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Model and algorithm for container ship stowage planning 

based on bin-packing problem 
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Abstract: In a general case, container ship serves many different ports on each voyage. A stowage planning for container ship made at 

one port must take aceount of the influence on subsequent ports. So the complexity of stowage planning problem increases due to its 

muhi-ports nature. This problem is NP-hard problem. In order to reduce the computational complexity, the proble,n is decomposed into 

two sub-problems in this paper. Fi,'st, container ship stowage problem (CSSP) is regarded as "packing problem", ship-bays on the 

board of vessel are regarded as bins, the number of slots at each bay are taken as capacities of bins, and eontainers with different char- 

aeteristics (homogeneous containez~ group) are treated as items packed. At this stage, there are two objective functions, one is to min- 

imize the number of hays packed by containers and the other is to minimize the number of overstows. Secondly, containers assigned to 

each bays at first stage are alhs~ate to special slot, the objective functions are to minimize the metacentric height, heel and ove,'stows. 

The taboo search heuristics algorithm are used to solve the subproblem. The main focus of this paper is on the first subproblem. A ease 

certifies the feasibility of the model and algorithm. 
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1 INTRODUCTION 

Container ship stowage problem (CSSP)  is NP- 

hard problem ~ -3:,  the size of which depends upon the 

ship capacity and the containers supply and demands at 

each port of destinations. Even for the smallest cases,  

CSSP has a lot of constraints to be considered, such as 

the hydrostatic requirements of the vessel and place- 

ment restrictions with respect to the size, kind of car- 

goes and strength of the eontainers etc. 

With the increase in number of possible stowage 

configuration, CSSP is combinatorial exph)sive even for 

a medium-sized container-ship, Dillingham and Per- 

akis I~ stated that the number of possible configurations 

fi)r a 2 000TEU ship is approximately 3 .3  x 10573s. For 

example, let x/j denote that the container i is assigned 

to cell j th on the board of ship, if m is the number of 

available positions on board and n is the number of 
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containers we want to ship, m • n variables should be 

defined. It is clear that with vessels carrying more than 

1 000 containers, the number of the required variables 

is greater than 10 6. Botter and Brinati ~5~ had set up a 

complete mathematical programming model for the con- 

tainer ship stowage problem. For a commercial size 

container ship of 1 000 TEU, laying at anther  in 4 har- 

bours, their mathematical model will have nearly 10 9 

decision variables and approximately 106 constraints, 

assuming that the ship will fully loaded. Up to now, it 

is not expected to get an optimal solution of NP-hard 

problem in polynomial computation time :6~. 

With the increase of inputs, classical optimization 

algorithms are ineffective to combinatorial optimization 

problem due to limit of computational time. People 

have turned their attention to analyzing different ap- 

proximation techniques, viz. heuristics algorithm 

which can construct solution scheme corresponding with 

special problem, and the solutions search space can he 

reduced greatly because the algorithm provides an idea 

fi)r solving the complexity optimization problems. The 
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focus on this paper is stowage problem of the first sub- 

problem. 

2 DESCRIPTION AND SOLVING STRATEGY 

OF CSSP 

2.1 Description of the problem 

The container ship stowage problem CSSP) in 

general case can be stated as follows: 

Suppose that a ship is scheduled to visit a number 

of ports, say P ,  now consider the port pth of the route. 

At that port a number Up of containers are unloaded, 

while Lp new containers are loaded. In addition there 

may be a number Rp of containers that, "although they 

have subsequent destinations, must be temporarily un- 

loaded in order to discharge the Up containers that have 

to be delivered at the current port. We need to find the 

allocation of all containers at each port so as to facili- 

tate this process while satisfying loading constraints, in 

a cost effective way, which constitutes the CSSP. Ports 

efficiency and ship utilization are largely determined by 

ship stowage planning. 

2. 2 Strategy for solving the stowage-planning problem 

Container stowage problem is NP-hard. It is clear 

that it is very difficult to solve the problem at nnce. 

