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Abstract: This paper introduces an innovative heuristic mixed-integer optimization approach for multi-criteria 

optimization based production planning with rolling horizon for a discrete goods manufacturer. The fast 

moving consuming goods industry is characterized by standard and promotion sales volumes with different 

properties. State-of-the-Art multi-objective solution methods [1-3, 8-11] fail to address these properties 

adequately, due to the lack of considered subdimensions within a planning level. Furthermore these techniques 

contain static constraints rendering them unable to adapt the production system to seasonal (off-) peaks and to 

consider resource adjustments. In contrast, the presented approach features dynamic capacity-based 

restrictions and dynamic stock-levels within a given planning horizon. The product volumes per planning 

period (week) are split into two different subdimensions with specific constraints for order shifting and lot 

splitting for each subdimension and product. This approach pursues the optimized capacity utilization for a 

key production unit, featuring integer-based dynamic capacity restrictions. In addition to a smoothed 

production, mid-term stock-levels are simultaneously being optimized. The results show a 40% reduced output 

variation rate of the cost- and labor-intensive key equipment and a 30% reduced capacity requirement for 

downstream production equipment, compared with the initial manually compiled solution. Finally, the authors 

give an outlook on a possible enhancement of the method with statistical learning using periodic feedback 

from the production system. 

Keywords: multi-product multi-period multi-objective production planning problem, heuristic optimization, 

lot splitting, production smoothing, rolling horizon, dynamic capacity constraints, dynamic stock-levels 

1 Introduction 

Modern production planning solutions are key enablers for today’s highly competitive industrial environment. 

They (in-) directly influence the production system performance and profit of a factory. Different problem-

specific heuristic [1, 5] and metaheuristic [2-3, 8-10] approaches characterized in [20] are proposed to meet 

the requirements of a smoother production. The latter ensures low flexibility costs and a good capacity 

utilization. An overview about practical and modelling issues as well as solution approaches concerning  

production smoothing problems presented in various contributions [1-5, 12, 19, 20] is given in section 3. 

Trends in global and flexible markets, in combination with increasing product individualization, necessitate 

more flexible and responsive production systems [5, 7]. According to a Fraunhofer study [6], increasing 

variations in demand require sophisticated solutions concerning capacity flexibility measures, especially in 

the planning dimension week (47%).  

This paper introduces an innovative heuristic optimization approach for a capacitated Multi-Objective Multi-

Product Multi-Period (MOMPMP) production planning problem. The problem of scheduling the final 

production level is known as the Production Smoothing problem (PSP) [5].  

This paper is structured as follows: After an introduction of the case study in section 2 and a literature review 

for the specific problem class at hand (see section 3), the developed heuristic optimization method is presented 

within section 4. A summary and discussion of the results in section 5 and an outlook on future research in 

section 6 conclude the paper. 

sciencesconf.org:meta2018:206698
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2 Case-study introduction and solution approach: An overview 

This paper is centred on a case-study featuring an industrial European food producer aiming to introduce a 

smoother production flow to optimize the utilization of key production equipment/machines (see figure 1, 

production step 1). The key equipment represents a cost- and labor-intensive bottleneck unit within a soon-to-

be-built factory. This production step influences other downstream production equipment within the total 

production system. The main task is the creation of an optimal, long-term (78 weeks in this use-case) dynamic

capacitive-restricted production plan with a rolling horizon and the following optimization criteria: 

goal (1) Reduced production volume peaks per planning period within the capacitive-restricted 

production system for all product types within a given planning horizon 

goal (2) Optimized capacity utilization of a key production unit and downstream equipment 

goal (3) Optimized stock levels for all product types and periods achieved and applied within a certain 

customer defined time frame 

This specific optimization task should satisfy all relevant constraints concerning capacity, production process 

and product-type. In addition to reduced peaks in capacity demand through production smoothing, this 

heuristic optimization method enables a better capacity utilization resulting in a more energy-efficient 

production. It also prolongs the period until an investment in new capacity (i.e. machines) is necessary. Figure 

1 provides a simplified process overview. An additional process step (‘Extended maturing’) was included as

a buffer into the original process sequence to enable the operation of the production smoothing heuristic. 

Figure 1: Production process system overview 

The new factory has been planned using reliable forecasts for sales volume development to generate an initial 

production plan ( initial solution). The heuristic has been originally applied with goal (1) and goal (2) to 

create the smoothed production volumes per period followed by a comprehensive discrete simulation study 

[17] to determine and validate the required capacities ( production units) within the new production facility. 

