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Abstract 

This paper studies the multi-stage supply chain system (MSSCM) controlled by the kanban mechanism. In the kanban system, decision 
making is based on the number of kanbans as well as batch sizes. A kanban mechanism is employed to assist in linking different production 
processes in a supply chain system in order to implement the scope of just-in-time (JIT) philosophy.  For a MSSCM, a mixed-integer 
nonlinear programming (MINLP) problem is formulated from the perspective of JIT delivery policy where a kanban may reflect to a 
transporter. Since the adopted model is of MINLP type and solving it by branch and bound (B&B) takes time, a metaheuristic is presented. 
This metaheuristic is an electromagnetic algorithm (EA).  The EA is compared against an existing algorithm and also B&B results to 
evaluate the proposed metaheuristic. Extensive experiments and statistical analyses demonstrate that our proposed EM is more efficient 
than B&B with regard to the objective functions considered in this paper. 

Keywords: Kanban; Multi-stage supply chain system (MSSCS); Mixed integer non-linear programming (MINLP); Electromagnetism algorithm (EA). 

1. Introduction 

A supply chain system (SCS) is a set of subsystems 
utilized to establish an effective relation between 
suppliers, manufactures, warehouses, distribution centers, 
retailers and finally customers in order to produce 
products in right quantities and to distribute them to right 
location and at right time, with the aim of minimizing the 
total system’s costs while satisfying the service level 
requirements [1].  
An SCS operating with excess inventory is not effective 
as excess inventory denotes poor planning, poor 
purchasing practices, poor communication and poor 
quality levels. In order to remain competitive and to 
experience economic success, every organization focuses 
on increasing productivity, improving the quality of its 
products and setting high standards of efficiency within 
its company. Improvements in reduction of inventory, 
wasted labor and customer service are usually 
accomplished through the kanban operations. The 
material flow and information flow between two adjacent 
plants form a kanban stage. If an SCS  

 
 

 
 
 
 

consists of only two plants, it is called single-stage supply 
chain system (SSSCS). If it consists of more than two 
plants, and they are in series, it is called multi-stage 
supply chain system (MSSCS) but assembly type supply 
chain system (ATSCS) consists of more than two plants, 
and they form an assembly tree. This research aims at 
increasing the degree of efficiency within the production 
processes and reducing the level of inventory and wasted 
materials, time, and effort involved in each production 
stage. The objective is to build a logistics system for a 
general SCS, the MSSCS, controlled by the kanban 
technique.  

For the SCS, the number of kanbans, the batch size 
and the number of batches in each stage that is to be 
shipped by kanbans and the total quantity over one period 
are to be determined optimally. The kanban operation at 
each stage is to be configured based on the optimal results 
of the model. Efficiently controlling the production and 
reducing the work in process (WIP) will be the outcome 
of the SCS, which leads to minimizing the total cost of 
SCS. In the kanban system, each plant sends signals to the 
preceding plant for needed parts and the kanban system 
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WIPs, and the total quantity of products in one period in 
manufacturing stages. The cost of each plant is a function 
of transportation of each transporter, holding costs of 
inventory, setup. The notations used in model are: 

4.1. Cost of raw material 

As mentioned in section 1, the demand rate of raw 
material inventory for the products at the first plant is ݌ଵ, 
the production rate of plant 1. Many orders arrive on time 
when an order is placed and also shortage is not allowed. 
So, the input rate is considered as infinite. In this SCS, the 
economic order quantity (EOQ) is divided into a number 
of equal batches. When the production starts, the 
shipment is set at a fixed interval during one period. The 
inventory level is illustrated in Fig. 4. 
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4.2. Cost of WIP inventory 

Cost of WIP inventory consists of holding inventory 
cost, container transshipment cost, and setup cost of 
product 3 [23] .At first, plant i, produces at the rate of ݌௜  
and puts full container in store γ. Then filled containers 
are transshipped to the next plant and stay in store B to be 
used by the succeeding plant at the rate of ݌௜ାଵ . Thus 
holding inventory cost occurs in both stores γ and λ. To 
facilitate formulation of this problem, some parameters 
and variables are needed as follows: 

COIAi Store A holding cost of inventory at stage i 
COIBi Store B holding cost of inventory at stage i 
IAimax Store A maximum inventory level at stage i 
IBimax Store B maximum inventory level at stage i 
IAiave Store A average inventory at stage i 
IBiave Store B average inventory at stage i 
COIi Holding inventory cost at stage i 

As mentioned before, holding inventory cost of stage i is 
the sum of λ and γ inventory holding costs: 
COIi : COIAi + COIBi  
Figs. 5 and 6 respectively show the inventory levels of 
stores λ and γ at stage i. In the base of presented figures, it 
could be seen clearly that the exported goods, Qwi from 
store γ, are added to store λ and used at the rate of ݌௝ାଵ. It 
is better to obtain the time of the last container 
transshipment from store γ to store λ (Tki). 
 