Generally, large container ship can require vast a- 

mounts of container movements (loading, discharge, 

rearrangement), that is to say it is not possible to 

guarantee that an optimal solution can be found for 

commercial sized ships in a reasonable processing 

time. In order to make problem easy to be solved, the 

CSSP is decomposed in two sub-problems. 

The first subproblem is general arrangement stow- 

age. It mainly simulates the ideas of human planner. 

Containers were aggregated into homogeneous gToups 

based on some container characteristics (such as type, 

length, height, weight and destination) Containers that 

behmge to homogeneous groups are taken as a unit to 

be assigned to different ship bays. 

At this stage, packing algorithm is used to solve 

the CSSP. The ship-bays are regarded as bins with the 

capacity of c j ( j = l , 2 , - - . ) ,  and the number of con- 

tainers with the same features at current port are regar- 

ded as item with the size s i. Containers that belong to 

same destination ports at current port may be the ex- 

cess number of slots ship-bay, so we shouht consider 

the situation that the size of items is larger than the 

bins, here items must be split into some segments. In 

the condition of limiting the amount of splitting, how to 

pack all the items into bins and make the capacity min- 

imum, such problem is called bin-packing problem 

with over-sized items. 

The second sub-problem is to determine the spe- 

cial slots of individual containers within each bay ac- 

cording to a series rules, such as the heavier containers 

at the bottom of the ship, etc. 

In this paper, we focus on the first subproblem, 

the second one will be discussed in another paper. 

3 PACKING PROBLEM WITH OVERSIZED 

ITEMS AND ALGORITHM 

3.1 Variable sized bin-packing (VSBP) problem 

and bin-packing problem with over-sized items 

The variable sized bins packing problem' ~~ can 

be defined as follows: 

L e t A = ! a ,  a 2 "" a o ! ,  n ~ z  § represents a 

set of n items, and si(i = 1 , 2 , " . , n )  denotes the size 

of the item a~(1 <~i<~n), and -~ is a set of non-inte- 

gers. Let bin -- i 11,12,"" ,l,, } be a list of m types of 

bins, c~(j = 1 ,2 , ' "  ,m) denotes the capacities of bins 

lj. L e t B - - { b  1, b2 , ' - ' ,b~l  denote a set of bins used 

by an instance, the ohjective function of the problem is 

to minimize the fbllowing function: 

min f ( b , ,  b2,'",b~) = S(B) jEcj (1)  

Bin-packing problem with over-sized items, where 

some item sizes are larger than the largest size of bins, 

is treated as a variant of the variable-sized bin-packing 

in practice by splitting items into some segments. 

There are four algorithms for the classic bin-pack- 

ing problem, namely first fit ( F F ) ,  best fit ( B F ) ,  

first fit decreasing ( F F I ) )  and best fit decreasing 

(BFD).  The most widely studied among these is the 
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best fit algorithm, in which the items are packed into 

bin with the smallest residual capacity large enough to 

accommodate it. If no such bin exists, a new bin is 

started and the item is placed there. BF algorithm is 

applied to solve the stowage problem in the paper. 

3. 2 Bin-packing algorithm based on binary search tree 

Bin-packing is NP-hard problem, so heurist algo- 

rithm can be applied to solve the prot~lem. Use best fit 

algorithm to solve bin-packing problem can get an ap- 

proxinmte solution:IX- ~2:. Binary search tree is used to 

solve the problem. 

3 .2 .1  Binary search tree (BST) 

A binaL'y search tree, which is possible empty, is 

a binary tree. An nonempty one should satisfy certain 

stnn'tural requirements. Structural properties of BST 

are as follows: 

1 ) There is a distinguished node r~)t called the root. 

2) The remaining nodes are divided into two dis- 

joint subsets, left and right, each of which is a binary 

search tree. Ieft  is called the left subtree amt right is 

called the right subtree. 

3) Each node has a key and keys are different fi~r 

all nodes, so the key of each node is sole. 