Approaching the Go-Live of the plant in combination with the introduction of the rolling horizon the target 

function has been enhanced by goal (3) to further increase system productivity and process stability. 

3 Literature review 

Multi-objective multi-product multi-period (MOMPMP) production planning problems are NP-hard [1] and 

thus necessitate tailor-made, problem-specific (meta-) heuristics [20] to approximately solve problems of this 

complexity class within a reasonable time. The authors of [15, 19] give an overview of published literature 

dealing with MPMP models. Different multi-objective solution methods, including diverse mathematical 

models, are applied to deal with the complexity of purposeful search in the given solution space, namely: 

 (MOGA) Multi-objective genetic algorithms [2, 8, 9, 12, 15]

 (Hybrid) Metaheuristics for (Mixed) Integer linear programming (MILP, ILP) models [3, 15, 16, 21]

 (MOPSO) Multi-objective particle swarm optimization [10], (MOBA) multi-obj. bat algorithm [18]

 Dynamic programming (DP) algorithms [5] and memory-based algorithms [11]

 Problem-specific heuristics [1, 5, 13] and rule-based algorithms [14]
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In [5] the authors first present a dynamic programming algorithm for the exact solution of the corresponding 

production smoothing problem requiring significant computational effort, rendering its use impractical in a 

given real world environment. Thus, a 2-phase-metaheuristic approach is proposed – the problem is split into 

a constrained batching problem (BP) and sequencing problem. This approach offers some similarities with the 

proposed method in this paper, because jobs are split into smaller batches that can be consolidated with batches 

in other periods of the same product type. The main difference and shortcoming of existing (meta-) heuristics 

is the missing utilization of subdimensions within a certain planning dimension. Furthermore, the proposed 

rolling horizon approach considers dynamic capacity and dynamic target stock-level bounds, thus enabling 

the consideration of seasonal effects and resource (labor, production equipment) adjustments. The result 

evaluation is performed with an index (1) performing a weighted comparison of each part-goal result value. 

4 Developed heuristic optimization method 

The presented heuristic mixed-integer approach is modular and consists of five sequential optimization phases. 

The target function 𝑓(x) including its three defined part-goals calculates a weighted and normalized fitness-

value, the « multi-criteria smoothing index » (MCSMI). This target function includes an evaluation function 

for a smoothed production planning horizon (𝑓1), next to an evaluation for optimized stock-levels (𝑓2) and an

evaluation function to measure the smoothed capacity utilization (𝑓3):

𝑴𝒊𝒏𝒊𝒎𝒊𝒛𝒆 𝑓(𝑥) =  𝜔1 ∑ 𝑓1(𝑘_𝑝𝑟𝑜𝑑𝑖𝑗) 

𝑗=𝑚
𝑖=𝑛

𝑖=1
𝑗=1

+ 𝜔2 ∑ 𝑓2(𝑘_𝑠𝑡𝑜𝑐𝑘𝑖𝑗) 

𝑗=𝑚
𝑖=𝑛

𝑖=1
𝑗=1

+ 𝜔3 ∑ 𝑓3(𝑘_𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑖𝑐) 

𝑐=𝑜
𝑖=𝑛

𝑖=1
𝑐=1

+ 𝜔4 ∑ 𝑓4(𝑘_𝑝𝑙𝑎𝑛𝑡𝑖)

𝑖=𝑛

𝑖=1

 ,  

𝑺𝒖𝒃𝒋𝒆𝒄𝒕 𝒕𝒐 ∑  𝑞𝑖𝑗 ≤ 𝑞𝑚𝑎𝑥𝑖

𝑚

𝑗=1

, ∀𝑖, 

𝑞𝑖𝑗  𝜖 𝐴𝑖 , 𝑞𝑚𝑎𝑥𝑖
 𝜖 𝐴𝑖 ,

𝑑𝑒𝑙𝑡𝑎_𝑞𝑝𝑟𝑜𝑑𝑖𝑗
≤  𝑑𝑒𝑙𝑡𝑎𝑚𝑎𝑥 , ∀𝑑𝑒𝑙𝑡𝑎𝑞𝑝𝑟𝑜𝑑 𝑖𝑗

, 

 𝑑𝑒𝑙𝑡𝑎𝑀𝑎𝑥 𝜖 𝐴𝑖

Legend: 

