Zone?’ To a limited degree, a partiai answer
to this guestion has been indicated by Fig. 5-9, which shows lower average ship operating
costs per buoy planted for East Coast and West Coast MDZs, in comparison to the other
4 CNA MDZs. Also, it was made abundantly clear in Section 5 that deployment of
buoys in the North Pacific West MDZ from the port of Honolulu represented highest
average costs, greatest cruise cistances. and longest cruise time at sea of any of the
MD:I deployments considered.
To develop more explicit angswers to the question above, an analysis has been
undertaken comparing the results of dgployments irom the above three ports with a
group of eight ports. The ports and the MDZs they serve are shuwn in Table 6-1. The

relative location of these ports is shown on global maps in Fig. 6~1.

TABLE 6-1
COMPARISON OF DEPLOYMENT PORT CONFIGURATIONS
Region Modular deployment zone Deploy ment port
8-Port config. l 3-Port config.
A e
Grand Banks (GB) Boston, Mass. Portemouth, Va.
East Coast (EC) Portemouth, Va. Portamouth, Va.
1
Coasta Gulf of Mexico {GM} Galveston, Texas | Portsmouth, Va.
North Mexican Coast (MC) | San Diego, Cal. San Frenciaco, Cal.
Americe. West Coast (WC) San Franciaco, San Francisco, Cal.
Cal.
Gulf of Alaska {GA) Ketchikan, Alaska | San Francisco, Cal.
Northern | North Pacific East (NPE) | Honolulu, Hawaii Honolulu, Hawaii
Hemi- North Pacific West (NPW) | Guam Honolulu, hawaii
sphere
Deep North Atlantic (NA) Portsmouth, Va. Portamouth, Va.
Oceans
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Fig. 6-1a. 3-Port Configuration
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Fig. 6-1b. 8-Port Counfiguration
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To develop a comparison of potential savings in distance and time, tne 375-haoy
system (75% baseline) has been used. As demonstrated in Section 5, average values
are essentially independent of system size for the buoy deployment configurations
considered in this study. The 375-buoy system was chosen for this study because of
its close similarity to the buoy-spacing requirements TRC obtained from U.S. Govern-
ment agencies during 1968 {3]. Figure 6-2 shows total distance traveled to deploy the
375-buoy system. The graphical presentation is in three parts, delineating CNA
deployment, Deep Ocean deployment, and total deployment. The figure makes evident
that the use of eight ports provides a reduction in total distance traveled to depioy all
375 buoys ranging from 83,00C n mi for a 4-buoy ship to about 27,000 n mi fora
12-buoy ship. Figure 6-3 shows average distances traveled per buoy deployed in the
CNA, DO. and combined regions. The figure indicates for the 12-buoy ship an average
reduction of 63 n mi per buoy for all CNA MDZs and an average reduction of 95 n mi
per buoy for the three DO MDZs, when the number of deployment ports is raised from
three to eight. Greater reductions of average distance traveled are achieved for the
8-buoy and 4-buoy ships, but the average distances themselves are greater than f{or
the 12-buoy ship. For deployment of all 375 buoys, the average reduction in distance
traveled per buoy planted ranges from 220 n mi per buoy for the 4-buoy ship to 72
n mi per buoy for the 12-buoy ship.

Figure 6-4 shows tota! deployment time (i.e., port-time plus sea-time) to deploy
275 CNA buoys, 160 DO buoys, and the total 375 buoys. Savings of total deployment
time in all CNA regions combined range from 12. days for the 4-buoy ship to 19 days
for the 12-buoy ship. For all DO MDZs, combined savings in time range from 183 days
for the 4-buoy ship to 41 days for the 12-buoy ship. Figure 6-5 shows average deploy-
ment time per huoy planted for all CNA MDZs, all DO MDZs, and for all 375 buoys.
Savings in average deployment time per buoy planted for the 12-buoy ship are of the
order ¢f 0.07 days per buoy for CNA buoys and 0.22 days per buoy for DO buoys with
a resulting average for all buoys of 0.11 days saved per buoy planted. For the 12-buoy
ship. this represents a savings of approximately 4% in total time to deploy all 375
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Fig. 6-4. Total deployment time.
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buoys. (For the 4-buoy ship, the total saving of 0.49 days per buoy pliaried represents
‘o savings of approximately 10%.)*
Ship operating deployment cost is in part a function of distance tr:iveled to

“deploy buoys and alse in part a function of time required to deploy buoy ... Ship operat-
ing deployment cost for deploying 275 CNA buoys, 100 DO buoys and 37: total buoys
from three or eight ports is shown in Fig. 6-6 as » function of ship buo. -carrying
capacity. Savings in cost due to use of the B-port configuration for depioyment of CNA
‘buoys range from $914,000 for the 4-buoy ship to $234,000 for the 12-buoy ship. For
the combined DO MDZs, comparable savings range from $430,000 for the 4-buoy ship
to $190,000 for the '12-buo'y"ship7 For all MDZs, combired savings fron: using the 8-port
-conh"gumtion rarllgo from. $1.344,000 to $422,000 in going from a 4-bucv to a 12~buoy
ship.

Average ship operating cost per buoy planted is shown for CNA, DO and total
northe rn hemisphere regions in Fig. 6-7. Savings in cost per buoy planied in the CNA
region range {rom $3300 to $300 for 4-buoy and 12-buoy ships, respectively; comparable

' bsavings of $4300 te $1900 are shown for the combined DO MDZs For ail 375 buoys
deployed. savings in ship operating coét per buoy planted from use of 8 ;.orts rather
than 3 ports, vary from $3600C for the 4-buoy ship to $1130 for the 12-buuy ship.

It is of interest to identify the MDZs in which greatest savings in nverage ship
operating cost per buoy planted. distance per buov planted, and time per buoy planted
are most significant. Comparison hy MDZs of average ship operating cust per buoy
planted is shown in Fig. 6-8. As expected, average cost per buoy planted is essentially
unchanged for the East Coast, West Coast, North Pacific East and Nor:h Atlantic

*The reader must bear in mind that all these values are based on a s:fety factor
of 1.0, meaning that deployment time consists of the sum of time-to-plant each buoy,
travel time at the stated average speed, and port time (at the rate of 10 days per
cruise). Obviously, a safety factor of 1.0 allows for no time lost due to bad weather
or other contigencies. Thus, actual time incurred in deployment might b« about
10 to 30 percent greater than the values cited (safety factor of 1.1t0'1.3)
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Notes: 1 Time-to-plant = 24 hr
2. Base cost/seaday = $5000
3. Safety factor = 1.0
4. Port days/cruise = 1¢
3. Ship Speed 18 kt
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MDZs.* The greatest improvement in average ship operating cost per buoy planted
occurs as also expected in the North Pacific West MDZ. For the 12-buoy ship operat-
ing from Guam, that improvement is $3600, whereas savings in average cost for all
375 buoys deployed was only $1130. If an 8-buoy ship is used for deployment from
Guam in the NPW MDZ, average ship operating cost per buoy deployed lowers from
$31,700 to $26,500.** Greatest percentage of saving, of course, is indicated for the
4-buoy ship, where the avers,e cost per buoy planted drops from $48,500 to $35,000:
i.e., a reduction of $14,500 per buoy and ». savings of 41.5%. The difference in average
cost per buoy planted in going from the 4-buoy ship to the 12-buoy ship, both operating
out of Guam, is $11,500.

As an extreme case to illustrate the effect of properly choosing port and ship
huoy-carrying capacity, a saving of $25,500 per buoy deployed is indicated by comparing
a 4-buoy ship deploying buoys from Homnolulu to the NPW MDZ with a 12-buoy ship
operating out of Guam for the same deployment.

The Mexican Coast MDZ represents another MDZ in which high savings might
be achieved. Here, 8an Diego rather than San Francisco has been used as the port of
deployment. Average cost per bucy planted using the 12-buoy ship, drops from $17,800
to $15,000, an average saving of $2800 per buoy.

In the Grand Banks and Gulf of Mexico MDZs, use of the 8-port configuration
indicates that average savings per buoy planted, using a 12-buoy ship, would be $5600
and $1200 respectively, In the remaining 4 MDZs (EC, WC, NPE, and NA), no substan-
tial savings are found, because these MDZs are all served by the same ports that are
used in the 3-port configuration.

*The interested reader will wonder why there are amall differonces in aversge
cost to plant for the 8-port and 3-port deplaynwats for the EC, WC, NPE, and NA
MDZs. These diffexences stem {rom somewhat different cruise strategies being
employed and a slightly different total mumber of buoys deployed, in the case of EC, WC,
and NPE MDZs. Whils the basic philasophy of oruise deployment was the sams ia sll
casen, the actual sequence of buoys to be deplayed was estabiished indspendenily by
two individuals at TRC. There was some interest in determining which person waald
produce the lowest cuet deployments in thess three MDZs. It is apparent that the vari-
aticu in results is extremely small, thus demonstrating the efficiency of the general
deployment strategy and statements elsewhere in this report thut many different
approaches to deployment scheduling are appraximately equivelent.

**Comparable figures for the 18-buoy ship are $27,600 to $24,000.
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Many of the comments presented above are summarized in Fig. 6-9, which

shows the reduction in total distance traveled aud average distance traveled per buoy

planted, and the reduction in total deployment time and average deployment time per

buoy planted, and the reduction in total cost to deploy 375 buoys and the reduction in

average cost per buoy p’ ated. The numerical details of the curve shown in Fig. 8-9

have been tabulated for -esdy reference in Table 6-2.

TABLE 6-2

IMPROVEMENT IN 375-BUOY SYSTEM DEPLOYMENT CHARACTERISTICS:
8-PORT VS 3-PORT

Reduction in dis-

Reduction in min.

6.3 Limitations on the 8-Port Ve 3-Port Buoy Deployment Analysis

Ship buioy— tance traveled time to deploy Betinu::torcloi;; (:;‘;:;’y B
carrying {n mi) {ship~days)
capacity
Total v Total | Avg/buoy | Total Avg/buoy
4 82,652 220 183.1 0.49 1,344 3.58
8 39,111 104 77.4 0.21 667 1.78
12 26,867 72 40.8 0.11 422 1.13
Notes: 1. Time-to-plant = 24 hr
2. Base cost/sea day = $5000
3. Safety factor = 1.0
4. Port days/cruise = 10
8. Total buoys deployed = 375
8. Ship speed = 18 kt

The above results have been based on a simple analysis involviug distance
traveled, time at sea and time in port, base cost per sea-day, and fuel and ship main-
tenance costs. The savings preseuted are contingent on the meaningfulness of cost

values used, and the acceptability of the safety factor, ship speed, und port time assump-

tions. Prorated ship construction costs have not been included (had they been included,
all costs would have been higher and the savings would have been proportionately
greater becauss the use of 8 ports reduces total time to plant and distance traveled,
both of whch impest directly on the amount of prorated ship costs that would be
allooated to the average cost per buoy planted). No attempt has bsen made to incorpo-
rate transportation costs of moving buoys from depots or manufacturing sites to
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deployment ports. Nor has any attempt been made to include costs of additional dock-

side facilities or on-shore facilities for crews.

6.4 Conclusions

It should be apparent that the 8~port vs 3-port analysis in this section has

delineated an upper bound on possible savings and that additional costs such as those
outlined in the paragraph above will detract from the posaible savings previously
presented.

The analysie has provided, however, a basis for preliminary judgment that deploy-
ment of buoys in the North Pacific West and the Mexican Coast MDZs should most

probably take place from ports such as Guam and San Diego respectively.*
A more thorough analysis must be made to show that apparent marginal savings

would justify use of Ketchikan, Galveston,and Boston for deployment of buoys in the
Gulf of Alaska, the Gulf of Mexico, and the Grand Banks MDZs, respectively.