4) The key at each node is greater than all the 

keys in its left subtree and lesser than or equal to all 

keys in its right subtree. 

If leaving out the terms that all keys are different 

from each node in binary tree, using the equal or grea- 

ter to replace the greater in term and the equal or lesser 

to replace the lesser in term 4)  , we will get a hinary 

search tree with duplicates (DBSTree) 

3 . 2 . 2  Basic ideas of using DBSTree to solve bin- 

packing problem 

When using l)BSTree solves bin-packing problem, 

each node of the I)BSTree represents a bin that can be 

used to load items. Fig. 1 illustrates the fi)llowing de- 

scription. There are nine bins with capacity 1 , 3 , 1 2 .  

6 , 8 , 1 , 2 0 , 6  and 5 ,and  we can use a bin search tree to 

store the nine bins. The capacity of each bin is the key 

of the nodes, so the tree is a DBSTree. The struc, ture 

of the DBSTrees is shown in Fig. 1. Each value inner 

node presents capacity of bin, the letters outside the 

nodes are the name of the bins, viz. ID of each bin. If 

item a i occupied four cells, viz. S i = 4,  to search for 

this key, we begin at the root and follow the left or 

fight branch depending on whether the key sought is 

lesser than or greater than the key at the cun-ent node. 

Fig. l Bina O" search tree with duplicates 

As shown in Fig. 1, the key of root node repre- 

sents the capacity of bin l I , the item a i ( s  i = 4) is less- 

er than the capacity of Ii, and so the l~ is an aherna- 

tive. According to DBSTree' s characters, as the keys 

of the right subtree are 6 at least, the search can only 

he carried out in the left subtree. The bin 12 cannot 

pack the item due to insufficient space. Search is 

transferred into right subtree of node l 2. The bin 15 has 

the capacity of packing the item a i ,  which becomes a 

rather ahemative. C~) on searching left subtree of node 

15 and c a n ' t  find a better solution than the current be- 

cause of empty left subtree of node 15 , so bin l~ ( shown 

in gray in Fig. 1 ) is the best solution for item a i. 

After finding a bin as solution, the hin shouht be 

deleted fi-om the tree, then update the capacity of the 

bin by cutting its space with the size of item and insert 

the new to the tree unless the surplus capacity of the 

bin equals to zero. If no bin be found, open a new 

one. The above example demonstrates the general ap- 

proach of solving the bin-packing problem. 

3 . 2 . 3  The algorithm of best fit based l)BSTree for 

bin-packing problem 

We can use DBSTree to implement the above- 

mentioned idea. 

Step 1 : Initializing capacities of all bins, index of 

each bin and size of all the items. 

Step 2: Constructing binary sem'eh trees with du- 
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plicates based on capacity of bins and signings. 

Step 3 : Packing items one by one. If the size of 

the item is bigger than the current bin with biggest ca- 

pacity, then split the item into two paris, the first part 

is packed into bin, which bin will be close immediate- 

ly. If the remainder of the item is still bigger than the 

current open bins, then continue splitting until tile re- 

mainder less than the bins. The remainder and the oth- 

er items, whose size is not bigger than the bins, are 

packed according the following steps. 

Step 4: Searching: viz. search the best fitting 

bin. Suppose the item a~ occupies room s , ,  search for 

the key, which is large or equal to the s i. The search 

starts from tile root node, If the root is empty, the tree 

doesn ' t  contain any key, the search fails. Otherwise 

compares s~ with the key of root node, if tile s~ is lesser 

than the key, then go to the left subtree and try again. 

If it is greater than the value of the key, try the right 

subtree; if it is the same, obviously the search can be 

discontinued. Searches in the subtree are similar to 

process of above-mentioned. 

After the item is packed, if the bin is flail, go to 

step 6, otherwise go to step 5. 

Step 5 : Inserting node. If the bin is not full, up- 

date the capacity of the bin with remainder room. Sup- 

pose that the surplus capacity of bin is e, i .e.  nodt t . 