𝜔1 - 𝜔4 … 𝑝𝑎𝑟𝑡 − 𝑔𝑜𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡𝑠
𝑚 … 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑡𝑦𝑝𝑒𝑠  

𝑛 … 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑟𝑖𝑜𝑑𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑛𝑖𝑛𝑔 ℎ𝑜𝑟𝑖𝑧𝑜𝑛 

𝑜 … 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 𝑢𝑛𝑖𝑡𝑠 𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑝𝑙𝑎𝑛𝑛𝑖𝑛𝑔 ℎ𝑜𝑟𝑖𝑧𝑜𝑛 
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𝑘_𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑖𝑐 … 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 − 𝑙𝑒𝑣𝑒𝑙 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑝𝑒𝑟𝑖𝑜𝑑 𝑖 𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐
𝑘_𝑝𝑙𝑎𝑛𝑡𝑖 … 𝑝𝑙𝑎𝑛𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑓𝑜𝑟 𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑠𝑢𝑚 𝑜𝑓 𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑖𝑛 𝑝𝑒𝑟𝑖𝑜𝑑 𝑖
𝑞𝑖𝑗… production (share) quantity of product type 𝑗 in period 𝑖  
𝑠𝑙𝑞𝑖𝑗… stock-level quantity of product type 𝑗 in period 𝑖  
𝑡𝑎𝑟𝑔𝑒𝑡𝑠𝑙𝑞𝑖𝑗

…dynamic target stock-level quantity of product type 𝑗 in period 𝑖 

𝑐𝑢𝑙𝑖𝑐… capacity-unit level in period 𝑖 𝑜𝑛 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑐  
𝑞𝑚𝑎𝑥𝑖

… capacity constraint: max. allowed production quantity in period 𝑖

𝑑𝑒𝑙𝑡𝑎_𝑞𝑝𝑟𝑜𝑑𝑖𝑗
… offset quantity of product type 𝑗 in period i 

𝑑𝑒𝑙𝑡𝑎𝑚𝑎𝑥 … integer constraint for max. allowed offset [in periods] 
𝐴𝑖 … 𝑠𝑒𝑡 𝑜𝑓 𝑎𝑐𝑐𝑒𝑝𝑡𝑎𝑏𝑙𝑒 𝑣𝑎𝑙𝑢𝑒𝑠 𝑓𝑜𝑟 𝑞𝑖𝑗, 𝑞𝑚𝑎𝑥𝑖

, 𝑑𝑒𝑙𝑡𝑎_𝑞𝑝𝑟𝑜𝑑𝑖𝑗
, 𝑑𝑒𝑙𝑡𝑎𝑀𝑎𝑥

The defined part-goal functions 𝑓1 − 𝑓4 are represented by gradients provided in the following format:

𝑓1(𝑘_𝑝𝑟𝑜𝑑𝑖𝑗) = 𝐴𝑏𝑠|𝑞𝑖+1,𝑗 − 𝑞𝑖𝑗|

𝑓2(𝑘_𝑠𝑡𝑜𝑐𝑘𝑖𝑗) = 𝐴𝑏𝑠|𝑠𝑙𝑞𝑖𝑗 − 𝑡𝑎𝑟𝑔𝑒𝑡_𝑠𝑙𝑞𝑖𝑗|

𝑓3(𝑘_𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑖𝑐) = 𝐴𝑏𝑠|𝑐𝑢𝑙𝑖+1,𝑐 − 𝑐𝑢𝑙𝑖𝑐|

𝑓4(𝑘_𝑝𝑙𝑎𝑛𝑡𝑖) = ∑ 𝐴𝑏𝑠|𝑞𝑖+1,𝑗 − 𝑞𝑖𝑗|

𝑗=𝑚

𝑗=1

 

(1) 

(2) 

(3) 

(4) 

(5) 

(8) 

(9) 

(7) 

(6) 
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A gradient function, 𝑓1 for instance, is calculated from (absolute) changes in production volumes between

adjacent time periods. When compared with relative gradients, absolute gradients are preferred for evaluation 

because they penalize large deviations much stronger, and relative gradients could distract the algorithm from 

its goal. The decision maker’s preferences are represented by the weights (equally set to 1 by default). 

The given periodic-dynamic production capacity constraint (2) is a hard constraint and must strictly be fulfilled 

in each period to generate a valid convertible solution. Constraint (3) specifies that 𝐴𝑖, a set of specific

multiples of certain integer values, according to an A/B/C categorization, is allowed for production only (see 

table 1, with « 1 » as the smallest possible batch unit of a product type). 