In summary, a preliminary judgment that might be derived from this analysais is
the following. A S5-port rather than a 3-port buoy deployment (and maintenance) con-
figuration appears to be reasonable for a nine MDZ northern hemisphere data buoy
system. However, if the number of buoy. to be deployed by the U.8. in the Morth Pacific
West and Mexican Ceast MDZs is minimal in comparison to deploymenta in the other
seven northern hemisphere MDZs, then the 3-port deployment configuration {Portsmouth,
San Francisco, and Honclulu) appears to be cost effective, unless more detailed analyses
show that other potential costs associated with deploying out of other ports are quite
small.

The savings that might be accrued fron using 8, rather than 3, deployment ports
stem in part from reduced fuel costs due to less distance traveled. Table 6-3 shows the
distanos travelad and fuel costs for an 8-buoy, 15 kt ship ($3.68/n mi) and a 12-buoy,

18 kt ship ($7.01/n mi), for the 3-port and 8-pori deployment configurations. Also
given {n Table 6-3 are the savings in the CNA, DO, and combined CNA and DO regionas,
ulong with the savings per buoy planted for all conditions. In brief, for the 8-buoy,
16 kt ahip, total fusl costs are $692,000 for 3-port deployment and $548,000 for the

*Further savings might be accrusi by deploying from a Mexican port.
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8-port case; the saving is $144,000, or $384 saved per buoy planted. For the 12-buoy,

18 kt ship, total fuei costs are $1,046,000 and $858,000 for 3-port and 8-port deploy-

ment, respectively. Savings from using 8 ports would be $188,000 or $503 saved per

buoy .
TABLE 6-3
FUEL COSTS AND SAVINGS (375-BUOY SYSTEM)
Fuel cost Fuel cost
Ship buoy- | Distance ($K) Fuel cost savings
Region carrying traveled savings per buoy
. 8-buoy | 12-buby
K
capacity (n mi) ship; ship: ($XK) pla:gted
15 kt 18 kt
3-port:
CNA 8 94,339 347.2
12 71,198 499.1
DO 8 93,664 344.7
12 78,066 547.2
Total 8 188,003 691.9
12 149,262 1,046.3
8-port:
CNA 8 66,851 246.0 101.2 368
12 53,779 377.0 122.1 445
DO 8 82,041 301.9 42.8 428
12 68,616 461.0 66.2 662
Total g8 148,892 547 ° 144.0 384
12 122,395 858.0 188.3 503
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7.0  ANALYSIS OF TIME-IN-PORT ALTERNATIVES

The number of days that buoy de: .oyment/maintenance ships spend in port follow-
ing each cruise must be treated as a variable at the time of this study. The NDBS
DPO has specified port day ship operating costs at 0.94 of base cost per sea day. Thus,
all ship operating costs, except fuel costs, are essentially the same when in port or at
sea. Selecting port days per cruise is tantamount to defining a buoy deploymeit/main-
tenance policy. For example, if port days per cruise are set at 5, then it would be
necessary to provide for a 2-crew mode of operation; and a port and sea routine for
"Blue' and "White'" crews would have to be established. Conversely, if port days per
cruise are set at 20, then it is apparent that for many deployment cruises, the number
of days spent in port may exceed the number of days at sea, and the question of crew
tasks in port must be considered. With 10 port days per cruise, it is likely that ship
loading and crew rest and training will occupy most of the port time. All analyses
presented in this report up to this point have used a factor of 10 port days per cruise.
(A simple aigortihm varying port days between 4 and 10 has been used for ships depart-
ing port with less than a full buoy load.)

This section presents in considerable detaj! the time to deploy buoys, cost to
deploy buoys, and the average number of buoys planted per ship-year for time in port
per cruise factors of 20 days, 10 days and 5 days. Tne analysis has been based on the
375-buoy system (75 percent of baseline). Date and recults nave hecn obtained for
both 3-port and 8-port deployments (i.e., the eame port configurations that were used
in the previous section). The remdier is reminded that throughout this section and this
report, a safety factor of 1.0 has been used, thus giving Inipimum possible costs to
accomplizh deployment, minimuip possible time to accomplish cruise deployment
schedules, etc. In actual practice, it may be nccessary to allow for up to one-third
more time at dea (to account for bad weather and other uncertainties) than would be
need:d to carry out deployment (or maintenance) under ideal conditions.

7.1 _ Five, Ten and Tweaty Days Port Time Per Cruise: The 3-Port Deployment
Figure 7-1 shows total time (o deploy buoys in the six CNA MDZs, the three

northorn hemisphe~e DO MDZs, and the time to deploy all buoys in the combined CNA
and DO regions. In the CNA region, with a 12-buoy ship, 2756 buoys can be deployed
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Notes: (1) Time-to-plant 24 hr
(2) Safety factor ~ 1.0
{3) Ship speed 18 kt
30
Time to L Max port days/cruise
deploy all 20 |-
CNA buoys | CNA: 275 buoys
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ship-days)  10f S~ 310
= — 5
0 i 1 J
4 8 12
10 -
Time to i
deploy all . \ 20  DO: 100 buoys
DO buoys ' \ —10 :
(hundreds of L 5
4 8 12
30
Time to g
deploy 20 b
375 buoys 5 , Total: 375 buoys
ship-days) 10 - 3
-
0 i i ]
4 8 12
Ship buoy-carrying capacity

Fig. 7-1. Time to Deploy Buoys (3-Port Deployment)
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within a span of approxiwately 500 to 1,000 ship-days, for port days per cruise ranging
from 5 to 20. Tctal time to deploy is commensurately longer for §-buoy and 4-buoy
ships. In the DO region, 100 buoys can be deployed in approximately 300 to 500 ship-
days; again, for port days per cruise in the range of 5 to 20. When both regions are
combined, Fig. 7-1 indicates that total deployment time using 5 port days per cruise
is about 885 ship-days; it i 1,045 ship-days vith 10 port days per cruise; and it is
1,363 ship-days using 20 port daye per cruise. With 10 port days per ciuise as a base,

the 5 port days condition produces a 15 percent reduction in deployment time and the

20-day condition produces a 30 percent increase in time for deployment. (The above

values are all based on the following conditions: Ship buoy-carrying capacity of 12,
time-to--plant of 24 hours, safety factor of 1.0, and average ship speed of 18 kt.)

Figure 7-2 shows the average deployment times in the CNA, DO and northern hemi-
sphere regions commensurate with the previous total times to deploy given in Fig. 7-1.
In general, for the 12-buoy ship operating at 18 kt, average time per buoy deployed is
between approximately 2.5 and 5 days.

The cost to deploy buoys in the CNA, DO and combined CNA and DO regions is
shown in Fig. 7-3. For the 10 port days per cruise and 12-buoy ship condition, totsl
cost of deployment is approximately $6.8 million, resulting {rom approximately
$4.2 million required for CNA and $2.6 million required for DO. Shifting to 5 port
days per cruise, and holding other factors the same, results in 2 reduction in total
cost to $5.95 million, and savinge of $840,000 (12 percent). Using 20 port days per
cruise increases cost to $8.46 million for total deployment, an increase of more than
$1.3 million (25 percent). Figure 7-4 presents average cost per buoy planted, based
on the costs presented in Fig. 7-3. For the 12-buoy ship and 5 port days par cruise,
average cost to plant all 376 buoys can be as low as $15,900 per buoy, for 10 port days
per cruise it would be approximately $18,100 per buoy; and for 20 port days per cruise
average cost would rise to $22,600 per buoy planted. These values assumed $5,000 bas»
cost per sea day and the other conditions noted above. Explicit valuse of average ship
operations cost per buoy planted are given in Tabls 7-1. - ‘

7.3 Five, Ten and Tweaty Days Port Time Per Cruise: The 8-Port Deployment
Figure 7-5 shows the total time to deploy 275 CNA buoys, 100 Deep Occan buoys,
and a total of 375 buoys for the combinad CNA and DO regions. When compared to the
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Notes: (1) Time-to-plant = 24 hr
(2) Base cost/sea day - $5000 .
{3) Safety factor = 1.0
(4) Ship speed = 15 or18 kt
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Fig. 7-3. Cost to Deploy Buoys (3-Port Deployment)
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Notes: (1) Time-to-plant = 24 hr
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TABLE 7-1
AVERAGE DEPLOYMENT CHARACTERISTICS
Avg. ship operating e Avg. time in port
cost per buoy planted Avg;!t;;;e d:;e?l“t per buoy planted
Ship buey- ($K) (ship days) Avg. time at gea
Region Z":Z::‘f Maximum port days Maximum port days Maximum port days per buoyd:llmod
ap . per cruise per cruise per cruise (ship davs)
5 ] 10 2 | 5] 10] 2 5 [ 10 | 20
3-Fort
4 215 | 278 | 403 364 | 489 | 741 1.27 1 253 1 3.05 2.37
CNA 8 159 ¢ 19.3 | 25.9 245 ] 3.069 | 435 065 | 1.30 | 2.60 1.78
12 13.1 153 § 198 204 | 245 | 3.31 044 | 0851 1.7 1.60
4 359 | 421 64.6 563 | 688 | 938 1.25 | 2,50 | £.00 4.38
Do 8 27.7 § 31.2 | 377 3.82 | 447 | 5.72 0.85 1 1.50 | 2.55 317
12 23.6 | 259 | 30.3 3.26 §} 3.71 | 4.54 0.45 | 090 1 1.73 2.81
4 25.3 | 31.6 | 46.8 417 ] 542 | 7.9 1.27 ] 252 | 5.03 2.90
Total 8 19.1 | 22.5 | 29.1 281 | 3.46 | 4.72 0.65 7 1.30 | 2.56 2.18
12 15.9 | 18.1 22.6 236§ 2.79 | 3.83 044 ] 087 | 1.1 1.92
8- Port
4 18.2 | 24.5 | 37.0 3.18 | 4.44 | 6.95 1.27 § 2.53 | 6.05 1.9
CNA 8 13.9 | 174 | 23.9 2.22 | 2.87 | 4.12 ¢.65 | 1.31 2.56 1.56
1Z 120 | 144 | 189 1.93 | 2.38 3.23' 0.47 | 093 | 1.78 1.45
4 31.4 § 37.8 | 50.3 5.02 | 6.31 | 8.81 13| 259 ] 510 3.72
DO 8 25.7 | 29.4 | 35.9 3.08 | 4.30 | b5.55 0.70 | 1.40 | 2.65 2.50
12 22.3 | 24.0 | 29.0 3.11 | 3.42 | 439 045 ] 090 | 1.73 2,66
4 21.7 | 28.0 | 40.6 3.67 | 494 | 7.45 1.28 | 2.55 | 5.08 2.39
Total ] 17.0 | 20.6 | 27.1 2.59 | 3.256 | 4.50 c.87 | 1.33 | 2.58 1.92
12 14.7 | 17.0 | 21.6 2.24 | 2.68 | 3.54 0.47 | 0.92 | .77 1.7
Notes: (1) Time-to-plant = 4hr
(2} Base cost/sea day = $5000
(3) Safety factor = 1.0
(4) Ship speed = 15 0r 18 kt
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Notes: (1) Time-to-plant = 24 hr
. (2) Safety factor = 1.0
(3) Skip speed = 18 kt
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Fig. 7-6. Time to Deploy Buoys (8-Port Deployment)
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10 port day results, it is apparent that reducing port days to 5 per cruise aiso reduces
total time to deploy in all ranges approximately 16 percent, i.e., wherezas it takes 1,000
ship-days to deploy all 375 buoys with 10 port days per cruise, there is a2 reduction to
840 ship-days for 5 port days per cruise. (These figures hold for a time-to-plant of

24 hours, a safety factor ¢_>f 1.0, and an average ship rpeed of 18 kt.) This 16 percent
improvement is only slightly better than the 15 percent improvement noted for the
3-port deployment.

