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A COMPUTER SOFTWARE SYSTEM FOR
OPTIMIZING SURVEY CRUISE TRACKS!

Since 1972, the Southeast Fisheries Center, Na-
tional Marine Fisheries Service, NOAA, has been
conducting resource assessment surveys for
groundfish in the northern Gulf of Mexico. Ran-
dom sampling stations were selected and cruise
tracks plotted by hand requiring several man-
days of effort without assurance than an optimum
cruise track had been chosen. Consequently, a
computer routine was developed at the NMFS Na-
tional Fisheries Engineering Laboratory, Bay
Saint Louis, Miss., to satisfy two requirements:
Generate a set of randomly selected sampling sta-
tions from a preestablished station grid and
minimize the distance the vessel must travel to
sample each station once. This paper presents the
resultant routine, a comparison of results with
actual cruises, and a discussion of other possible
applications of the program.

Background

The problem of determining the optimum cruise
track to sample a given set of stations can be re-
stated as, “determining the shortest route from
one point to another which allows a vessel to visit
every station once.” This problem is similar to one
in the field of operations research generally refer-
red to as “the traveling salesman problem.” The
original formulation of the problem was to
minimize the time required by a traveling sales-
man to visit a number of cities and return home
(Bellmore and Nemhauser 1968). Several al-
gorithms have been developed which solve the
problem exactly; however, computer storage and
running time increase exponentially with the
number of points to be visited. Because the
groundfish surveys normally deal with station
numbers in excess of 100, an heuristic method of
solving the problem was selected. Lin and Ker-
nighan (1973) at the Bell Telephone Laboratories
(BTL) developed an approximate procedure for
solving traveling salesman problems with large
number of visitation points which appeared
applicable to cruise track optimization.2 The Na-
tional Fisheries Engineering Laboratory obtained

!Contribution No. 78-19F from the Southeast Fisheries
Center, National Marine Fisheries Service, NOAA, NSTL Sta-
tion, MS 39529. MARMAP Contribution No. 154.

2To develop a feeling for the complexity of these problems, it
should be noted that for a given number of stations, n, there are



a FORTRAN program from BTL and converted it to
operate on a Univac® 1108 system at the National
Aeronautics and Space Administration Computer
Complex, Slidell, La.

Modifications to the BTL algorithm were made
to satisfy requirements of the groundfish survey
program. Most internal modifications were fairly
general so that the program could be used for other
areas and purposes. Specifics of grid locations and
random selection requirements were stored on
magnetic tape in a separate master file. The pro-
gram, as presently configured, can handle up to
150 stations; however, 300 stations could be han-
dled using extended core storage.

Algorithm Description

Assume a number of stations (r) have been
selected, either randomly or specifically. There are
a total of n(n — 1)/2 links between the n stations.
The object is to find an n-subset of these links such
that (a) each station is sampled exactly one time,
and (b) the total distance traveled is a minimum. A
sequence of links satisfying (a) is called a tour; ifit
also satisfies (b), it is the optimum tour.

The optimization algorithm begins by comput-
ing all n(n — 1)/2 distances and storing them in a
matrix. A completely random tour is generated to
use as a starting point. An attempt is then made to
find two sets of links X =x,,x,...x,and Y =y,,
¥, - .. ¥ such that if the links in X are replaced
with the links in Y, the result gives a tour of a
shorter distance. This is done by identifyingx, and
1 as the “most-out-of-place” pair, setting them
aside, then proceeding with x, and y,, x5 and ys,
and so on.