Table 1 : Acceptable multiples for (𝒒𝒊𝒋, 𝒒𝒎𝒂𝒙𝒊
) according their article specific ABC value

Parameters / Multiples of ABC value A B C 

𝑞𝑖𝑗 , 𝑞𝑚𝑎𝑥 𝑖
6 3 || 6 1 

Constraints (4) and (5) specify that the applied article-specific offsets for shifted production volumes must be 

lower than the maximum allowed offset values from the master data ( technological requirement). There 

are two given maximum integer (→ planning periods) offset values per product type, one for standard sales 

volumes and one for promotion sales volumes. Table 2 lists the core functional requirements and constraints. 

Table 2: Functional requirements for the optimization modules 

Module, title and evaluation function Description and constraints 

Module 1: Production smoothing of 

promotion sales volumes (𝑓1)

This module reduces peak volumes of promotion-sales for each product and 

period according to flexible restrictions determined by product type, 

planning period, capacity and A/B/C (→ formulas (6) & (9)) category. 

Module 2: Production smoothing of 

standard sales volumes (𝑓1)

This module reduces standard peak volumes for each product and period, 

according to flexible restrictions determined by product type, planning 

period, capacity and A/B/C (→ formulas (6) & (9)) category. 

Module 3: Stock-Level smoothing (𝑓2) This module optimizes defined mid-term stock-levels (see figure 3) in order 

to comply with target stock-levels according to formula (7). 

Module 4: Capacity utilization forecast 

calculation (𝑓3)

This module calculates the capacity utilization forecast. This forecast is 

evaluated according to formula (8). 

The multi-objective MPMP algorithm (see Algorithm 1), consists of five phases, which manipulate the 

production program towards different part-goals that are summed up in cost function 𝑓(𝑥).  

Phase 1: Processing of master data, current production and demand plan (rolling horizon → each period) 

Phase 2a: Minimization of promotion sales volumes peaks in the production plan. This phase of the algorithm 

calculates an average weekly production load (→ calculated from cumulated (→ C-articles) or article-specific 

(→ A/B articles) standard production volumes) and tries to shift shares of specific promotion volumes, which 

are above the average production load, into weeks that are below the average production load (gaps), as

visualized in figure 2. These gaps are filled up according to the following heuristic: 

(1) The gaps in periods closest to the current period are filled up first, until the current «average production 

load» (APL) per period is achieved (see Algorithm 1, rows 15 – 29) 

(2) The remaining quantities are shared between all offset-periods, resulting in a higher APL 

Figure 2: Promotion sales volumes smoothing (example) 
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The shifting of production volumes (promotion, standard) takes into account maximum offset intervals (4). In 

addition shifting is only possible into earlier production weeks (due to the structure of the input data) in order 

to still meet the production deadlines. Within the preparation phase, the input sales volumes have to be checked 

and accumulated to calculate product-specific gradients for production, capacity and stock-levels. 

Phase 2b: Standard volume smoothing uses the same approach as phase 2a. An average production load (→ 

calculated from both standard and smoothed promotion volumes after phase 2a) is determined and standard 

production volumes that are above this derived average production load are preferably shifted to weeks that 

are below the considered average according to the heuristic in phase 2a. 

Phase 2a and 2b feature some tweaks, e.g. a floating re-calculation of the average production load value. 

Another performance gain results from using smoothing indices for each phase, ensuring that an over-control 

is avoided by allowing a small percentage value to remain above the average production load value. This 

tweak further reduces the amount of production volume that needs to be shifted significantly.  Optimization 

tests have shown this factor to be around 7-10%, depending on the specific dataset received.  

Phase 3 - 4: Within these phases the filling level of each carrier-unit (rack) for the products, is evaluated and 

optimized according to its specific capacity utilisation and under the production restrictions (2) – (5). 

According to these restrictions, production volumes have to be a multiple of the minimum production volume 

of a product and are rounded tactically to half or full racks for each product in each period, according to the 

corresponding A/B/C-category of each product (see table 1). Depending on the stock level, rounding attempts 

to reach the optimal stock level, either by rounding up or down (or commercial) to increase, decrease or keep 

a certain stock level.  