Comparing the 29 port days per cruise to thel10 port dayvs per cruise, it is seen
that the total time to deploy increases by approximately 30 to 50 percent. Thus, while
the 12-buoy ship requires 1,000 ship~days for total deployment based on 1) port days
per cruise, the same ship would require more than 1,300 days, using 20 port days per
cruise. A 4-buoy ship under similar conditions would require 1350, 1800, and 2800
ship-days for deployment for port days per cruise of 5, 10, and 20, reapectively, as
seen from Fig. 7-5.

Figure 7-6 gives average deployment time per buoy planted based on the total

times to deploy shown in Fig. 7-5. Average time to deploy all 375 buoys from a 12- .

buoy ship varieas from 2.24 days per buoy planted using 5 port days per cruise, to
2.88 days per buoy planted for 10 por* days per cruise, and 3.54 days per buoy planted for
for 20 port days per cruise. Using 10 port days per cruise as a reference, there is a
reduction of 18.4 percent in going to the 5 port day per cruise condition, and & 31.3
percent increase when using the 20 port days per cruise condition. These figures apply
to the 12-buoy ship, a_safety factor of 1.0, 24 hours time-to-plant, and an average ship
speed of 18 kt.

Figure 7-7 shows cost to deploy in CNA, DO, and all 375 buoys, using a base cost
per sea-day of $5,000. Cost to plant all 375 buoys for the 10 port days per cruise is
approximately $6.4 million. (It was $6.8 million for the 3-port deployment.) Use of

5 port days per cruise results in a savings of approximately $840,000, and use of 20
port days per cruise increases deployment costs by $1,730,000. The decrease is about
13 percent and the increase is about 26 percent. Figure 7-8 gives average cost per buoy
planted for the total costs shown in Fig. 7-7. Explicit values of average cost are found
in Table 7-1. It is seen that for the 12-buoy ship and combined CNA and DO regions,
the average ship-operating cost per buoy planted ranges from $14,700 to $21,800, for

5 and 20 port days per cruise, respectively.
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7.3 Detailed Port-days Anaiysis for the Twelve-buoy Ship
The preceding 3-port and 8-port analyses make clear the advantage of using the .

12-buoy, 18 kt ship. A more detailed comparison of the results of varying port days

per cruise is shown in Figs. 7-9 through 7-12. Both 3-port and 8-port data have been

plotted.
Figure 7-9 shows the comparison of time to deploy buoys in the CNA, DO and

combined CNA and DO regions. Deployment time in CNA ranges from approximately
560 to 910 days for the 3-port case, 1d 530 to 890 days for the 8-port case, for 5§ and
20 port days per cruise, respectively. The corresponding intermediate 10 port day
values are 675 and 656 days. For the DO region, the deployment times for 35, 10, and
20 port days are 326, 371 and 454 for the 3-port configuration; and 311, 349 and 433

for the 8-port configuration. The summation of deployment times gives 886, 1,045 and
1,363 days for the 3-port case; and 840, 1,004 and 1,328 days for the 8-port case. The
purpose in delineating the data plotted in Fig. 7-9 is to emphasize the lower bound on
] the time required (ship-days) to effect deploymont of the 375-buoy system. _
Aesuming 335 operating days per ship, for the 12 buoy, 18 kt ship, the total . 1
deployment could be carried out by three ships in one year under the 3-port, 5-port
days per cruise condition with a safety factor of 1.14 (i.e., 1,004 /858). Using 3 ships
and the 8-port, 10-port days per cruise condition, the entire deployment could ba
carried out with a safety factor of 1.0. Of course, it must be held in mind that under
the conditions specified, the three ships would spend a total of 378 days in planting the
buoys and they would accumulate a total of about 330 to 360 days in port. Thus, on the
average, each of the three ships would be traveling to and from port and buoy locations
and from buoy location to buoy location less than one-third of the time. If 30 port days
per cruise becomes the standard mode of operation, it is evident that it would take four

ships to carry out deployment in one ysar.*®

*It has been noted elsewhere that with on-board refurbishment of buoys, it is quite
possible that more than 12 buoys could be maintained on a cruise. Thus, deployment
might be made from 8 ports to get the task done as quickly as possible, and maintepance
might take place from as few as 3 to as many as 6 ports. There are many potentially
sconomical combinations of ports, cruise schedules, and port days par cruise that might
show that thres shipe could satisfactorily handle the entire 378-buoy system. It ia
quite clear, however, that 375 buoys is spproximately the upper limit for accomplishing
deployment in one year by three 13-buoy, 18 kt ships.
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Figure (-10 gives average time to plant each buov for CNA, DO and the combined

vy .

C¥MA and DO regions. For the 3-port cendition, in CNA the values are approximately

2.04, 2.45 and 3.3 day s for 5, 10 and 28 port days per cruise. in DO, the esrresponding
average times are .25, 3.7 and 4.3. For the combination of CNA and DO regions, the
valnes are 2.36, 2.8 and 3.63 days. Use of the 8-port condition gives only minor
improvements: 1 93, 2.38 and 3.23 days in CNA; 3.1, 3.5 and 4.4 days in DO, and 2.24,
2.58 and 3.54 daya for the combined regions. Again, the numerical values associated

- Mm;‘m' 3 ot U LGB SRR AL

with the plotted curves are presented to stress the minor cverall improvement in going

from the 3-port to 8-port configuraticn, and to highlight the congiderable differences

L T

corpared ty the range of 5 i 20 port days per cruise. it should be held in mind that
for all average time to plant values, one day (24 hours) of the value given is attributable
to the task of deploying the buoy and 2 safety factor of 1.0 has been used.

In gereral, developing a technigue to complete deploymént in 12 hours or less
would produee a greater overal! improvement in operations than shifting from a 3-port

to 8-port configursiion, or shifting frem 10 to 5 port days per cruise. In short, thare
would be a large payoff in keepirg deployment time while on station to the minimum
practicable—possibly in the rarge of 6 to 12 hours.

Total ship operating cost tc depiov buoys is presented in Fig. 7-11. For the
combined CNA and DO regions, usirz three ports, total ship operating cost ranges from
$5.95 million to $8.4€ million, iu going from 5 to 20 port days per cruise.* The 10 port
day cost value is $6.8 millfon. The eomwondlng 8-port range of values if $5.53 million
to $8.09 million, with ”.4 million ior the 10 port day value. Clearly, going from 3
pors to 8 ports prodncu a $400,000 savings, before other costs are frctored ;. Con-
“erting from 10 to § port days reduces ship operating costs by about $800,00C (before
deducting the additional costa} of the alternate crew); changing from 10 to 20 port days
increases costs by about $1.6 million. Saifting from 19 to 20 port days per cruise is
essentially (but not exactly) eqaivalent to ve;~3 the 10 port day per cruise condition
with a safety factor of sbout 1.3,

The averag.) ship operating oost par buoy planted is shown in Fig. 7-12. The
swporting data are teblsted in Table 7-1 and noed sot be vepsated bere. All average
costs sbown in Fig. 7-12 lie somewbere {o-a range bourdsd by $12.100 per buoy and

*Loosely interpreted, idis mmmtnmiapMamrmmm
mumm a‘m-bnoycmhm.w” million is an upper bound on cost.
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$30,G00 per buoy. Average costs for the 10 port days per cruise condition are in an

inner range of $14,400 per buoy (CNA, 8-ports) to $25,300 per buoy (DO, 3-ports).

In summary, an effort has been made here to delineate in greater detail the
general and relative nature of savings or increased cost of operations due to variation
in port days per cruise, using two different deployment port configurations. In
instances where savings have been shown, it must be clearly recognized that in all
cases the act that presumably creates the savings also produces secondary costs that
have not been considered in this analysis. Thus, in actual practice, there would be

little likelihood of achieving ail of the savings indicated.

7.4 Relationship of Port Days to Sea Days

To coniribute to overall system cost-effectiveness, the operational schedule for
a major buoy tending ship must provide a high average rate of useage, for buoy deploy-
ment/maintenance ships represent major capital investments. Port time—while
obviously necessary for refueling, taking on supplies, on-loading and off-loading data
buoys, etc.—may also be representative of capital investment used uneconomically.*

The three figures preseated in this subsection—Figs. 7-13 through 7-15--show
graphically the relative average port days and average sea days per buoy deployed
in the CNA region (Fig. 7~-13)in the DO region (Fig. 7-14), and in the combined CNA
and DO regions (Fig. 7-15). The data used for these graphs is found in Table 7-1.

All three figures are based on 24 hrs time-to-plant, average ship speed of 18 kt, a
safety factor of 1.0, and use of the 3~port deployment.

In each figure the average time at sea per buoy planted 18 a fixed function of
ship buoy~carrying capacity. Maximum port days per cruise is the principal variable.
Using average time at sea per buoy planted as a reference, the average port time in
the CNA region is 27.6%, 53%, and 1¢8% of the time at sea, for 5, 10, and 20 port days
per cruise, using the 12-buoy ship. The percentages would be higher for an 8-buoy
or 4-buoy ship,

*The port time referred to here iz defined as scheduled ship time in port between
scheduied cruises. It does not include the spproximately 6075 days required every
two years for dry dock overhaul of the ship.
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Fig. 7-14. Comparison of Deep Ocean Average Deploynment Time Per Bu.y Planted
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(1) Time-to-plant 24 hr
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Fig. 7-15. Comparisca of Northern Hemicphere Average Deployment Time Per Buoy
Planted
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For the DO region—again using the 12-buoy ship—cruises are longer in duration
(some exceed the the desired 22.5 day limit) and the percentage of average time in port .
per 'buoy planted, relative to average time at sea, {8 less than in CNA: 16%, 32%, and
61.5% for 5, 10, and 20 maximum port days per cruise.

For the combined CNA and DO regions, and using the 12-buoy ship and other

conditions noted previocusly, the percentage of average time in port per buoy planted,
relative to average time at sea per buoy planted is 23%, 45%, and 89% for 5, 10, and
20 port days per cruise.

Ir all cases, the use of a ship with a smaller buoy-carrying capacity results in
a higher ratio of port days to sea days, because deployment cruisee are generally of
shorter duration due to a smaller number of buoys being deployed.

To summarize, for the 12-buoy, 18 kt ship, scheduling 20 port days per cruise
results on the average over both CNA and DO in essentially equal amounts of time at
sea and in port (using a safety factor of 1.0). Correspondingly, scheduling 10 port days
per cruise results in port time being about one-third to one-half the time at sea for DO
and CNA respectively, with the average over both regions being slightly less than half.
Using 5 port days per cruise brings the ratio of port days to sea days to 0.2375 for CNA,
0.16 for DO, and 0.23 for both regions combined.

It might be noted that these results are in line with what should have been expected.
The fact that the buoy deployment/maintenance simulation and cost medel confirms
what appears tobe intuitively true does not diminish the usefulness of the results. Rather,
it places more confidence in the use of relatively siinple planning factors, always an
important goal in the use of a svstem simulation model.*

—

*R {3 nice to have intuition supported, but that support hes ot always beea forth-
coming in this study. For example, the reductioca in time and ship aperating cost to
deploy buoys by guing from a 3-port to an 8-port deployment configurstion was expected
to be of the order of 15209, before other costs are included. The fact that the
reduction was of the order of 5—6% on an overall basts did pot suppert the iaitial
intuitive smswer. Obvicusly, simulation medels are alao important o help disabuse *
analysts and plannors of their faleely held notions.
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7.5 __Effect of Port Days on Average Number of Buoys Planted per Ship-year

Deployment (and maintenance) of data buoys can, under most economical condi-
tions, take place only in a quantum (or, modular) sense. Simply put, there is an upper
bound on how much a deployment/maintenance ship can accomplish in a unit period of
time. To do substantially more requires acquisition of another ship. Thus, a funda-
mental metric (or, planning factor) that should evolve from a study such as this is the
deployment (maintenance) capability of a ship of specified characteristics. A con-
venient way of expressing deployment capability is in terms of the average number of
buoys planted per ship-year. Here, the guidance of the NDBS DPO has been followed
and an average ship-year has been assumed t. »e 335 days.