A criterion is then used to determine how many
pairs of links are to be exchanged. This criterion
can be explained as follows: Let the length of x, and
y; be dx; and dy,, and g, = dx; — dy,. This deter-
mines the gain (shorter distance) by exchanging x;
with y,. After examining a sequence of proposed
exchanges x;,x, . .. xp and y,, y2 . . . y; with their
corresponding gains g,, 8, - - - & the actual value
of k that defines the number of sets to exchange is
the one for which g, + g, + ... +g,1s always zero
or negative. This indicates the solution is a local

(n — 1) factorial possible cruise tracks that satisfy the criterion of
sampling all stations once and returning to starting position
(e.g., if n = 101, the number of possible solutions is 9.3326 X
10157),

3Reference to trade names does not imply endorsement by the
National Marine Fisheries Service, NOAA.

optimum based on the fact that if a sequence of
numbers has a positive sum, there is a cyclic per-
mutation of these numbers such that every partial
sum is positive. Hence, the algorithm looks for
sequences of g;’s whose partial sum is always posi-
tive, reducing the number of sequences that need
to be examined. This means that the value of %,
which gives the number of links to be exchanged,

Rk
is determined when G¥= % gj_<_0, i.e., when the
=1

partial sum of the gains fails to remain positive.
These links are then exchanged and the process of
selecting new links to be exchanged begins again
ati = 1. When all possibilities have been tried, the
tour length is recorded. The program generates a
new random initial tour and the entire process
begins again. Eleven distinct solutions are pro-
duced in this manner, and the tour with the short-
est length is considered the optimum solution.
Program operation can best be understood by a
simple example.

Assume that n stations are selected and a ran-
dom tour generated (Figure 1a5. The black dots
represent the stations and the circle represents
the random tour. Any station S, is selected and S,
is designated as an adjacent station in the tour.
The link connecting the two stations is designated

{y

FIGURE 1.—Example of the algorithm operation (modified from
Lin and Kernighan 1973).
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as x, as shown schematically in Figure 1b. The
station closest to S, is designated as S; and
y, is the link joining S, and S;. The
link y, is not permitted to be either of
the links already connected to S,. The gain cri-
terion is then calculated as g, = dx, — dy,. If
this is negative, S, is designated as the other
neighbor of S, in the tour. If g, is positive, S, is
designated as one of the tour neighbors of S; as
shown in Figure lc. If y, were chosen to join S,
with S, the result would be a tour. The gain criter-
ion is then calculated as g» = dxy — dy,. If g1 + g4
>0, the original tour could be improved by ex-
changing x, and x, with y, and y,, respectively.
This potential improvement, which results from
closing up the tour immediately (G* = g, + g,), is
then stored. Now S; is chosen as the nearest
neighbor of S,, and v, is designated as the link
connecting the two stations. Station S is not per-
mitted to be either of the stations already con-
nected to S,. Figure 1d shows there is only one
choice for station Sgand the link xysuch thatif S¢is
connected to S|, a tour remains. If S; were chosen
as the other neighbor of S; in the original tour,
closing up S; to S, would result in a tour of two
disconnected pieces (Figure le). The gain as-
sociated with closing up immediately (connecting
S with S,) is then compared with that obtained by
joining S to S| (G¥). The link connecting Sgto S, is
designated asy,. The gain criterion is then calcu-
lated as g5 =dxy — dys. If g, + g, + g3=G* (G¥ is
the best improvement thus far), there is no im-
provement, so the number of links (%) to be profit-
ably exchanged is defined as k = 2. If g, +g, + g,
>(@G*, however, a new station S; and link x, are
selected and the process is continued.

A limited backtracking feature of the program
is included for the case when G* = 0 (i.e., no im-
provement can be made). The link y, was chosen
(Figure 1d) to join S5 to Sy as the closest station to
S,. When no improvement is made at some stage
(G* = 0), new links y, are considered in order of
increasing length to a maximum of five choices. If
still no improvement is found, the five y, links are
examined in order of increasing length. When G*
cannot be improved, and the value% determined, a
new initial station S, is selected and the process
repeated. The procedure ends when all n stations
have been examined. A new random tour is gener-
ated, and each station is examined as an S, again
in the same manner. This limited backtracking
significantly increases program effectiveness.

The computational procedure has other features
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that improve the calculations and reduce running
time; such as limited foresight to the next links to
be broken, allowance for nonsequential link ex-
changes, and elimination from computation of
those links previously recorded in good tours. For
a more complete description of the algorithm, see
Lin and Kernighan (1973).