The key of the nodt t inserted is compared to the value 

of root node, if it is lesser than that value, tile left 

ehihl is tried, and otherwise the right one is tested. If 

the node to be tested is empty, the scanning is discon- 

tinued and the nodt t becomes the child of himself. Go 

to slep 7. 

Step 6 : Deleting node. If tile bin is full, then the 

node will be deleted, there are three cases of deleling a 

node from the binary search tree: 

Case 1 : The node t to be deleted is a leaf, it has 

no chihlren, and the node is disposed only. 

Case 2: The node t has one ehiht. If node t has 

no parent node, then abandon t, the only subtree be- 

comes the root node of new bin search tree. If the node 

t has parent node mode- f ,  the parent ' s  pointer to the 
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node is reset to point to the node' s chihl. 

Case 3: The node has two children. The key of 

node is replaced by the greatest key in its left subtree 

or by the least key in its right subtree. 

Step 7: l,et all the items packed, yes go to Step 

8, otherwise go to Step 3. 

Step 8: Output the total number of bin used and 

tile result of packing. 

End. 

4 THE MODEL AND ALGORITHM FOR CSSP 

Containers to be loaded are classified according to 

type, destinations and sizes, which are called homoge- 

neous containers group (HCG) .  According to the sol- 

ving strategy of container ship calling nmlti-ports stow- 

age problem, at the first stage, CSSP is identified with 

bin packing problem, viz. bays in the ship are regar- 

ded as bins with the capacity cj. HCGs are regarded as 

item with the size s~ ( the value of s, equals to tile num- 

ber of containers in HCG) to be loaded into the bins. 

Different kind groups (sorted according to the destina- 

tion, size, and type of freights) are assigned to differ- 

ent ship-bays, and then come into being the general 

arrangement stowage planning, which does not show 

the material location of each container, just assign the 

different ItCGs to different ship-bays. 

4 . 1  Basic hypotheses and defining the matrix of 

loading 

4 .1 .1  Basic hypotheses 

The simplifications made are presented in the fol- 

lowing : 

1) The number of container ship calling port is 

P,  the ship starts its service route at port 1 with its all 

bays empty, and it sequentially visits ports 2 , 3 ,  " -P .  

In the last port p,  all containers are discharged. 

2) Suppose all containers can be loaded at each 

port. 

3) Assume that all containers m~ of the same 

standard size with 20 ft. one 40 ft container equals to 

two 20 ft ones, and no hazardous and refrigerated cargo 

containers are considered. 
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4) The loading and unloading schedule is known 

before the beginning of the trip. 

4 . 1 . 2  Matrix of transportation 

I 
T12 

r22 
Let T = 

, , .  

TN2 

T12 

0 

, , .  

0 

represent container 

T13 "'" Tm 1 

T23 "'" T2~ 

T~ ... T~ l~J  

T13 " "  TIN 

T23 "'" TeN 

0 "'" TN 1 ~  

numbers at different original ports. 

Where Tit represents the number that containers at orig- 

inal port i transport to destination j , when i >~j, T~ = 

0,  so the matrix is an upper triangle. 

4 . 1 . 3  Homogeneous containers group (HCG)  

Homogeneous containers groups are such set of 

containers with the same original and destination port, 

same type and size. 

4.2  Model for CSSP 

For the stowage planning of general arrangement 

of container ship, the following goals are considered 

primarily : 

1 ) The number of bays occupied by containers at 

each port is as least as possible, this object ensures 

that HCG allocate together as possible. 

2) Reducing the number of overstow operations as 

much as possible. 

4 . 2 . 1  Parameters and design variables 

Let BayID = {1 ,2 , . . .  ,n} denote the set of marks 

of the ship-bays, and Bay = {Cl ,C : , . . . , c  n} be set of 

the capacity of the BayID ( i )  , where c~ denotes the 

number of cells in BayID ( i )  ship-bay. Group ( m )  = 

ISpl,Spl,'",Sot } (p -- 1 , 2 , . . . P ,  j = 1 , 2 , " ' , P ,  m = 1, 

2 , . . . , M )  , define as homogeneous containers groups. 

spi is loading containers number from original ports p to 

the destinations j .  Where P equals to the ports number 

of the ship calling, M is the number of the HCGs at 

cun'ent port. 