Buoy deploying capability of a ship is a function of ship buoy-carrying capacity,
ship speed, total distance to be traveled to deploy all buoys (which in turn is a function
of buoy and port locations), time-to-plant each buoy, and port days per cruise. The
desired values of buoys planted per ship-year foliow directly from the average time to
deploy buoys, discussed previously in this section.

Average number of buoys planted per ship-year as a function of ship-buoy-carrying
capacity, maximum port days per cruise, and for 3-port and 8~port configurations is
giver in Table 7-2. These data are graphically presented in Figs. 7-16, 7-17, and 7-18,
for the 3-port, 8-port, and 12-buoy ship respectively.

The figures (and the table) support the conclusion that the 100 DO buoys in the
375-buoy system might be deployed in about one ship-year, total. But it is obvious that
it would probably be necessary to use Guam as a deployment port in the North Pacific
West MDZ, and port days per cruise might have to ts close to 5 days.*

In CNA two 12-buoy 18-kt ships could deploy all 376 buoys from the 3-port config-
uration within a year, under the 10-port days per cruise, sefety factor of 1.0, and 84 hr
time-tr-plant conditions. A more desirable situation of fewer bours to plant, fewer
port days per cruise, and more deployment ports wouid permit Geploying the 276 buoys
within a year with a safety factor grester than 1.0. There are obvicusly a number of

*Not cbvious from these values and graphs is the fact that & number o crviess
would excesd 32.5 days, even at the 18-kt ship apeed. Of course, if time-to-plant
could be reduced to 13 hr rather than 34 hr, then more desirable deployment schedcles

might be planned.




TABLE 7-2
AVERAGE NUMBER OF DATA BUQYS PLANTED PER SKIP-YEAR (325 DAYS)

Average maximum number of

Ship buoy- buoys planted per ship-year

Region carrying
capacity Maximum port days/cruise

Average sensitivity

(Buoys planted/ship-year
per port day/cruise)

- T
3 10 | 20
3-Port
CNA 4 92 69 45 -3.2
8 136 108 77 -3.9
12 164 137 | 101 -4.2
DO 4 60 49 36 -1.6
8 88 15 59 -1.9
12 103 90 74 ‘ -1.9
Total 4 80 62 42 -2.5
8 119 97 1 -3.2
} 12 142 129 92 -3.3
! . :
8-Port
CNA 4 105 % L] ‘ -3.8 ; :
8 161 117 | 8 4.7 e
12 174 14 1M ~4.1 EReE
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Notes: (1) Time-to-plant 24 hr
. (2) Safety factor 1.0
(3) Ship speed 18 kt
! ‘s/crui
200 Max port davs/cruise —3
5
Average rumber i /10
of buoys planted 100 - / 20
per ahjp-year B /_——.
0 1 ] J
4 ] 12
B 200
Average number i "
of buoys planted 100 p— 10
per ship-vesr = a0
0 1 J
4 12
i 150~ 5
Average number 100
r of buoys planted - .
per ship-year 80
0

-

CNA: 2T

b

———

c
(=]

vs

!

DO: 190 buoys

Total: 375 Duoys

Pig. 7-18. Average Number of Buoys Piuated Pr+ Ship-Year (3-Fort Deployment)
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CNA: 275 buoys

DO: 1060 buoys
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CNA: 275 buoys

DO: 100 huoys

Total: 378

Fig. 7-18. Average Number of Buoys Planteq Per Ship-Year (12-Buoy Ship)
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deployment planning factors that can be modified somewhat to achieve certain desired
goala.* .

| Table 7-2 shows that the gverage sensitivity of average number of buoys planted
per ship-year is in the range of 1.6 to 4.7 buoys per ehip-year per decreased port day.
Thus, lowering the number of poit days per cruise from 10 to ? increases the average
buoy-depioying capability oi a 12-buoy, 18 kt ship by about 4 bucys per ship-year in
the CNA region, or about 2 buoys per ship-year in the DO region.

This concludes the analysis of the effect of variation in port-days per cruise.

While there is no suggestion that a definitive analysis has been performed, it is sug-
gested that the resnlts discussed in this section provide a reasonably firm basis for
development planning efforts at this time. Simple planning factors such as the capa-
bility of a 12-buoy, 18 kt ship to deploy about 90 to 140 buoys per ship~year must be
clearly qualified,t but the likely range of variation around these bounds is more of the
order of 10 io 30 per cent, rather than by factors of 2 or 0.5.

The results diezussed in thie section have been based on a bucy “population” of
375 northern hemisphere bucys. It was siiown in Section 5 that for a population of thia
general size, staiistical results _verages) are essentially independent of minor varia-

tions in the actual number of buovs or variations in the actual locations of buoys, as
long as the proportion of buoys in each of the 13 northern hemisphere MDZs is heid ;
reiatively constant. These facts afford added confidence in the qualified use of these 3 :
results. Rather loosely interpreted, the results given for 5 port days per cruise

probably represent an upper bound on the most performance that can be expected from

¢ b s e

a deployment ship. The results for 20 port days per cruise probably represents a

v e pppa b

*Note that only the feasibility of deploying 375 buoys in one year has been addressed
here. The question of whether deploymen: of all $75 buoys by three 12-buoy, 18 kt
ships within one year is an acceptable goal has not been considered. Nor has the
question been addressed concerning the capability to fabricate approximately 400 data
buoys in a relative short time. These questions are alsuv important and will require '
thorough consideration.
+In particular, in terms of safety factor (1.0), time-to-plant (24 hrs), ship buoy-
carrying capacity (12), average ship speed {18 kt), and port days per cruise (10).
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lower bound or deployment performance. Thus, it is 1ikely that this analysis has
bracketed the region within which the anawer lies. No more stringent interpretation
of the results couil be connldered valid at this point fn time.
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8.0 RECOMMENDATIONS FOR FURTHER STUDY
The results presented in this report represent only the first step in the determin- '

ation of cost-effective, preferred buoy deployment/maintenance operations. The
deployment and maintenance of ocean data buoys involves a highly interrelated man-
machine mix; and the operation is couched in the natural uncertzinty imposed by an
often Lostile ocean invironment. For a system of the compiexity under considoration
kere, the advantages to be accrued by undertaking modest simulation and costing efforts
are immense, for dozens of deployment/maintenance cruise schedules and parameter
variations can be investigated at the cost of operating one future buay depioyment/
maintenance ship for a fraction of a day.
Simulation studies are never completely finished, of course. Instead, investiga-
tion becomes more detailed in certain areas of highest interest and the model expands
to cover more facets of the system and/or additional model sophistication is developed
into the existing model. A good system simulation model will usually find a place in
the operaticn of the system, once development has been completed and implementation
begun. Operation of the NDBS will always be sufficiently costly to justify the use of a .
simulation model of modest proportion as a management guide when making additions
to, or revision of,the overall system. The remainder of this section Lrsiefly outlines
four of the many areas in which buoy deployment/maintenance simulation and cost

studies could reduce uncertainties in the early stages of system development planning.

8.1 Doployment/Maintenance Scheduling and Ship Characteristics Optimization

It is possible at this time to begin investigating the allocation of time to tie
varjous tasks to be performed in deploynient and maintenance: Investigation of bottom
characteristics (for anchoring), transfer of data buoys to and from the ship, paying out
and reeling in (and storing) two to three n mi of mooring for most buoys, affixing and
removing clamp-on oceanographic sensor packages, testing equipment before, during,
and after deployment, etc. Factors such as these impinge on man-power requirements
(and, hence, base cost per sea-day) and the cruise schedule, as the ship goes from ,
station to station. This study hus made svident that buoys are not likely to be uniformly
distributed throughout the world’s oceans. Given this condition, it is necessary to
investigate the pseudo-random effects of typical deployment patterns on conceptually
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“optimum” deploy ment/maintenance detailed scheduling. This work could be carried
out using the present TRC buoy deployment/maintenance model.

§.2 Evolutionary System Growth

This study has presented a broad view of the buoy deployment problem, with
only occasional reference to the follow-on maintenance task. At this point it would be
desirable to consider possible data buoy production rates and desired evolutionary
system growth patterns. “Are all buoys to be deployed within a span of approximately
one year, or would it be more desirable to effect deployment (and subsequent mainte-
nance) of a system of (say, 375) buoys over a period of three years?’ This question
and a number of similar ones are in need of investigation at this time, because of the
long leadtime required for ship construction (up to 5 years) and the need to analyze the
impact of alternative system development programs. As noted elsewhere in this
report, the selection of aversge ship speed, buoy-carrying capacity, maximum port
days per cruise, and average time-to-plant establishes essentially a “quantum”
system capability. This quantum capability should be correlated with the “critical
mass” (i.e, density and observing capabilities) of buoys in a given area, else the
deployed buoys may be unable to adequately resolve the natural phenomena in the area,
and, hence, produce observations that are satisfactory for the intended data use. Thus,
it would be desirable to start with the constraining ship and operational characteristics
and determine approximately how well data requirements can be met by each added
‘“quantum” of system capability. In this fashion, feasible time-phased evolutionary
syatem growth patterns can be established and considered (elsewhere) in terms of
cost-effectiveness, cost-benefits, and worth to the nation.* A study of this kind could
be performed using the existing TRC buoy deployment/maintenance model.

8.3 _ Maintenance Optimirzation

Because of the cyclic nature of buoy maintenance, it is a cost recurring item and
should be optimized, to the degree possible. It has been noted elsewhere in this report
that buoy maintenance is looked upon as & somewhat more complex task than buoy

*Systam worth to the nation extends beyond the realm of purely economic benefits.
Also included are social bensfite, international cooperation and leadership, and enhance-
ment ¢f the national defense posture.
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deployment, for it is presumed that both buoy and mooring retrieval and buoy and
mooring deplcyment would take place at each required data observation site. Further- ‘
more, if buoys are refurbished aboard ship, then number of spare buoys carried,
refurbishment time, commensurate personnel requirements, etc. all become additional
parameters to be considered. The operation of buoy retrieval and deployment will
likely be best performed during daylight. If this becomes & requirement, then non-
uniform buoy network= may add an additional dimension of complexity to “best” cruise
scheduling procedures. Capability to perform the deployment/maintenance operation
in six hours (or less) may become a feature of great significance.* These and similar
questions can be investigated using the available TRC buoy deploy ment/maintenance
modei.

8.4 Effect of the Hostile Environment

Both statistical and (incomplete) synoptic marine environmental data records
are available and should be used to determine potential adverse effscts ou typical buoy
deplcyment and maintenance cruise scheduling. Synoptic environmental data records
are available from the U.S. Navy Fleet Numerical Weather Center (Monterey). Also, g
TRC has several years of global weather records available (they are presently being
used in support of an NSF/MIT global circulation study). The existing TRC buoy
deploy ment/maintenance simulation model could be modified to detarmine the environ-
mental conditions at each point of buoy deployment/maintencnce. Various decisions
rules (based on winds, sea state, precipitation rate, etc.) could be investigated, as a
function of seasonal variations in the marine environment, for various geographical
regions. Addition of this simulation feature, and ues of both atatistical and synoptic
data would add considerable additioral credence to results obtained from the TRC buoy
Jopioy ment/maintenance model, as well as more thorough insight into the actual nature
of future data buoy deployment/maintenance operations.