Results

Station Description

Separate station grids lere used for areas east
and west of the Mississippi River Delta. A station
consisted of a rectangle, lat. 2'30" by long. 230",
within which three trawl tows were made. Sta-
tions were identified and located at the center
peint of the rectangle.

The station grid for the West Delta area con-
sisted of an area extending from long. 89°30'W to
91°30'W (Figure 2). The station grid for the East
Delta area consisted of a primary and secondary
zone extending between long. 88°00'W and
89°30'W and long. 79°30'W and 88°00'W (Figure
3). Each area was limited by the 9.2-m (5-fm) and
92-m (50-fm) depth contours. Stations were
excluded from random selection in both areas be-
cause of navigation and trawling hazards, and
areas of known low groundfish densities.

Random Selection

Station number, latitude, and longitude were
stored in a master grid file for each area. Input to
station selection for the West Delta region was the
number of stations to be sampled. This region had
780 stations. For the East Delta area, the number
of stations must be specified separately for the
primary and the secondary zones—there were 555
stations in the primary zone and 139 in the sec-
ondary region. Station selection was performed by
a random number generator which selected sta-
tions based on the number required for each area.

Crujse Track Optimization

Requirements for an optimized cruise track
were different for the areas east and west of the
delta. A round-trip track was desired for the West
Delta area, while a one-way calculation was de-
sired for the East Delta area. The latter consisted
of the shortest route from a designated starting
point near Pascagoula. Miss., through each
selected station and ending at a point near the
mouth of the Mississippi River.



9dj00

30700

2200’ siloo
|
\
A,
T LOUISIANA
MILION BAY L
N 5&
2 MARSH 151
t
o
ATCHAFALAYR
BAY
~
s PT AU FER
P
-
\Q{Qvnams
T

N~

IOW

™.

\—2Q fothoms

P LEGEND

9oy fi2

,_/7 13lalislie
! A . IN ~

‘ I
/49 fatho S NUMBERING ARRANGEMENT
2% FOR SUBSQUARES —
T2]3]a NOTE:
N 00 farkgfs 57l SHADED SUBSQUARES]

INDICATE STATION
IS ELIMINATED.

A\ N

FIGURE 2.—Master station grid for groundfish survey sampling in northern Gulf of Mexico - West Delta area. Dot labeled 00-00 is start
and end point for round-trip cruise track optimization.

Since the grid used in the calculations was
square, a coefficient was included to account for
differences in absolute distance for one unit of
longitude vs. one unit of latitude. The coefficient
used for optimizing groundfish survey tracks is
52.10/59.85, which is the ratio of the distance in
nautical miles for 1° of longitude to that for 1° of
latitude at lat. 30°N. All longitudinal Cartesian
coordinate distances were multiplied by this
coefficient before calculations began.

For the West Delta area, the cruise track was
optimized from a point located just east of the

primary survey area (Pascagoula station number
00-00) through all randomly selected stations, re-
turning to the starting point. The optimization
program computed 11 solutions and the best route
in terms of the shortest distance was selected.
Output consisted of a listing of stations in proper
sampling order, and a plot of the stations and
optimum cruise track with every fifth station
labeled.

The starting point of the cruise track was south
of Pascagoula for the East Delta area. Optimiza-
tion was done for a cruise track that visited all
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randomly selected primary and secondary stations
and terminated at a point near the Mississippi
River Delta designated 99-99 (Figure 3). OQutputs
were the same as for the West Delta except for
treatment of the stations randomly selected which

included in the optimized cruise track, but were
listed at the end of the optimized cruise track list-
ing. The stations in these blocks were added to the
end of the optimized cruise track and plotted as
individual points labeled with their Pascagoula

appear in blocks 45, 46,47, and 48. These were not number.
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Test Case and Sample Products

The optimization program was tested to com-
pare computational results with a cruise track
actually followed during a survey—FRV Oregon I1
cruise 55, 5-29 November 1974.