 
 
 
 
 
 
 
 

 
Fig. 5. The WIP of an intermediate stage (store γ) [23] 

 
Fig. 6. The WIP of an intermediate stage (store λ) [23] 

Fig. 4. Raw martial [23] 
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As shown in Fig. 6, and as plant i, and i + 1 product 
cycle time, and since full containers transshipment is done 
in a fixed time interval, then: 
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(5) 

During the rest of the discussion, by implicated Tki 
both Iave and Imax will never be negative. IAimax, IAiave, COIAi 
can be calculated by: 
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By defining α1i as follows: α1i is the ratio of total time that 
goods stayed in store A to total cycle time: 
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These relations yield 
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To calculate the inventory holding cost in store B, we can 
write 
஻௜௠௔௫ܫ ൌ ሺܭ௜  ൈ ܳ௪௜ሻ ൅ ௜ܲାଵ 
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And α2i can be defined as the ratio of total time that goods 
stayed in store B to the total cycle time. So, we can write 
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By the following definition: 
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      (22) 

4.3. Cost of finished goods 

The cost of finished goods is related to the N-stage, 
i.e. the cost obtained from plant N, and plant    N + 1 
(customer) rate of customer consumption is D and in 
attention to PN + 1 is also customer consumption rate, in 
this station it can be written PN + 1 = D. Whereas the cost 
of finished goods is similar to WIP cost and D = PN + 1, i 
= N in this stage. The cost of finished goods is as follows: 
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In order to calculate the total SCS cost, let x0,x1, . . . 
,xN,ASN,AWW replace n0,k1, . . . ,kN,Asf,Awf, so the general 
form of MSSCS is given by 
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(27) 

By relaxed mixed integer non-linear programming 
(MINLP), the optimum total cost of MSSCS is obtained 
as follows: 
TC*=√2ܦሺඥ2 ∑ ଶ௜ܤ ൈ ∑ ௦௜ܣ

ே
௜ୀଵ

ே
௜ୀଵ ൅ ∑ ඥ2ܤଵ௜ ൈ ௪௜ܣ

ே
௜ୀଵ ൅

ට ௥ܣ ൈ ௥ܪ ቀ1 െ
௉భ

௉బ
ቁ) 

 

(28) 

Q*=ට
஽ ∑ ஺ೞ೔

ಿ
೔సభ

∑ ஻మ೔
ಿ
೔సభ

 

 

(29) 
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                                                                                                                   (18) 
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xi
*= Q*ට

஻భ೔

஽ൈ஺ೢ೔
 

 

(30) 

x0
*= Q*ඨ

ுೝሺଵି
೛భ
೛బ

ሻ

ଶ஽ൈ஺ೝ೔
ሻ 

(31) 

This optimum TC* is an ideal solution of the 
problem. The real feasible optimum is always worse than 
this ideal optimum. The ideal optimum can be assumed as 
the lower bound.  

5. Proposed algorithm 

Combinatorial optimization problems are complex 
and hard to be solved; some exact methods such as B&B 
are used to obtain the solution [16]. Due to the complexity 
of such problems, some powerful approximation methods 
are needed that although they do not ensure an exact 
solution, they can find a solution close to the exact one in 
a shorter period of time. In order to analyze the 
complexity of the B&B method used to find the exact 
solutions, the number of considered and evaluated nodes 
are measured and shown as a function of (n) that is almost 
O (nn) even if the worst case of B&B may be exponential 
[3]. In order to do so, we first need to present our 
encoding scheme which makes a solution recognizable for 
the algorithms. Then, the electromagnetic algorithm is 
reviewed.  

Electromagnetism EA is a population-based meta-
heuristic proposed to solve continuous problems 
effectively. This method originates from the 
electromagnetism theory of physics by considering 
potential solutions as electrically charged particles spread 
around the solution space. Bїrbїl and Fang [3] proposed 
the EA as a flexible and effective population-based 
algorithm to search for the optimal solution of global 
optimization problems. This meta-heuristic utilizes an 
attraction-repulsion mechanism to move the particles 
towards optimality. EA is useable for a particular set of 
optimization problems with bounded variables in the form 
of: 
Min f(x) 
st: ݔ � [l, u], 

where [l, u] :={x � Rn | lk ≤ xk≤ uk ; k = 1,2,...,n} 
Each candidate solution as a charged particle is 

considered. The charge of each candidate solution is 
related to objective function. The size of attraction or 
repulsion over candidate solutions in the population is 
calculated by this charge. The direction of this charge for 
candidate solution i is determined by adding vectorally 
the forces from each of other solutions on candidate 
solution i. In this mechanism, a candidate solution with 
good objective function value attracts the other ones; 
candidate solutions with worse objective function repel 
the other population members; and a better objective 
function value result in a higher size of attraction. As 
shown in Fig. 7, EA has four phases including 

Initialization of algorithm, computation of total force 
exerted on each particle, movement along the direction of 
the force and local search. 