*For example, it has been pointed out in the body ol this report that reducing .
time-to-plant from 24 to 12 hours could provide for a given ship about as much savings

oversll in average ship operating cost per buoy deployed as any other factor considered.
Interestingly enough, reducing time-to-implant-and-retrieve to 8 hr, but requiring

that implanting and retrieving take place during daylight, probably would not produce

additional large savings. This point needs investigation.
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APPENDIX A
TYPICAL OUTPUT FROM THE BUOY DEPLOYMENT/MAINTENANCE
SIMULATION AND COST MOLEL
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The ten figures in this appendix provide the interested reader wiih an example of
the computer output of the TRC buoy deployment/maintenance simuletion and cost
model. The data shown apply to 4 cruises with a 12-buoy ship used to deploy 48 buoys
in the North Atlantic MDZ (see Fig. 5-3). The 48 buuys are part of the 500-buoy
(baseline) system.

Figure A-1 gives the input buoy deployment conditions: Starting deployment
date, deployment port (buoys can also be taken on at a depot after lsaving port, f
desired), base average cruising speed, ship buoy-carrying capacity, overall safety
factor, base time to implant one buoy after arriving at location, maximum port days
ver cruise, etc. Also shown are the number of buoys carried on each cruise snd the
itumber of navigation points used on each cruise. For costing purposes, the base cost
of the buoy (i.e., total cost, less cepth dependent costs for mooring line and line-
mounted oceanographic sensor packages), the unit cost of oceanographic sensor
packages, and the cost per unit length of mooring must also be input. These are shown
at the bottom of Fig. A-1, along with the mooring scope.

The location of all buoys, in the crder deployed, is shown in Fig. A-2. This
also includes computed output of the nost of each buvy, based on the ocean depth of
the point deployed. The ocean depth determines the niocoring length and the number of
oceanographic sensor packages {using IAPSO levels and a sensor package at the
bottom, if the distance to the IAPSO level above {s 0.7 or more of the applicable IAPSO
increment). The output provides a sum of the buoys deployed as a check.

The details of each of the four cruises ere .ﬂven in Fig. A-3 through Fig. A-6.
(This printout can be surpressed b an input control, if desired.) Note that the de-
pioyments took (at a minimum)43.7, 38.2, 42.2, and 36.9 days. All of these cruises
(at 8 kt average ship speed) greatly exceed the 22, 5 days considered desirable for s
completely perfect cruise (i.e., safety factor of 1.0). The computer program mahes
note of the point in the cruise at which the desired cruise time was exceeded. (The
desired cruise time is sn input quantity and can be varied.) As can be sesn, the
distance back to port from each buoy is given. The program also keeps a rumning
tally of time of events (there is a "clock” designed into the program) and total time
accrued. Using one set of cost input figures, typical deployment costs are also shown.

152




RN NRR <04 DATE 4 0OCT A8

NORTH ATLANTIC MD? HASF LINE (500) AUOY LOCATINNS
INCLUDES NEW SHIP SFA-DAY AND PORT-DAY COST COMPHTATIONS

STARTING DEPLNYMENT NITF = 1 JAN 69

CONSTANTS HSFO FNR THIS DEPLINYMENT

PNRT
NAME = PORTSWMOUTH ¥
LAT = 3A,.5N
LONG = T6,5W

DEPOT

NAME = PNRTISMOUTH V
LAY = 36,.5N
LONG = T6.5W

SHiP
NAMFE =
MAXIMUN RNy CAPACITY = 12
OVERALL SAFETY FACTOR = 1,33
HOURS TN [ MPLANT ) RUNDY = 12.0
NESINRFD SFA NAYS PER CRUISE = 10,0
MAX MM SEA NAYS PER CRUISE = 99,0
MAXIMUM PQT NAVYS PER CRYUISE = 10,0

LOAN/LRUITSF
12 12 12 12

NAV POINTS/CRUISE
1 0 ¢ 1

AUOY OSTS
ALUNY w/0 S$7% SENSORS OR wNORING « & 138600,
SUASURFACF SFNSR DACKAGE, ERALHW = 8 LAalas o8
NONRENG LINE PER 1000 F Y ’ s & 1780,
MONRING SCReE = 00

Fig. A-1. Input Buoy Deployment Conditions for North Atiantte MUZ.




RUN NBR 904 DATE 4 OCY &8

NORTH ATUANTIC Mn] AASE LINE t8500) BUOY LOCATIONS
INCLUDES NEW SHIP SEA-0AY AND BORT-DAY 7,7 COMPUTATIONS ¢

AUQYS - IN ORDER DEPLOYTD

NEGS DEGS  DEPTH BASIC $/8 TOTAL . !

NBR LAY LONG {(fFT) casy PKGS cnst |

NAll  42.0MN 21.54 9600 $i%8000. 18 $300800.00
NAL2 AL.ON 20.%% 13200 $1%800C. 19 $314100.00
NAlY A)l.ON 10.08 15000 $158000. 20 $324250,00

.
e o el g - N 1

N&k & 49.9% 25.0W 13200 $158000. 19 $314100.00C

NA T A49.5M 12.0w 480 $158000. 8 $214R840,00

NA 8 50.2N Do4M 100 $1%8000. 4 $18617%,00

NA & 39.0N 2.0€ S00 $15%8000. 8 $2148735.00C

NA 2 58.5N 17,54 4400 $1%%000. 16 $278400,00

NA L 5B.ON 30.0M 7200 8158000, 17 $289400.0C
b

‘ 43.5N  38.0W 12000 $1%8000. 19 $312000,.00
; NALO 43.5M  4A1.SW 1%000 #1%6000. 20 $324250.00
| NA 9 IB.ON  SS.0w 16200 8158000, 20 $326350.00
& NA22? 24.5N  S4.%¢ 18000 $188000. 20 $329%00.00
NA23 260.5N  46.0W 12000 $138000. 19 $312000,00
KA24 25.0N 37,0 15000 $1%8000. 20  $3242%0.00 ,
NA2S 25.0N ZA.0M 18000 $1%8000. 20 $329%00.0C ;
NA26 24.5N 19.0M LORO0 $158000. 13  $302900,00 f
NA20  33.0%  10.%N 14000 $158000. 19  $315%500.00
NALG  &.NN 5,34 300 $1%8000. 7Y  $207%2%,00 '
NAL9 33.0M  20.0M 19000 $138000. 20  $3242%0,00 !
NALS  31.9%  29.5W 12000 $1%8000. 19 $312000,00 ‘
NALT 33,.OM 38,0 9600 $1%58000. 18  $300R00.00
NALS - 15.0M  AB.5N 12000 $178009. 19  $312000.00 :
MELS 39,08 SE.5M 19600 8198000, 20  $32%5309,00 /
NASS MM 53,00 18000 $1%8000. 20  $32429%0.00 :
NA&A  D.SM  Hi.% 15000 £1%8000. 20  $3242%0.00
NAAS  0.2% 33,0 15000 $138000. 2¢  $3242%),00C .
NAGD  3.2N Ye.%@ 15600 8158000, 20  $32%300.00
NA%Y B IN 24,5 13000 S1%8N00. 20  3324250.00
R&48 D20 25.5% 12000 8158000, 19  $312001,00 :
NAGT J.i% 18,08 12000 8$1%8000., 9 $312003.00 ;
MALE BN 18.2W 18000 8158000, ¢ $3242%0,.00 !
CNAES 18.8%  18.2w  SO00 $198000, 18 $2997%0.00 .
N23% 165K 27.0M 135000 S1%6000. 0 $3242%0.00 :
NASY  EB5.5%  35.0M 14200 B31%0000. 20 »3263%0,.CC
w35 16,9N 43,00 19000 319%R000. 20  $3242%0.00
NAZY BT.ON AL Tw 1933 A1%K000. 12 8784583,00 .
NAZE 16.0N  TI.SM 9000 81368000. 18 $2997%0.00 L
NA 3 13,0 78,5 12000 #1%8000. 19  $1312000.00 A
NA29 17.0M  AT.0M 11400 8198000, 19  $3109%0.00
NAYO 19.%%  6A,.SM 8000 81%8000. 17  s2R7800.0C
NASL 16, 99,0 1ANO0 198000, 20  $329%00.00
NAYT 0.0 0.0V 800 $1%87%00. 9 $2220%0.00
nA4s  2,0N A8 0N 400 S198000, ©  3214700,.70 D
NAYE  R.2v  S1.%w 19010 8136000, 20  $32424A,00 o
MLIZ 16.5M  S1.%M 15000 9138000, 20  $3242%0.00 ;
NAGS 22.0%  S1.6w 18%00 $158000. 20 #)3)31075.00
%A21 2%.%%  66.0W 18000 81%8000. 20 €329%00.00

B e

TOTAL MOV MARDMARE COST (M/0 SPARES! 8 14470839.00 g

TOTAL NAR OF BUOYS TO B DEMOYED » &8

Ng. A-3. Buoy Locations, Depths, Number of Qocanographic Sensor Peckagos
Required, and Buoy Hardware Cowts.




RUN NBR 904

NORTH ATLANTIC
INCLUDES

DATE 4 0OCTY 68

mn7z

BASE LINE (500) BUOY LOCATIONS
NEW SHIP SEA-OAY AND PORT~-OAY COST CONPUTATIONS

CRUISE GFPLOYMFENT SUMMARY

CRUISF

1

AN~-LOADFD 12 AUOYS AT PORTSMOUTH v
1 JAN 69 AT

SHI® UNPERWAY

800 HRS,

ALOYS TMPLANTED IN FOLLOWING ORDER

SEADAYS = 9.0

AUOY DEGS DEGS N M] N ML YO DATE SEA  OPLYMY
NBR LAY LONG BYWN PORY NAY Day
NALl 42.0N 31.% 2094 2096 11 JAN 10.2 16.2
N&al2 41,0N 20.5¥% 498 2594 14 JAN 13.0 13.0
NAlY &41.ON 10.0W 478 3033 17 JAN 13.7 1.7
NA & 49,5N 25.0M 812 2343 21 JAN 20,0 20¢.0
FXCFEDEN NESIRED SEFA DAYS 70 IMPLANT ABOVE BUNY
NA T 49,.5N 17.Cw 506 2848 26 JAN  22,A 22.8
NA 8 50.2N 0.4 451 3276 26 JAN 2%, 4 25%.4
NVS0 S1.0MN 1+CF 71 3313 27 JAN 25,7 25.7
NA & S59.ON 2.NE 482 3226 29 JAN 28.9% 28,5
NA 2 SA.5N 17.54 606 2624 3 FER 31.8 31.%
NA 1 S8.ON 36,.0¥ s21 2107 6 FEB .7 34,7
NA § 49,5N 38.0M $30 1838 R FES 37.7 37.7
NALD  ¢3.5N 41.% 3as 1682 11 FEB  40.0 40.9
NA @ 38,0N 59,00 696 1030 I14 FEB 3,7 43,7

Fig. A-S.

SHIP RETURNED TO PORTSMOUTM V ON 19 FES 69 AT 1700 MRS
N MILES STEAMED THIS CRUISE = 9J168
BUNYS [MPLANTED THMIS CRUISF = 12

TOTAL BUOY INPLANTED TN DATE = (2
AUNYS REMAINING YO AF OPLYD += 36

MININUY PSAL SEA DAYS FOR THES CRUISE = 48,4

MININUM REQUIRED PORT DAYS * 10.0
MINTMUS PSBL DEPLOYRENT DAYS TO DATE = 58,4
NIN OPLYMT DAYS X SAFETY FACTOR - 7.7

cmmememmmeae AT § 5600,00 PER SEA DAY -———emwewcae-
RINTMUN SKIP COST FOR TMIS CRUISE $  376949,00

NIN SHIP COST X SAFETY FACTOR $  501342,00
TOTAL MININUM SHMIP COST TO OATE $ 376949,00
TOTAL %in COST X SAFEYY FACYOR $ 501342.00

Detatled Output for First North Atlaatio MDZ Deployment Cruise.