,1, 

X pi m --= { 

' 0 ,  

Where y denotes 

svt is allocated to 

Case 1: All 

same destination 

if group - m container allocated 

to BaylD ( i )  at port p , ( 2 ) 

otherwise . 

0 , easel , (3 )  

Y = Nt, ca se2 .  

the number of overstows when group 

BayID(i)  . There are two cases : 

containers on BayID ( i )  belong to the 

or when mixed loading of different 

destination containers, destinations of the upper con- 

tainers are nearer than the bellows. 

Case 2: Containers at BaylD ( i )  are more than 

one destinations ports and N t is the number that the far 

are on top of the near. 

4 . 2 . 2  Objective function 

P n M 

min p~=li~=l,~lxpim, (4 )  

P n M 

E E Z%,.,y. ( 5 )  
p = l i = l m = l  

4 . 2 . 3  Constraints 

P P P P 

s . t .  P•= lj ff'~Tpt=p~=Ij~=ISpj'=2 (6) 
P - 1  J P - I  p 

p~= lp~= l L j  -- p~= l i _~j + l Lj  ~ O , ( 7 )  

Im n 
~ b l i ~ i ~ B a y l D  ( i) (8 )  

Objective function (4 )  expresses that the bays oc- 

cupied by the same destination are as least as possible, 

and (5)  minimizes the shifting number. In this fm~u- 

lation, constraints ( 6 )  is balance constraint that the 

containers totaled with the same kind of groups at each 

port equal to whole loading along the route ship called. 

Constraints ( 7 )  presents the number that unloading 

containers is greater or equals to the loading one, 

which can ensure all containers be loaded at a certain 

calling port. Constraint (8)  expresses that the number 

of bin used when loading program is called is less or e- 

qual to the number of bay on the board of ship. 

4.3 Heuristics algorithm for CSSP based on bin- 

packing problem with over-sized items 

Step 1: Using random number initialize packing 

room, Bay = {c 1 ,c 2 , ' "  ,c m } denotes total cells at each 

bay on the ship, labels form fore to aft according to bay 
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ID viz. BaylD = { 1 , 2 , - " ,  n} , or directly evaluate for 

each bay. 

Using random number to produce matrix of trans- 

portation Tit , which satisfies the term (5)  , a transpor- 

tation matrix is said to be feasible if all the containers 

to be shipped can be stowed in the given bays. Use the 

following terms to bring feasible matrix of transportation 

P 

Sz = AllSlotNumber - jE2TIi, (9 )  

P-1  P 

Sp : Sp_~ + s - =ps Tz, p = 2 ,3 , . . - , (p  - 1), (10) 

Sp t>0  , p = 1 , 2 , - - . , P  , (11)  

A11SlotNumber = Eci (12)  
i = I  

Where the symbol AllSlotNumber denotes the total cells 

and S v is the number of remainder empty cells on the 

board of ship. Matrix of transportation satisfying formu- 

la (11 ) ensures all containers are loaded, and formula 

(12)  shows that all slots on the ship equal to the sum- 

mation of slot in each bay. 

Step 2 : Stowage for the first port 

Containers are divided into P groups according to 

the destinations, p = 1 , 2 ,  "--, P ,  P is the number of 

ship calling at. 

At current calling port of the ship, sorted degres- 

sively HCGs according to destinations, HCG at the fur- 

thest destination is the first. The rest may be deduced 

by analogy. The HCGs are regarded as items to be 

packed into bins. 

Using bin-packing algorithm to load the contain- 

ers, if the number of containers at a port is beyond the 

total cells of bays, the HCG is divided into two parts, 

Table 1 

then consider it as two items. 

