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All places that the eve of heaven visits
are to a wise man ports and happy havens. Shakespeare. Richard I

Ship berthing plans reserve a location for inbound U.S. Navy surface vessels prior to
their port entrance, or reassign ships once in port to allow them to complete, in a timely
manner, Teprovisioning, repair, maintenance, training. and certification tests prior to
redeploying for future operational commitments. Each ship requires different services
when in port. such as shore power. crane. ordnance. and fuel. Unfortunately, not all
services are offered at all piers, and berth shifting is disruptive and expensive: A port
operations scheduler strives to reduce unnecessary berth shifts. We present an optimi-
zation model for berth planning and demonstrate it for Norfolk Naval Station, which
exhibits all the richness of berthing problems the Navy faces. ¢ 1994 John Wilev & Sons. Inc.

I. INTRODUCTION

While most ships’ missions are executed at sea, their in-port time is essential to maintain
a high degree of material readiness and crew morale: Efficient ship berthing is important.
A ship berthing plan assigns surface vessels a berth prior to entering port or reassigns
ships once in port *"to accomplish a progression of maintenance training and certification
events which build readiness for future operational commitments™ [15]. These events
include combat systems maintenance, tests. and training, amphibious in-port deck ev-
olutions, and other in-port functions relevant to an individual ship class [7].

Prior to the port arrival of a commissioned naval ship or fleet auxiliary ship, the
commanding officer sends a message to the appropriate naval authority stating the logistic
requircments (LOGREQ) of his ship during the period in port [11]. This LOGREQ
specifics any requests a ship may have due to upcoming inspections, operational com-
mitments, maintenance requirements, or any other consideration the commanding officer
identifies.

Port operation ship berthing schedulers review logistic requirements, quarterly em-
ployment schedules, and squadron requests for all home-based and visiting ships. and
make berth assignments based on fleet requirements and port capabilities. Factors con-
sidered in berth assignments include pier service requirements., deployment status. special
operational tests. ship and berth characteristics, as well as crane requirements for on-
or otf-loading supplies. These considerations must be taken into account since cach berth
is unique in its capabilities: Each berth may offer differing shore power and crane services,
depth and length of slip. fuel or ammunition loading capability and fendering system
[12].

An ideal ship berthing plan which minimizes port loading problems would require
that all possible berths for each vessel be examined and “the one which best promotes
fleet readiness while minimizing conflict between the inport goals would be chosen™ [15].
As a practical matter, this is impossible for a human scheduler to do. There are simply
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of ships in port is 50 with the highest port load at 74 during the Christmas holiday. These
vessels usually rely on shore power rather than on their own power. Shore power and
other facilities permit ships to operate and test combat systems and other mission ca-
pabilities while in port [7]. The increasing number of ships homeported at Norfolk
(presently 118). along with unique requirements by ships and lengthy pier maintenance
projects. combine to make pier scheduling an extremely ditficult task requiring complex
planning [6].

The Naval Station Norfolk ship berthing plans are manually prepared by the schedulers
with the aid of pen and paper and a wall-size mock-up of the pier layout with scale-size
ship silhouettes. Once informed of which ships are scheduled to be in port for the next
week. the scheduler first determines which berths can physically accommodate each ship.

The berth scheduling rationale is based on the following primary criteria:

® The ship's length must be less than the length of the picr.

® The pier-side depth must be five feet greater than the ship's draft to allow for tidal change as
well as propeller wash and engineering plant requirements.,

® The ship’s beam plus fender system must extend less than the distance between the erth und
the next closest pier or berthed ship plus room to allow a ship to mancuver.

® The berth should provide at least the minimum required number of shore power cables [7].

After the physically feasible berths are identified for each ship. the scheduler then
considers a secondary set of guidelines specific to Norfolk, shown in Appendix A. Every
port has an analogous set of local berthing criteria.

At this point. scheduling becomes difficult. The scheduler assigns each ship to a teasible
berth and tries to maximize the proportion of requested services and minimize the number
of berth shifts required to accommodate these requests over time. This berth plan is the
initial input to a key planning event, the berthing conference.

Once a week, a berthing conference is held at port operations and attended by rep-
resentatives from squadrons, groups, type commanders, Military Sealift Command, Nor-
folk Supply Center, Public Works Center (PWC, utilities. and crane scheduler). Read-
iness Support Group and Port Operations (scheduler, chief pilot, ordnance officer,
dockmaster, and policy maker). The squadrons all represent their ships™ requests for
docking and undocking times, as well as for particular berth assignments. PWC advertises
feasible pier utility services. The pilot assigns move times for ships constrained by tide.
Compromises are worked out and the Port Operations Officer makes final decisions [12].

The final berthing plan resulting from the berthing conference is used as the start of
the following week’s schedule. Coordination among all these participants is vital. Changes
in the announced plan are inevitable—the schedule often changes hourly. The sheer
frequency of revisions makes a strong case for the use of a computerized. optimizing
berthing plan. The consequence of oversights is delay, and delays cost time and money.

III. A SHIP BERTHING MODEL

The goal is to create an optimal berthing plan. at a daily level of detail. for all ships
scheduled to be in port during the prospective planning horizon (say. a week).