West Delta

The 126 stations sampled during cruise 55
for the West Delta area were entered in the order
they were sampled (Figure 4), and the total dis-

30.5

tance (in grid units) was calculated to be 254. Each
grid unit was equivalent to approximately
4.6 km; thus, the total distance was about 1,176
km.

Eleven computations were performed on these
stations by the optimization program, and a
minimum length of 233 grid units (approximately
1,078 km) occurred three times. It can be said with
confidence the optimum tour (Figure 5) rep-
resented an 8.3% improvement over the actual
cruise track. Distances were calculated from the
center of each subsquare; therefore, the actual dis-
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28.5
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88.5 88.0 87.5

FIGURE 6.—Actual cruise track followed for East Delta area, FRV Oregon II cruise 55. Every fifth station is labeled. Station numbers
listed at lower left are those not included in optimization calculations.
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tance would be decreased by the vessel cutting
corners of the subsquares. Calculations for the 126
stations on the Univac 1108 system used about
60K of core storage and required 2 min of Central
Processing Unit (CPU) time.

East Delta
Cruise 55 was used to test the program for the

East Delta area also. Of 116 stations sampled, 105
were included in the computation of an optimum

30.5

one-way cruise track. The other 11 stations were
located in blocks 45, 46, 47, and 48. They were,
however, added to the end of the optimized listout,
plotted, and labeled on the cruise track plot. The
actual cruise track distance for the 105 stations
was 229 grid units (approximately 1,061 km)
(Figure 6). The optimized one-way path was calcu-
lated to be 216 grid units (1,000 km), an improve-
ment of 5.8% (Figure 7). Calculations for the 105
stations used 60K of core storage and required 66 s
of CPU time.
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FIGURE 7.—Optimized cruise track for East Delta area, FRV Oregon Il cruise 55. Every fifth station is labeled. Station numbers listed
at lower left are those not included in optimization calculations.
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Discussion

The basic optimization program has the capabil-
ity and inherent versatility to be utilized for a
wide range of applications. The round-trip capa-
bility can be modified to a one-way path calcula-
tion as was done for the East Delta portion of the
groundfish survey by manipulating the distance
matrix. Cartesian integrity of the start-stop points
is kept intact but the distance between the two
stations is set equal to zero in the distance matrix.
The program then calculates the optimum tour as
if the start-stop points were very close together
when, in fact, they are not.

There is no requirement that distance be the
optimization parameter. Factors such as cost,
time, or suitable weighted combinations of other
variables could be used to compute a cruise track
considered optimum for specific user require-
ments. Also, there is no requirement that the prob-
lem be symmetric or Cartesian in nature. For
example, the distance (cost, time, etc.) in going
from station A to station B need not be equal to
that from station B to station A. Applications of
these characteristics and other distance matrix
manipulations include:

1) The “cost” in going from station to station in
the presence of strong currents, such as the
Gulf Stream, could be adjusted. “Downstream”
directions from station to station would be
given preferential status for computing the op-
timum cruise track.

2) Insome situations, it may be desirable to group
selected stations to be sampled preferentially
as a subset or subsets of the total station pat-
tern. This might occur if certain sampling
areas had a higher priority than others because
of biological and/or environmental considera-
tions.

3) Actual curvilinear distances between stations
could be entered into the distance matrix when
sampling in areas near the coast. This would be
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done for station pairs connected by a straight
line that passes across land.

4) If the number of stations exceeds the present
150 maximum allowable (300 with extended
core storage), and it is possible to divide them
into subgroups, the problem is limited only by
CPU restrictions.

Many variations of the optimum cruise track
theme could be solved with this program and the
requirements are usually unique to a particular
problem or investigation.* The examples demon-
strate the types of problems that could be solved.
Simple problems, such as those solved for the
groundfish survey, can be improved about 7% over
manually produced cruise tracks.

Improvements obtained using the optimized
cruise track for the cited application are not
dramatic, but would be significant over a long time
period and/or extensive cruising distance. The
program eliminates selecting stations from ran-
dom number tables and hand plotting the cruise
track, which may require several man-days
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