RN NBR 904 OATE 4 NCY &8

NORTH ATLANTIC mM0Q BASE LINE (500F 8UOY LOCATIONS "
INCLUDES NEW SH{P SEA-DAY AND PORT-DAY COST COMPUTATIONS ‘

CRUISE DEPLOYMENT SUMNARY
CRUISE 2 N 1
OM-LOADED 12 BUOYS AT PORTSMOUTM V
SHIP UNNERWAY 29 FEB 69 AT 1700 MRS, SEADAYS = 0.0
RUOYS TMPLANTED IN FCLLOWING NROER

BUOY DFGS DEGS N Ml N N1 TO DATE SEA  DPLYMT

NBR LAT  LONG BATWN FORT DAY DAY
NA22 26.SN  54.5H 1343 1343 6 MAR 8.7 6%.2
NA23 24,5N  46.0W 064 1728 9 MAR - 6T .0
NA24 25,0N 37.0W 492 2137 11 mAR 12,1 0.6
NA2S 25,0N 28,0 490 2570 14 MAR 14,9 73.4 .
NA26 264.5N 19,0 492 3019 17 MAR  17Y.7 76.1 f
EXCEEDED DESIRED SEA DAYS TO IMPLANT ABOVE BUOY
NA20 33,0N  10.5%% 678 3201 21 MAR  21.3 79.8
NAl4 36.0N S.8W 294 3343 22 MAR 23,2 81.7 ;
NAL9 33.9N  20.0M 72% 2758 26 MAR 21,1 85,5 -
NALS 3].5N  29,5W 491 2338 29 MAR 29,8 8.3 -
NALTY 33.0N  38.0W 441 1900 2 PR 32,6 90.8 .
NALS 3%,0N  49,5H 836 1364 S APR 35,4 93 5 '

B NAY!S 33,0N  S58,5W 512 912 8 APR 38,2 96,7 ) i

SHIP RETURNED TO PORTSMOUTH ¥ ON 12 APR 69 AT 500 HRS
74

N MILES STEAMED THIS CRUISE = .
BUNYS IMPLANTED THIS CRUISE = 12 I
TOTAL 8UDY IMPLANTED TO DATE = 24 : E
AUOYS REMAINING TO BE NPLYD = 24 e

MINIMUM PSBL SEA DAYS FOR THIS CRUISE = 42,8
MINTMUM REQUIRED PORTY DAYS = 0.0

£ . s
i . -

MINIMUN PSBL DEPLOYMENTY DAYS YO DATE = 110.9

o bt g
B . ¥

MIN DP' YMT DAYS X SAFETY FACTOR = 147.8
cmmememmme== AT § 5600.00 PER SEA DAY =—=e=eemmmnmm -
MINIMUM SMIP COST FOR THIS CRUISE $  338923,00 ' :
MIN SHIP CNST X SAFETY FACTOR $  446777.00
TOTAL MINIMUM SHIP COST TO DAVE $  712072.00 ’
TOTAL MIN COST X SAFETY FACTOR $  948120.00

Fig. A-4. Detailed Output for Second North Atiantic MDZ Deployment Cruise. )




RUN NBR QC4 DAYF & NCY 4R

NORTH ATLANTIC WnZ BASF LINE (500) RiiGY YNCATIONS
INCLUNES NEW SHID SEA-AY ANN PIRT-NAY {NST COMPUTATIONS

CRUISE JEPLNYMENT SUMNARY
CRULISE 3
AN-LDADER 12 3UOYS AT PORTSHMNUTH v
SHIP UNDERWAY 27 APR 59 AT SO0 MRS, SFADAYS = (.0
AUOYS IMPLANTED IN FOLLOMING ORQDER
1Y 2) 4 NEGS NEGS N Mt N %! T0 DAYE SEA DPLYNT
N8R LAY LONG ATWN PORT NAY DAY
NA19 R, 2N «3.0M 2497 2497 4 MAY 12.1 123,0

NA&é4 08N 61,54 &7% 2919 6 MAY 6.7 125.7
NA&S 042N 33.0M 511 3257 9 MAY 17.6 128.5

EXCFEDFD NESIRED SEA DOAYS TO IMPLANT ABOVE 8UNY

NA&KO 8.2N 36.5% 489 2852 MAY
NA4L A, 2N 26.5u 478 3209 MAY
NAsH 0.2N 25.5u 484 3574 nAY
NAAT Ne IN 18.0W 430 3913 MAY
NA42 8.2N 18.2v 487 3594 MAY
NA36 16.8N 18.2w 516 3294 nAY
NAYS  1A.5N 2T.GH 507 2883 29 RAY
NA3S 16.5N 35.0m 461 2508 JUN
NAI3 16,959 43,0 461 2148 JUN
SHIP RETURNED TO PORTSHGUTH Vv ON L& JUN 69 AT
N MILES STEAMED THEIS CRUISE = 9967

AUDYS TMPLANTED THIS CRUESF = 12

TOTAL BUOY IMPLANTED Tl DATE = 36
RUNYS REMAINING TO BE OPLYD = |2

MININMUM PSAL SEA DAYS FOR THIS CRUISF = 52,1
MINTMUM REQUIRED PNRY NDAYS = 10.0

MINIMUM PSBL DFPLOYMENT DAYS TN DATF = 173.0

MIN DPLYMT DAYS X SAFETY FACTOR » 230.1

cmmcmmmmnoe AT § $5600.0C PER SFA DAY —--c—oece—ee-
MINIMUM SHEP COST FOR THIS CRUISE $  402121.00
MIN SHIP COST X SAFETY FACTOR $  $34821.00
TOTAL NINIMUM SHIP COST VO DATE $ 1114992,00
TOTAL MIN COST X SAFETY FACTOR ¢ 1682939.00

Fig. A-5. Detailed Output for Third Nortk Atiantic MDZ Deployment Cruise.
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RUN NBR 904 OATF & NCT 68

NORTH ATLANTIC MD2 BASF LINE (SN0) AUOY LOCATIONS
TACLUNDES NEW SHIP SEA-NAY AND PORT-DAY COST COMPUTATIONS

CRUISE DEPLOYMENY SUMMARY

CRUISE 4

ON-LNANEC 12 BUOYS AT PDRTSROUTH V
SHIP UNDERWAY 24 JUN 69 AT 700 MRS, SEADAYS = 0.0

BUNYS [MPLANTED IN FOLLOWING ORDER

sy NEGS DEGS N Mg N KI TO OATE SEA OPLYNT

N8R LAY LONG OTuN PORTY DAY DAY :
NVe9 20.0N T6¢.CHW 1000 1000 28 JUN 4.6 1777 ;
NA2T 17.0N 8. 7w 474 1264 1 Jut 7.3 180.4
NAZ& 15,0N 73,54 476 1242 4 JUL 10.0 183.1 ;
NA 3 [3.0N 78.5W 142 1416 6 JUL 12.1 85,1 ;
NA29 17.0M 67.0W 109 1276 10 JUL 1%.9 188.9 :
NA3ZC  15.5N 64.5W 170 1416 it Jut 17.2 190,2 ;
NA3L 16.8N 59,0 327 1506 i3 Jut 19.2 192.2 ;
NAYT 10.0X 60.0uW 412 1828 1% JUL 21.6 194,.6 ;

EXCEEDED DESIRED SEA DAYS TO [MPLANT ABCVE 8uQY

NA43 2.0N  48.CW 863 2697 20 Jut 26.1 199.1 T
NA3S®  A.2N S1.3M 427 2191 22 Wt 28.48 201.86 « Py
NA32 16.%N 51.54% 498 1193 2% JW b 2044 :
NA4R 22.8N 6l,.6% 888 1130 29 JuL 3%.1 208.1 S
NA21 25.5K 66.0W 290 853 1 AUG  36.9 210.0 ;

SHIP RETURNED TO SORTSHWOUTH V ON S AUG 69 AT 430 HARS
N MILES STEAMED THIS CTRUISE = 7831
BUOYS INPLANTED THIS CRUISE = 12

TOTAL SUDY TMPLANTFD TO DATE = 48
AUOYS REMAINING YO AF DPLYD = O

MINIMUM PSBL SEA DAYS FOR THIS CRUISE = 40.9

e gt e s ‘,,*"-““5,"3'4‘“" L g

MINTMUM RFQUERED PORT DAYS x 10,0 g

MINIMUM PSAL DEPLOYMENT NAYS TO DATE = 223.9 |

MIN DPLYMT DAYS X SAFETY FACTOR = 297.8 e
AT § 5600.00 PER SEA DAY 3

MINTMUM SHEP COST FOR THIS CRUISE $  325046.00

MIN SMIP COST X SAFETY FACTOR ¢ 43231100 .

TOTAL MINIMUM SHIP COSY YO DATE $  1440037.00

TOTAL MIN COST X SAFETY FACTOR $ 1915249.00 ,

Fig. A-6. Detailed Output for Fourth North Atlantic MDZ Deployment Cruise.

!
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The crucial output values from all cruises are combined in Fig, A-7, the system
deployment summary. At this point are listed the total distance traveled to deploy all
buoys, the total length of mooring line requireZ and the average depth, the total and
average number of oceanographic sensor packages, tvtal and average hardware costs,
and many other key items.

For the system operation simulated by the buoy deployment/maintenance model,
distance traveled depends only on location of ports, buoys, and navigation points. Buoy
costs depend on assigned input values and depth. But the ship operating cost is a
function of distance traveled, speed, port days per cruise, time-to-plant each buoy,
and ship base cost per sea-day, fuel cost, and ship maintenance cost. Thus, once the
total distance traveled has been computed, variables in several other dimensions must
be considered. Figure A-8 through Fig. A-10 show the data needed to make an analy-
sis of the complex interactions of the variables. The base conditions are listed at
the top of each figure, including a matrix of costs for the various conditions to be in-
vestigated. The remainder of each of these three output sheets shows various
parameter output values for variations in time-to-plent and ship speed. In the three
" Deployment Cost'" columns, minima can be identified at speeds of 15 or 18 kt in all
three figures. Minima in deployment costs occurred at speeds of 15 or 18 kt for all
deployment configurations snd cost inputs used in this study. As shown elsewhere in
this report, addition of prerated ship construction cost does not aiter this important

result.

In Fig. A-8 through Fig. A-10, certain cutput data are presented on the basis of
a safety factor of 1. 0 and a safety factor of 4/3. A saﬁefy factor of 1.0 implies
minimum time and cost for the stipulated conditicns. Rasguits based on safety factor
of 1.0 are, therefore, lower bound results (for the stipulated input dsta).* Use of a
safety factor of 4/3 gives numerical results for comparative purposes that represent
highly probable upper bounds on these values. In other words, oruises will probably
not take longer and costs will probably not be greater than 138% of the minimum
attainsble values for the given input conditions.