The situation calls for a set of discrete ship-to-berth assignments. with limitations on
feasible assignments. These limitations (on length, draft. power cables. and so forth)
are casily expressed as'linear functions of ship-to-berth assignment variables. This sug-
gests a linear integer program.
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NONEST indices of ships which must be berthed singly at picr side
NOOUT indices of ships which cannot have any ship berthing outboard from them

d(q) indices of piers which can provide service type ¢

B, 1 if pier p belongs to basin &: () otherwise

W, width of basin &

", beam width of ship s

F, 1 if fendering und superstructure on pier p is not compatible with ship s: () otherwise

SD, attribute « for ship s

PD,, attribute « for pier p

R, reward for nesting position n

LQ., ship v priority for requested service ¢

A 1 it pier service ¢ is available on pier p: 0 otherwise

DR safety distance between ship draft and water depth

Copta Fifr = 1 and ship s can physically and logicallv be assigned to nesting position 5 of
berth A at pier p on day £ U otherwise

EXT max distunce that ships can extend past piers

TUG beam width of a standard tug

BTW bow stern distance between ships and/or sea wall

FND fender distance between nested ships and pier

BN, .. benetit from berthing ship s, at pier p. in berth b, at nesting position s, und on day ¢

H,, penalty for unperformed service type ¢ lor ship s

Among the above collection of data. C,,, determines whether a ship can be assigned
to (or is compatible with) one of the specified berths at a pier. Such an assignment is
possible, i.e., C,,, = 1. as long as all of the following primary berthing conditions (1)~
(5) are satisfied. If these primary berthing criteria are violated for every pier associated
with each specified berth, the ship cannot berth and the problem is deemed infeasible.

SD, 4 = PDy g — DR, (1
oY # - o 1 W— (2)
8D, i = 1, (3)

S gepar = 1. (4)

F, = 0. (5)

Condition (1) ensures the pier depth is deep enough for the ship’s draft plus safety
distance. Condition (2) berths a ship only if its length does not extend past the pier. For
a ship to be considered compatible. it must be scheduled to be in port during the day
considered as ensured by conditions (3) and (4). Condition (5) does not allow a ship to
be assigned a berth where it would have a fendering or superstructure interference.

In order to help the human scheduler. rather than (foolishly) try to replace him.
extensive capability should be provided to allow manual assignment of a ship to a specified
berth. subset of piers/berths, or nesting position. These coercions are simulated in the
prototypic implementation via input of the compatibility data, C,,,,. derived above.
This allows the scheduler to restrict any or all permitted indices for a ship. i.e.. a specified
berth. group of berths/piers. and/or nesting position for a specified ship during any or
all days the vessel is scheduled to be in port. When the user identifies specific requests.
all other €, are automatically set to zero. thus ensuring the ship will be berthed only
as specified by the scheduler.
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Xpp €E{0. 1}, Vs.p.b.on.t, (17)
Zonn € 6 1] Vs.p.b.on,t, (18)
U, U 1. Vs.q. (19)

In the above formulation, the objective function is to maximize the ship-to-berth
assignment benefits less a berth shift and unperformed service penalties. This penalty
decreases the total benefit of the plan each time a vessel is required to move to a different
berth or nesting position from day to day in order to receive required services at a new
berth or to free its current berth for another ship. Since the formulation encompasses
the entire planning horizon, the optimal plan takes into account the arrival on any day
of new ships and their required services. Initial ship positions are treated as arrivals on
day 0. ' :

Constraints (6) limit the total length of ships berthed pier side at pier p to be less than
the length of the pier plus allowable extension. Constraints (7) ensure that each pier has
sufficient power cables to support ships berthed alongside. Constraints (8) provide room
for a tug to maneuver among ships berthed in each basin. Constraints (Y) ensure each
ship is uniquely berthed when scheduled to be in port while constraints (10) allow at
most one ship per berthing position. Constraints (11) calculate berth shifting. To illus-
trate, consider shifting ship FFG5 which is berthed at pier 1IN, berth 2, nesting position
3 on day 5 to pier 10N, berth 1. nesting position 1 on day 6. The constraints (11) yield
the following equations of interest.

XFFGS.IIN.Z.B.O - XFF(]S.IIN.Z.S.S = ZFFGS.I]NA.‘..}‘(”

XerGsaoNtte = XFFGsIN115 = ZEEGS.ION.1) 60

With these values, the left-hand side of the first inequality evaluates to — 1. This implies
that Zppgs i inoae €quals zero at optimality since its objective function coefficient is
positive. Similarly, the left-hand side of the second inequality evaluates to 1 which in
turn forces Zeggs on..1.0 t0 be 1 to account for shitting FEGS to a new berth on day 6.
Constraints (12) ensure that shorter ships are berthed outside longer ships while con-
straints (13) make sure that ships which cannot be nested are berthed by themselves.
Constraints (14) guarantee that no ship is berthed outboard from ships which request
it. Constraints (15) ensure that berthing positions are filled sequentially. Finally. con-
straints (16) determine which services are unfulfilled. When service ¢ for ship s cannot
be fulfilled. the first term in (16) sums to zero which requires U,, to be [ to satisty the
inequality. When considered in conjunction with the last term in the objective function.
these constraints insure problem feasibility when it is impossible to fulfill all requested
services.

IV. SHIP BERTHING EXAMPLE

A prototypic model has been evaluated using a GAMS generator {3] and initially
solved with XS [4]. The model has been tested using an example with 17 ships, cight
piers (see Fig. 1). and a 6-day planning horizon.
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