 
Procedure Electromagnetism algorithm  
Step-1: Initialize 
Step-2: Compute total forces 
Step-3: Move by total forces 
Step-4: Apply local search 
Step-5: If the stopping criterion is not met, go to step-2; 
otherwise Stop. 

5.1. Initialization 

The first procedure, Initialization, is used for sampling 
m points from the feasible region and assigning them their 
initial TC .The initialization procedure in such a hard 
combinatorial problem that has to be made with great 
care, to ensure convergence to desirable, better objective 
functions in a reasonable amount of time. In order to 
generate an initial TC, number of k initial solutions are 
generated, some of which should be close to the solutions 
gained by Eq. (21). In this paper, this initial solution by 
calculating floors and ceilings of gens of the infeasible 
optimal solution obtained from      Eq. (21) is generated. 
Hence a new feasible solution is generated. Now this 
action to construct other initial TC is repeated. The TC of 
solutions is calculated and the best one is recorded 
as ݔ௕௘௦௧.  

5.2. Local search engine 

The proposed EA is hybridized with a local search in 
order to improve the performance of the algorithm. The 
procedure of this local search can be described as follows: 
The random key of the first solution ሺx୧ଵሻ in the sequence 
of candidate solution i ሺx୧ሻ  is randomly regenerated. If 
this new sequence (v) results in a better TC, the current 
solution ( ௜ݔ ) is replaced by the new sequence (v). If 
improvement in ൏ ݄ݐ݇  ݃  has, the local search for the 
current solution terminates. After all, the best solution is 
updated. The procedure of the local search is shown in 
Fig. 8. 
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5.3. Computation of total forces 

In order to compute the force between two points, a 
charge-like value ௜ݍ    , is assigned to each point. The 
charge of the point is calculated according to the relative 
efficiency of the TCs in the current population, i.e. 

 

௜ݍ ൌ exp ቌെܰ ·
݂ሺݔ௜ሻ െ ݂ሺݔ௕௘௦௧ሻ

∑ ቀ݂൫ݔ௝൯ െ ݂ሺݔ௕௘௦௧ሻቁ௣௢௣௦௜௭௘
௝ୀଵ

ቍ , ݅    ݅׊

ൌ 1,2, … ,  ݁ݖ݅ݏ݌݋݌

(32) 

 
where  ݔ௕௘௦௧ represents the point that has the best TC 

among the points at the current iteration. In this way the 
points that have better TCs possess higher charges. Note 
that, unlike electrical charges, no signs are attached to the 
charge of an individual point in the Eq. (33) Instead, the 
direction of a particular force between two points will be 
determined after comparing their TCs. The total force ܨ௜  
exerted on the candidate solution i is also calculated by 
the following formula: 

௜ܨ ൌ

ە
ۖ
۔

ۖ
ۓ      ෍൫ݔ௝ െ ௜൯ݔ

௜ݍ · ௝ݍ

ฮݔ௝ െ ௜ฮݔ
ଶ

௉

௝ஷ௜

  ;    ݂൫ݔ௝൯ ൏ ݂ሺݔ௜ሻ  

    ෍൫ݔ௜ െ ௝൯ݔ
௜ݍ · ௝ݍ

ฮݔ௝ െ ௜ฮݔ
ଶ

௣

௝ஷ௜

  ;    ݂ሺݔ௜ሻ ൏ ݂൫ݔ௝൯   

 (33) 

 
The two-dimensional example total force vector ܨ௜ 

exerted on the candidate solutions is shown in Fig. 9. The 
force exerted by ݔଵ on ݔଷ  is  ܨଵଷ (repulsion: the TC of ݔଵ 
is worse than that of ݔଷ) and the force exerted by ݔଶ on ݔଷ 
is ܨଶଷ (attraction: the TC of ݔଶ is better than that of ݔଷ). ܨଷ 
is the total force exerted on ݔଷ  by ݔଵand ݔଶ . The 
procedure of the computation of total forces is shown in 
Fig. 10. 

 
 

 

5.4. Movement by total forces 

The total force exerted on each point by all other 
points is calculated in the CalcF( ) procedure. All the 
candidate solutions are moved with the exception of the 
current best solution. The move for each candidate 
solution is in the direction of total force exerted on it by a 
random step length. This length is generated from the 
uniform distribution between (0, 1). The candidate 
solutions have a nonzero probability to move to the 
unvisited solution along this direction by selecting a 
random length and by normalizing total force exerted on 
each candidate solution as Fig. 11 depicts.  

 

6. Algorithm’s Calibration 

It is well known that the quality of algorithms is 
significantly influenced by the values of parameters. In 
order to tune the algorithms, a full factorial design is 
applied in the design of experiment (DOE) approach [13].  
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