Phase 5: Smoothing via stock-level strategies is used (in addition to the stock level optimization of phase 3 - 

4) to keep stock levels from a certain (shorter than in phase 3 - 4) ) time frame close to the defined target stock

level. This is done by calculating an average expected stock level over a certain number of weeks (adjustable, 

an example for this is « lead time 2 » in figure 3) and adding/removing the difference between the calculated 

stock level and the preferred stock level to/from the production plan (see the green dashed line in figure 3). 

Adding or removing production volumes is performed considering the average production volume while trying 

to maintain a smoothed production plan. Figure 3 shows a typical stock-level trend of a product (lead time = 

12 weeks; given Smin , Smax). The goal is to improve the stock-level of the the influenceable time-period only, 

and not of the full planning horizon, since this would not be beneficial. This results in a short phase 5 with 

steep improvements of the objective function value realized within a longer time-span (see figures 3 – 4). 

Figure 3: Stock-level strategies based on the specific stock-levels in the mid-term future 

The final result is a multi-objective smoothed production plan for all products and the full planning horizon. 

It considers the planning dimensions «production volumes», split into the promotion and standard sales

volumes dimension, next to the planning dimensions «stock-levels» and «capacity utilization». 
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Algorithm 1: The Multi-Objective MPMP Production Smoothing Heuristic

1 : Begin // process current master data, production and demand plan (rolling horizon  each period) 

2 : Calculate production plan solution matrix ppsm(m,n) // matrix with m (products) rows and n (periods) columns  

3 : Calculate stock-level gradient matrix slgm(m,n) // matrix with m rows and n columns     

4 : Calculate capacity utilization forecast matrix cufm(m,o) // matrix with m rows and o (capacity types) columns 

5 : 𝑓(𝑥) ⟵ 𝐄𝐯𝐚𝐥𝐮𝐚𝐭𝐞 (𝑝𝑝𝑠𝑚, 𝑠𝑙𝑔𝑚, 𝑐𝑢𝑓𝑚) 

6 : 𝑚′ ⟵ 𝑚 (derive prio-list 𝑚′)    // priorisation by ABC analysis based on yearly average volumes and marginal returns 

7 : Update 𝑝𝑝𝑠𝑚′ ⟵ 𝑝𝑝𝑠𝑚;  𝑠𝑔𝑙𝑚′ ⟵ 𝑠𝑔𝑙𝑚  // update production and stock-level matrices  

8 : (𝑝𝑝𝑠𝑚0′
, 𝑝𝑝𝑠𝑚1′) ⟵ 𝑠𝑝𝑙𝑖𝑡 𝑝𝑝𝑠𝑚′ // performs split into two matrices : for standard (0) and promotion (1) sales volumes

9 : For j = 1 to m  

10 : For i = n to 1  // starting with the last period iterating to the first 

11 : Calculate 𝑚𝑗 ⟵ mean(j, n/3)  // floating mean value valid for product j for n/3)periods  

12 : 𝐈𝐟 (i = n) 𝐓𝐡𝐞𝐧 𝑦 ⟵ 𝑝𝑝𝑠𝑚1′(𝑖, 𝑗) // derive production promotion amount for product j in period 𝑖 
13 : Else 𝑦 ⟵ 𝑝𝑝𝑠𝑚1′′(𝑖, 𝑗) 

14 : End If 

15 : 𝑑𝑒𝑙𝑡𝑎 ⟵ 𝑐𝑜𝑚𝑝𝑎𝑟𝑒 (𝑦 − 𝑚𝑗) 

16 : If (delta > 0) Then 

17 : If (𝑗 𝜖(𝐴||𝐵)) Then  // if product type equals (A || B), stores week indices/quantities 

18 :  // in bwl HashMap, considering capacity and article constraints 

19 : 𝑏𝑤𝑙 ⟵ search best local weeks including their quantities 

20 : checkCapacityAndArticleConstraints (𝑝𝑝𝑠𝑚′, 𝑏𝑤𝑙) 
21 : Update 𝑝𝑝𝑠𝑚1′′ ⟵ 𝑝𝑝𝑠𝑚1′(𝑏𝑤𝑙) // update ppsm1’ by using bwl 

22 : Else  // stores week indices/quantities in bwg HashMap incl. capacity/art. constraints 

23 :  bwg ⟵ search best global weeks including their quantities 

24 :  checkCapacityAndArticleConstraints(𝑝𝑝𝑠𝑚′, 𝑏𝑤𝑔) 