Step 3: For the non-first calling ports, take the 

states after unloading as the initial situation of current 

port, update the capacity of the bins (bays ) ,  call bin- 

packing algorithm, and take formula (5)  as evaluation 

function. If the value of the term (5 )  is not equal to 

zero, then the current bay doesn' t suited with the con- 

tainers of such destination, relocate to other bays which 

will minimize the value of the term ( 5 ) .  

Step 4: When all the containers at current port 

are loaded, go to step 5,  otherwise go to step 3. 

Step 5 : Output the result. 

End. 

5 CASE STUDY 

Suppose a ship services six ports in its routs. 

There are eight bays on the board of the ship, capaci- 

ties of each bay presents in Table 1. Produce matrix of 

transportation according to the formulas ( 9 ) ,  ( 10 ) ,  

( l l ) a n d  (12) .  

T12 

T = 

T13 T14 Tls 

T23 7"24 T25 

% 

T4, 

-109 89 38 61 

0 59 41 34 

0 0 62 45 

0 0 0 48 

0 0 0 0 

TI6 
r26 

T 4 6  

T56 

32 

55 

38 

55 

129 

Results of general arrangement stowage for container ship based on over-sized items bin-packing algorithm 

Status Bay 1 Bay 2 Bay 3 Bay 4 Bay 5 Bay6 Bay7 Bay 8 
40 35 45 50 65 65 76 76 

After loading of Port 1 38(1,4) 32(1,6) 33(1,2) 
After unloading of Port 2 38(1,4) 3241,6) - -  

After loading of Port 2 38( 1,4) 32( 1,6) 34(2,5) 

After unloading of Port 3 38(1,4) 32(1,6) 34(2,5) 

After loading of Port 3 38(1,4) 32(1,6) 34(2,5) 

After tmloading of Port 4 - -  32(1,6) 34(2,5) 

After loading of Port 4 40(4,5) 32( 1,6) 34(2,5) 

After unloading of Port 5 - -  32(1,6) - -  
After loading of Port 6 - -  32(1,6) - -  

13(1,3) - -  61(1,5) 76(1,2) 76(1,3) 
13(1,3) - -  6I(1,5) - -  76(1,3) 

76(1,3) 

m 

38(3,6) 

38(3,6) 

38(3,6) 

38(3,6) 
38(3,6) 

55(2,6) 61(1,5) 

55(2,6) 61(1,5) 

55(2,6) 61(1,5) 

55(2,6) 61(1,5) 

55(2,6) 61(1,5) 

55(2.6) - -  
55(2,6) 53(5,6) 

41(2.4) 

55(4,6) 
55(4,6) 

45(3,5) 

45(3,5) 

76(5,6) 
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Notes : A ( B, C) denotes that the number of containers is A from original ports B to destination C. A 1 ( B 1 , C 1 ) + A 2 ( B z , C 2 ) denotes the bay loading con- 

tainels come fi'om different original ports and to different destinations, and A 1 ( B 1 , C 1 ) are loaded firstly ( location the underside), A 2 ( B 2 ,  C 2 ) are load- 

ed after A 1 (B 1 ,C 1 ) and A 2 (B 2 ,C2) is on top ofA 1 (B 1 ,C~ ). 

The s imula ted  resul ts  are in Table  1. Table  1 

shows that  the number  of bay  occupied  by conta iners  is 

eight  and  re-stows are zero when the ship cal ls  six ports  

and  total  number  of loading  conta iners  is 895TEU.  

6 C O N C L U S I O N S  

Container  ship stowage problem ( C S S P )  is combi-  

natorial  optimization problem with muhiobjec ts  and mul- 

t iconstraints .  In order to reduce computat ional  difficul- 

ty ,  CSSP is decomposed two subproblems in this p a p e r ,  

and the first one is d iscussed  detai led.  CSSP is regarded 

as b in -pack ing  problem.  After being mode led ,  the algo- 

r i thm of best  fit for b in -pack ing  problem is used to solve 

the CSSP. A case shows that  the algori thm is feas ible  

for container  ship stowage problem. 
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