*That {s, cruises will take at least as long and deployment will cost at least as
- much as the results found using a safoty factor of 1. 0.
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RUN NBR 904 DATE 4 NCT 66

MORYH ATLANTIC RMDZ RASE LINF (500) BUOY LOCATIONS

INCLUDES NEW SHIP SEA-DAY AND PORT-DAY COST COMPUTATICNS

SYSTFH DEPLOYMENT SUMMARY

STARTING DATE = 1 JAN 69 AT 800 HRS

s AT

CRUISE BUNYS N MILES MIN SHIP MIN SHIP TOTAL MIN MIN X
N8R DPLYD STEAMED SEA DAYS PRT DAYS DPLY DAYS SAFETY

1 12 91648 48.4 10.0 58.4
rd 12 7874 42.5% 10,0 2.5
3 12 9962 52.1 10.0 62.1
4 12 71531 40.9 10,0 50.9

& 48 34%38 183.9 40.0 223.9 2

_————— AT § 5600.00 PER SEA DAY -

MINTMUM SHIP COST FOR THIS DEPLOYMENT $ 1440037,00

MINIMUM SHIP COST X SAFETY FACTOR $ 1915249,00
TOTAL COST FOR BUDY HARDWARE DEPLOYED & 14470639,.00

TOTAL FEET OF MOGRING REQUIRED = $53223
YOTVAL S/S SENSOR PACKAGES OPLYD = 845

AVERAGE DEPTH PER BUOY IN MN2 = 11%67
AVERAGE NBR OF S$/S PKGS PER BUNY [N MDZ = 17

AVERAGE HARDWARE COST PER BUOY IN MDL $ 3C1472,00
AVERAGE DISTANCZ TRAVELED PER BUOY DEPLOYFD = 719 N MI
SUMMARY OF CONSTANTS USED FOR THIS DEPLOYMENT
SHIP AVERAGE SPEED = 9,0
SHIP MAX BUNY CAPACITY = 12
HRS TO IMPLANT | AUNY = 12,0
MAXTMUM GEOGRAPHICAL LOCATIONS

WEST NORTH EAST SOUTH
17.0N Bl.7W S9,0N 2.0F %9.0N 2,0F O.1N 18.0W

THE SHORTEST MOORING WAS 100 FEET AT 50.2N  0.4W
THE DEEPEST MOORING WAS 18900 FEET AT 22.8N 61.6W

7.7
69.8
82.%
67.7

97.8

Fig. A-7. System Deployment Suramary: Output for All Four North Atlantic
MDZ Deployment Cruises.




2N NRR %%

NORTH

&8 AUNYS VEPLOYEN FROM PNRTSHOUTH V SHIP BUOY CAPACITY = 12

AT ANYIC wn?

NEPLNYMENT TEST SUMMARY

DATE

BaSE LINF (SOC) AUOY LNCATIONS
INCLUNFS NEW SHI® SEA~DAY AND PORT-NAY COST CMPUTATIONS

6 NCT 68

TOTAL DISTANCF, N Wi = 34518 MAXIMUM CRUISE, N NI = 9942
AASF CNST PER SFA NAY = § 200C.00 CNST/PORT NAY =N,96 X SEA DAY
SPFEN vN 9,00 12.00 15.7C 18,90 21.00 264.00 27.00 3G.00
rSY/%1 ¢ R, TR 5,78 $.78 T.01 11.27 16.42 23.37 30.00
AND/DY & 677,10 40D, 00 60C.00 6C0.00 780.00 980,00 1200.00 1430,00
AVG  vAX MIN  WIN %N N DFPLOVMENT CNST, 8K
SUIP CASF SEA PORT  NPLY X SAF MIN NPLY X SAF  A¥G/euyOY
SPD  (NAYS) DAYS NAYS nars FCIR DAYS FACTOR (MEND
12 HRS TN ITNMPLANT A AUONY, TOTAL TINE TO IMPLANY 24,0 DAYS ww—em
9,0 82,1 183,99 40,0 223,99 2497.A 775.9 1031.9 16,2
12.0 4.4 143,9 40.0 (83,9 244,48 6T1.6 03,2 14,0
15.0 33,7 119,99 40,0 1859,9 212,7 609.2 810.3 12.7
18,8 29,1 106,08 40.0 64,0 (91,9 610.1 s11.% 12.7
21.0 2%5.F Q7.5 40.0 132,% 176,3 51.0 998.8 1%5.6
26,0 2V, 84,0 40,0 124,00 164,.9 99,7 1234,.% 19.4
27.0 21.4 TT.3 0.0 117.3 186,0 117¢.8 1562.9 24,5
I 1R 72,0 400 112.0 14%,9 1408.7 1873,.6 29,3
24 MRS 0 IMPLANT A RUOY, TOTAL TINE TO INPLANT = 40,0 DAYS -~—=--
2.0 54,1 207,09 40.0 247,9 329,7 837.9 1114.8 17.5%
12, 66,6 167.,9 &0.0 207.9 278.% 7349 78,2 1%.3
15.0 39,7 143.9 40,0 123.9 244,48 6T1.6 "93,3 14,0
Lot 35,1 124,71 40,0 1AB.0 22%.4 aT72.% 494,59 4,0
21.0 31.M 114,88 40,0 1%6.9 200.2 s17.7 1087, 6 17,0
24,0 23,3 104,00 a0,0 JaR.0 @48 1001.2 1331.7 20.9
270 27.4 1Ci.3 40,0 161,33 187.9 1251.6 1660,7 26,1
0.6 25.8 9.0 A0 1%6.0 160.8 1490,3 i982.1 31.0
VMRS T INBLANT A AUNY, TATAL TINE TN NPLANY o 40,0 DAYS —~-oe
9.0 Al.l 219,9 40,0 259,9 348.7 869,1 11%6.0 10.1
12.0 496 179,99 40.0 219.9 292.8% To%.2 1017.7 15.9
18.0 42,7 185,99 #0,) 19%.% 280,6 T702.0 9940 14.6
10,0 38,1 140.9 40,0 00,0 299,% 08,7 94,0 14,7
210 34,8 129,35 0.0 168.9 2.1 [LIPY} L11%1.9 17,7
24,7 32,3 127,00 46,0 160.0 212,84 1037,0 1379.2 2.6
27.0 3.6 11, % 40,0 183,) 20%.% 1290,0 17i9.8 26.9
.0 29,0 108,00 0.0 14A.D (94,8 1831,.1 20%36.4 3.9
36 NES PO FMRLANT A AUAY, TOTAL YINE TO ITMPLANTY 72,0 OAYS ccvm-
Q.0 B4, 1 21,9 40,0 271.9 361.4 00,3 1197.¢ 18,9
12.7 82,6 191,9 30,0 231.9 304.9 796, 4 L0%9.2 18.6
18,7 45,7 187.9 &N, 0 207.% 274.4 34,0 78,3 19.9
18,0 41,1 192.0 40,0 192,) 29%,) 734,.9 9T7.8 5.3
2leN 37,8 180.% 40,0 180,88 20,1 834,46 1176.) 18. 4
24,0 35,3 132,0 40,0 172,00 220.7 10728 1426.0 22.3
20,0 %34 12%,% 40,0 14%.3 21¢.8 1320,4 1766.0 21.7
30.0 1.0 120.0 40,0 60,0 212.0 1571,9  2099.8 32.7

AVG NN
0Pty Navs
PER BUNY

NN BB PN
¢ & & @ & s 2 =
DO WS DWW

A" 2" B K K )
. & & & & v
R BT R

-
.
~

3.1

s.,
4.8
4,93
4,0
3.0
3.6
3.4
3.3

AVG NFR RUCYS
DPLY PER SHIP
Id 135 DAvS

T2

87
1e1
112
121
130
137
1es

(1)
A4
87
L0
1¢3
109
11
12

62
i3 ]
82
re
9
101
108
1¢ce

L1
9
144
ee
L1
9
97
171

Mg. A\-4. Daployment Test Summary: $3000 Base Cost Per Sea Duy.




RUN WAR 2746 NATE & OCT &8
OFPLOYMERY TEST SUmMMARY

NORTH ATLANTIC “D? BASE LINF (500) BUOY LOCATIOMS
INCLUNES NFW SHIP SEA-DAY AND PORT-DAY COST COMPUTATIONS

48 RUNYS NEPLOYEN FROM PORTSMOUTH Vv SHIP RUOY CAPACITY = 12
TATAL NISTANCF, N o = 3453A8 MAXIMUN CRUJSE, N Ml * 962
AAST (OST PEQ SFA DAY = ¢ 5000,00 COST/PORT DAY »0,9 X SEA Day

SPEFN KN 9,00 12,00 13.00 1R, 00 21.00 264,00 27,00 30.00
CST/mi 5.78 5.78 5.74 T.01 1l1.27 16.43 23.37 30.00
AND/DY $ 5C0.00 A00.00 6N0.00 600,90 TRO,00 9RD.0C 1200.00 140C.00

AVG “aX "IN mIN MIN MIN DEPLOYMENT COST, SK
SHIP  rase  SFA pORT oPLY X SAF  MIN DPLY X SAF AVG/ 8UCY
SPD  (DAYS) DAYS NAYS DAYS FCTR DAYS FACTOR (L1E 1]
12 HRS T [MPLANT A AUQY, TOTAL TINE TG IMPLANY = 24,0 DAYS -=~--
9.2 52.1 183.9 40.0 223.9 2971.8 1440,0 1915.3 30.0
12.0 4N0.6 143.9 40.0 183.9 244.6 1216.2 1617.5 2%.)
15.0 33,7 119.% 4N.0 1%9.9 2)12.7 1081.9 1438.9 22.5
18,0 29.1 1046,0 40N, 0 144,70 191.5 1034.8 1376.) 2106
21,0 25.8 92.%5 40.0 1%32.% 17s.3 1141.4 15168.1 23.8
2.0 23.3 R4.0 40.0 126.0 164.9 1294.4 1721.8 27.0
27,0 21.4 77,3 40,0 11T7.3 154.0 1519.5 2021.0 3.7
30.0 19.80 72,0 40.0 112.0 14A.9 1737.4 2310.8 36.2
34 MRS TN [MPLANY A AUNY, TOTAL TINE TO ITAPLANY = 48.0 DAYS -~---
9.¢ 59,1 207.9 40.0 247.9 329.7 1574.¢ 2094,.0 32.8
12.0 46,6 167.9 4C.0 207.9 278.5 1350.6 1796,3 28.1
15.0 39,7 143.,9 A00 183,9 244,56 1216.1 t617.6 2%.)
18,0 35,1 128,00 40.0 168,00 223,.4 1169.2 1595.0 2444
21.C 3.8 1is.% &N, 1%6,% 208,2 1200.1 1702.6 26.7
26,0 29,3 10H.D 40,0 148.0 19.9 1437.9 1912.% 30.0
27,0 27.4 101.3 40.0 14l1.3 187,9 1660,.) 2218.9 34.8
3NN 25,8 94,0 4H.0 136.0 180.8 18%1.0 251%.0 319.4
30 WMAS TO TMPLANT A AUGY, TOTAL TIME TN INPLANT = 60.0 DAYS -~~--
9.0 6.1 219.9 40,0 299,.9 33,7 1641.6 2183%.4 34.2
12.0 49,86 179.9 40,0 219.9 292.9% 14)7.8 180%.6 29.5%
(9.0 42,7 185.9 #0.0 19%5.9 260.6 1283.9% 1707.9 26.7
18,0 8,1 140,00 &0.0 100.0 2999 12%.4 1644.4 25.8
21,0 34,0 128,85 40,0 168,85 224.1 1349.9 1794.0 20.1
264.0 32,3 120.,0 40,0 140.0 212,8 1509.7 2007.9 3.8
27.0 3.4 113.3 0.0 1%3.3 203.9 1742.7 2317.9 38.3
N.N 28,8 108,0 0.0 168.0 19,8 1967.8 2017.2 41.0
16 MRS TN TMPLANT & AUGY, TNTAL YIME TN IMPLANT = 72,0 DAYS ~=—--
9.0 K4l 231.9 40,0 271.9 Y6l.4 iro8.8 2271.8 315.6
17,6 %2.4 191,29 40.0 231.% 130A.9 148%5.0 197%.0 30.9
15,0 4%.7 161.9 40,0 207.9 274,46 1380,7 1796.4 28.1
18,0 41,1 192,90 46.0 192.0 2%3.) 1303.6 1733.8 1.2
20,0 37,4 140.% 0.0 iR0.% 240.1 1410.9 1087,1 29.6
24,0 35,3 132.0 A0,0 172.,0 228.7 1581.8 2103.3 32.9
27.0 3%,4 125.% 4n,0 163,33 ?19.8 1817.1 2416.0 37.9
30,0 1.8 120,0 0.0 180,80 212,98 2044 .6 2719.3 42.6