25 :  Update 𝑝𝑝𝑠𝑚1′′ ⟵ 𝑝𝑝𝑠𝑚1′(𝑏𝑤𝑔) // update ppsm1’ by using bwg 

26 : End If 

27 : Update 𝑐𝑢𝑓𝑚′ ⟵ 𝑐𝑢𝑓𝑚 // capacity-utilization forecast update  

28 : Update 𝑝𝑝𝑠𝑚′′ ⟵ (𝑝𝑝𝑠𝑚0′, 𝑝𝑝𝑠𝑚1′′);  𝑓(𝑥) ⟵ 𝐄𝐯𝐚𝐥𝐮𝐚𝐭𝐞 (𝑝𝑝𝑠𝑚′′, 𝑠𝑙𝑔𝑚, 𝑐𝑢𝑓𝑚′) 
29 :  End If  

30 :  End For // next period for this article 

31 : End for // next article from prio-list 𝑚′ 

33 : Repeat 2b ⟵ (2a) : Update 𝑝𝑝𝑠𝑚0′′   ⟵ 𝑝𝑝𝑠𝑚0′ // repeat steps of (2a) for (2b) with 𝑝𝑝𝑠𝑚0′ instead of 𝑝𝑝𝑠𝑚1′ 

34 : If (Update ( 𝑝𝑝𝑠𝑚0′′ ⟵ 𝑝𝑝𝑠𝑚0′(𝑏𝑤𝑔 ||𝑏𝑤𝑙) 𝐓𝐡𝐞𝐧       

35 : Update 𝑠𝑔𝑙𝑚′′ ⟵ 𝑠𝑔𝑙𝑚′  // actualise stock-level matrix (standard volumes!) each iteration 

36 : // Update 𝑝𝑝𝑠𝑚′′′ ⟵ (𝑝𝑝𝑠𝑚0′′, 𝑝𝑝𝑠𝑚1′′) instead of 𝑝𝑝𝑠𝑚′′ ⟵ (𝑝𝑝𝑠𝑚0′, 𝑝𝑝𝑠𝑚1′′);  

// Update 𝑐𝑢𝑓𝑚′′ ⟵ 𝑐𝑢𝑓𝑚′; instead of 𝑐𝑢𝑓𝑚′ ⟵ 𝑐𝑢𝑓𝑚; → 𝐄𝐯𝐚𝐥𝐮𝐚𝐭𝐞 (𝑝𝑝𝑠𝑚′′′, 𝑠𝑙𝑔𝑚′′, 𝑐𝑢𝑓𝑚′′) 
37 : End if  

38 : // capacity utilization forecast finished  start rack-optimization 

39 : For j = 1 to m  

40 : For i = 1 to n 

41 : Round (𝑝𝑝𝑠𝑚′′′ ⟵ 𝑝𝑝𝑠𝑚(𝑖, 𝑗)′′′) // round tactically to half ||full racks for each product in 

42 :      // each period according to // A/B/C depending on stock levels 

43 : // → according to target function part 𝑓2(𝑥) : roundings support to better achieve optimal stock-levels 

44 : Update (𝑠𝑔𝑙𝑚′′′ ⟵ 𝑠𝑔𝑙𝑚(𝑖, 𝑗)′′);  𝐔𝐩𝐝𝐚𝐭𝐞 (𝑐𝑢𝑓𝑚′′′ ⟵ 𝑐𝑢𝑓𝑚′′);  𝑓(𝑥) ⟵ 𝐄𝐯𝐚𝐥𝐮𝐚𝐭𝐞 (𝑝𝑝𝑠𝑚′′′)  
45 : End For 

46 : End For 

47 : // Phase 3 – 4 finished  → perform mid-term stock-level strategies for all products and certain time frames 

48 : For j = 1 to m 

49 : Derive 𝑜𝑝𝑡𝑆𝑡𝑜𝑐𝑘𝐿𝑒𝑣𝑒𝑙 (𝑜𝑠𝑙);  𝑚𝑖𝑛𝑆𝑡𝑜𝑐𝑘𝐿𝑒𝑣𝑒𝑙 (𝑚𝑠𝑙);  𝑙𝑒𝑎𝑑𝑇𝑖𝑚𝑒 (𝑙𝑇) ⟵ master data matrix (mdm) 

50 : Initialize 𝑑𝑒𝑙𝑡𝑎𝑠𝑡𝑜𝑐𝑘 ⟵ 0 

51 : For i = 𝑙𝑇 to 2 ∗ 𝑙𝑇 // definition to perform changes in leadTime «1 » based on stockLevel in leadTime « 2 »