Fig. A-9. Deployment, Test Summary: $5000 Base Cost Per Sea Day.
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AVG NN AVG NBR BUDYS
OPLY DAYS OPLY PFR SHIP
PER BUOY IN 338 navs

4.7 72
1.0 L4
3.3 1ct
3.0 112
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2.6 130
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2.3 144
q
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RUN NACY 94 NATF & NCT 68
NFPENYMENT TEST SUMwsey
NORTH ATLANTIC N7 PASF LINE (5190) RUNY ¢ NCATIONS
INCLUDFS NFW SHIP SEA-DAY ANTD PORT-0AY CCST COMPUTATIONS
48 QUNYS ITPLAYEN #li1 PNRTSMNNTH v SHIN 4UNY CAPACTYY = 12
TOTAL DVISTANCE, § M x Y4434 MICIPUM CRUISE, N M[ = 9962
3AGF (ST PFR SFA NAY = & ANND, O CAST/PORT DAY =).94 X SEA DAY
SPEFN <N Q.70 12,0 15,00 18,00 21.00 Mo, 00 27.C0 36.00 "
rT/ML ¢ 5.7 5,78 5. T8 T.91 11.27 16,43 23.37 30.00 3
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APPENDIX B
* STRATEGIES FOR BUOY DEPLOYMENT CRUISE SCHEDULES
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In the course of developing the TRC buoy deployment/maintenance simulation
and cost computer model, it was recognized that manual choice would have to be made
for locations of buoy, ports, and navigation points. It was also elected to use manual
selection for buoy deployment cruise scheduling. *

While it waa intuitively apparent that certain cruise schedules would be 'better"
than others, it was also agreed that a limited amount of analysis was needed to
delineate between or among strategies for cruise scheduling that appeared essentially
equally good. The analysis was performec cn a series of models that might best be
described as first approximations to typical data buoy networks of the future. By
constraining the geometry of the deployment configuration to easily handled cases, it
has been possible to show preference of deployment schemes, even to the point of
establishing a crossover point of preference between two alternative schemes,

Th2 results obtained corroborate ""common sense'' strategies, and give guidance
where the difference in the metric (total distance traveled) of two schemes is small.
This analysis was used as a guide for the deployment schedules used in the study
presented in this report.

B.1 Approach
Deployment of data buoys from a port to a close~by or aistant region is com-

parable to a claseic transportation problem. It involves a constrained version of the
well-known Traveling Salesman Problem: namely, given a set of random locations,
what {s the minimum distance the saleaman must travel tc visit all pointa? Of course,
there {8 no known closed form solution to this classical problem.

In this analysis, the constraints impoaed by the buoy deployment problem are,
in general, assumed to be:

(1) The deployment ship inust return to the original deployment port.
2) The number of buoys to be deployed is much greater than the number
of buoys carried per trip.

.C‘ruxu scheduling is defined as the sequence in which a deployment/maintenance
ship visits given geographical pointa,
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The first constraint can be relaxed, but that will not be done in this analysis. The
second constraint is essentinlly axiomatic for this problem (if it is relaxed, the
problem reverts to the classical one).

While it is true that an optimum solution to the deployment problem is difficult
to achieve, it is possible to show by demonstration using specific simple models that
one deployment strategy is better, equal to, or worse than another strategy. Because
data buoy deployments are by no means totally random, it is also possible to lock at
certain easily manipulated, geome‘rically describahle deployment patterns and
analytically show relative preference for certain deployment schedule strategies. In
short, in certain instances ""common sense" bvoy depluyment schedule strategies can

be augmented, guided, or confirmed.

B.2 An Example: Circular Buoy Deployment Patterns
As a first example of preferable buoy deployment strategies, consider the

simple circuiar buoy deploymen!. pattern shown in Fig. B-1.

-

L T LI
-}

Ve

PORT

—

Fig. B~1. Buoys Uniformly Distributed
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Assume the deployment ship carries 4 buoys per trip. Then two simple alter-
native deployment strategies are: *

(1) Make 4 round irip trips, going out each line of buoys and returning
(2) Make 4 trips, deploying 4 buoys on a circumfereatial pattern, at
radius = R, 3/4R, 1/2R, and 1/4R.

In the first case, the tctal distance traveled is 8R. In the second case, the
total distance traveled is SR + 2.5 R (= 12.85 R). Therefore, it is clear that the
first deployment strategy is to be preferred.

If the angle 91 is reduced, a crossover point can be found at which the distance
traveled using the second scheme is equal to 8R., For still smaller values of 8_, it
is preferable to use the second deployment scheme, because the distance traveled is
less than 8R, The value of 61 at which the two schemes result in equal distance
traveled is found from:

)
5 1
~ ¥ —_—
5R + 2 R 180 8R
or,
- L
el = (180) o
= 68.8 deg

This condition is shown in Fig. B-2,

B.3 Second Example: Rectangular Buoy Arrays
As a second example, consider the case where the buoys are all grouped to-

gether at a distance from the port that is large compared to the equal spacing between
buoys. Assume far convenience that buoy spacing is uniform, as shown in Fig, B-3,
Let Deployment Scheme 1 be that shown in Fig. B-4(a) and Deployment Scheme 2 be
that shown in Fig. B-4(b).

‘There are obviously other strategies in addition to these two.
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6 =e68.2°

Fig. B-2. Deployment Strategy Crossover Configuration

d <« =R

PORT O R

Fig. B~3. Buoys Remote From Port

R —ue d
; !
R -9 -Q
d <« R d
d

d

R = L o d R o
(a) Scheme (1) (b) Scheme (2)

Fig. B-4. Two Deployment Schemes
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It is apparent that for Scheme 1 the distance traveled to implant 8 buoys with a
4-buoy capability ship is approximately 2 x (2R + 3d), whiie for Scheme 2 the distance
would be (2R +3d) + 2R +5d). Otviously, Scheme 1 i8 preferred because a savings
in distance of 2d can be achieved.

A comparable case might be the deployment of 16 buoys using an 8-buoy
capacity ship, for the configuration shown in Fig. B-3. Using Scheme 1 requires
appraximately (2R + 7d) x 2 distance traveleC. Scheme 2, modified as shown in
Fig. B-5, requires (2R + 7d) + (2R + 11d). Agein, Scheme 1 is preferred because
of the saving of 4d distance, in this instance.

B.4 Third Example: North Atlantic Deployment

Based on the demonstration of preferred deployment strategiee for simple
deployment configurations, it is possible to extrapolate to more complex configura-
tions comparable to those associated with NDBS deployments, The third example
(Fig. B-6.) is a simple geometric approximation to a North Atlantic Modular Deploy-
ment Zone with approximately 30 to 40 buoys, with deployment from a centrally
located U. 8. port, such as Portsmouth, Va. The deployment field can be approxi-
mated by a 4 x 8 array of buoys with a uniform spacing of d. The port is taken to be
on the horizontal line fourth from top. A buoy deployment vessel with a capacity of
8 buoys is directly applicable to this general problem, assuming there is no constraint
on trip time, ¥

dfdyd
L

Fig. B-5. Scheme 2 Modified

|
A trip time constraint can be overcome by reduction in time-to-plant and/or by
increased ship speed, in some instances.
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Fig. B-6. An Idealized North Atlantic Buoy Deployment

Three deployment schemes will be demonstrated, as shown in Fig, B-7. The
total distances traveled are:

Scheme 1
Total deployment distance =

pD+aVp?+d® + 2VNDP+ad® + 2VDP +od® VD% +10a + 28d

Scheme 2
Total deployment distance =

Vo? +oa® +VNp2+1682 +N+a)? +98 VN (D+a?+16d

Npr2gfro® Np+2d)+16¢ V(@ +3d)° +9a® +V(D + 30y + 160>

+ 28d

Scheme 3
> Total deployment distance =

JD2+4d2 + S.’qD2+9d2 +Jl)2+16d2 + 14d

2

+JD2+d2 + D + 7d +{(D+2d)2+d + D + 6d
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East-West

Strategy
Scheme 1

North-South
Strategy

o/a 6——0—3d
Scheme 3 Mixed
Strategy

Fig. B-7. Three Deployment Schemes for the North Atlaniic

Scheme 2

By comparing non-equal terms from the Scheme 1 and Scheme 2 expressions, it is
obvious that Scheme 1 is preferred:

1 Scheme 2

< Vo?rod

< Vo2 +1ed

< Yorof vod
< VYo+a? 168
< Vp+29? + 98
< Vp+20° + 168
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Scheme 1 i Scheme 2

4D2+;d;2 < J(D+3d)§9d!
VDEMGEE < V(D»*:’.d)i"s«“mdf

In fact, for the special case where D =d (a very reasonable condition), it is quickly
seen that for Scheme 1 the total distance traveled is 47. 3d while for Scheme 2 the
total distance traveled is 64. 4d. Thus, Scheme 2 requires approximately 36 percent
more travel than Scheme 1.

It is convenient to compare Scheme 3 with Scheme 1 in this same fashion,
Scheme 3 requires a truvel distance of 49, 3d, or only 4 percent more travel than
Scheme 1. Thus, while Scheme 1 is the preferred one, it is clear that Scheme 3
is a close competitor. Ir an actual case, where perfect geometric symmetry of
spacing does not exist, conditions might be such that Scheme 3 hecomes preferred,

For the special case where D<< d (which will be taken to the extreme condition
of D = 0) the following relationships hold:

Scheme Distance Traveled
1 42 d
2 59.6d
3 45.2d

Aguin, Scheme 1 is to be preferred, particularly over Scheme 2, but only marginally
with respect to Scheme 3.

B.5 Fourth Example: A Port Within a Rectangular Buoy Array

Under certain conditions, buoy arrays may exist surrounding the service port
(Honolulu, Hawaii, serving the Eastern North Pacific provides en excellent example).
Based on guidance from previous examples, it is apparent that a deployment scheme
approximating deployment along a radius is likely to provide the best strategy.

A typical example of buoys surrounding the service port is shown in Fig. B-8,




A A Ao

Q. Q.

Fig. B-S. A Port Within a Rectangular Buoy Array

For the array shown, the shortest distance to be traveled in deploying the
32 buoys with a ship carrying 8 buoys per trip is:

8
2 R +284
n=1 B

where Rn is the distance from port to first or last buoy deployed on a trip, as indi- t
cated in Fig. B-8,

If the buoy tender can carry 16 buoys/trip (or, if it can service 16 buoys after
deployment), then the best strategy requires a travel distance of

Rz +R3 +R8 +R7 + 30d

The preference of these (wo strategies can be inferred from demonstrations in the
previcus examples, and need not be repeated here.

B,6 Summary
This analysis has attemnted to establish -- by demonstration, not by rigorous

general proof -- preferred strategies .or deployment (and later maintenance) of data
buoys. The general! task involves finding a solution to a variation of the Traveling
Salesman Problem. Bui ihe actual buoy deployment/maintenance task is a much con-
strained problem for which cert: . strategies are preferred and '"good" (not neces-
sarily ~Htimum) solutions ure often relatively obvious.

To simplify the analysis, several easily decoribed geometric buoy deployment
patterns have been anslysed in some detail. In one instance (buoys on radial lines),
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it has been shown that a crossover condition exists, making one deployment strategy

preferable until crossover occurs, at which point the other strategy is the better.

In the other examples considered, one strategy is always to be preferred, but in some

instances the degreee of difference in distance traveled was minor, and in an actual

application, deviations from the solution indicated for the ''clean' geometric case

might bring about a preference to use a mixed strategy. q
The results given here have been used as guidance for the extensive TRC digital

computer buoy deployment simulation. The TRC bucy deployment/maintenance model

can be used to generate travel distances for any deployment scheme, hence, com-

parisons of deployment strategies specifically tailored to particular buoy and port

locations can be sasily achieved.
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