52 : Calculate/Update 𝑑𝑒𝑙𝑡𝑎𝑠𝑡𝑜𝑐𝑘 ⟵ 𝐂𝐨𝐦𝐩𝐚𝐫𝐞 𝐀𝐛𝐬(𝑜𝑠𝑙 − 𝑎𝑐𝑡𝑢𝑎𝑙𝑆𝑡𝑜𝑐𝑘𝐿𝑒𝑣𝑒𝑙(𝑖, 𝑗))
53 : End For 

54 : If (𝑑𝑒𝑙𝑡𝑎𝑠𝑡𝑜𝑐𝑘< msl) Then 

55 : 𝑏𝑤𝑙 ⟵ search best local weeks including their quantities to fill 1st local / 2 nd global stock-level gaps 

56 : checkCapacityAndArticleConstraints(𝑝𝑝𝑠𝑚′′′, 𝑏𝑤𝑙) 
57 : Else If (𝑑𝑒𝑙𝑡𝑎𝑠𝑡𝑜𝑐𝑘  > 𝑜𝑠𝑙 ∗ 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒𝐹𝑎𝑐𝑡𝑜𝑟) Then

58 : 𝑏𝑤𝑙 ⟵ search best (a) local/ (b) global weeks incl. their quantities to downlevel current stock-level 

59 : End If 

60 : For i = 1 to 𝑙𝑇  // perform production changes «fast » within 1st lead time 

61 : While (bwl !isEmpty()) Do 

62 : Update 𝑝𝑝𝑠𝑚′′′′ ⟵ 𝑝𝑝𝑠𝑚0(i, j)′′′(𝑏𝑤𝑙) // update ppsm by using bwl on 𝑖𝑝𝑝𝑠𝑚0′′′

63 : Update (𝑠𝑔𝑙𝑚′′′′ ⟵ 𝑠𝑔𝑙𝑚(𝑖, 𝑗)′′′) ;  𝐔𝐩𝐝𝐚𝐭𝐞 (𝑐𝑢𝑓𝑚′′′′ ⟵ 𝑐𝑢𝑓𝑚′′′) ; 
64 :  𝑓(𝑥) ⟵ 𝐄𝐯𝐚𝐥𝐮𝐚𝐭𝐞 (𝑝𝑝𝑠𝑚′′′′) 

65 : End While 

66 :  End For 

67 : End For 

68 : Return (𝑖𝑝𝑝𝑠𝑚′′′′;  𝑖𝑠𝑔𝑙𝑚′′′′; 𝑖𝑐𝑢𝑓𝑚′′′′) // print final optimized multi-criteria solution; End 
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5 Optimization results 

The optimization results presented were obtained by a given real-life scenario with a specific dataset (78 

planning weeks: 13/2018 – 38/2019) and the default settings of the algorithm. 

The 2nd optimization phase, representing the core-unit (three of four part-goals are improved) of the proposed 

multi-phase heuristic approach, includes the production smoothing steps for promotion and standard volumes 

and accounts for 25% of global goal optimization. The third step is mandatory for the final rack preparation. 

However, it does not improve the global goal. The fourth optimization step raises or reduces stock-levels in 

order to create full racks and to simultaneously pursue the target stock level for each product in each period 

(fig. 5). Achieving filled racks maximizes the capacity utilization of the racks. The 5th  optimization phase tries 

to shift production volumes in the near future to achieve optimal stock-values in the mid-term figure (fig. 2). 

Figure 4 features the global goal optimization results (represented as trend), while figure 5 shows the 

individual part goal results. Figure 5 shows that the total capacity gradient (aggregated by 5 sub-capacity 

gradients itself) is affected by the optimization of the production gradient in phase 2. The production and 

capacity gradient optimization within phase 2 is derived at the cost of a worse stock-level gradient. 

These results are achieved by shifting only ~ 8 – 10% of the annual production volume. However, the 

smoothing requires (1) lots to be split into part lots (→ shifting of part lots into existing other lots physically 

only leads in total to 5 – 7% more lots) and (2) additional (simple conditioning) storage capacity (fig. 1). These 

conditions result in additional – compared with the savings considerably lower – investment and setup costs. 

Figure 4: Global goal optimization 

Figure 5: Individual part-goal optimization 
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6 Outlook and conclusion 

The global goal optimization results release – compared with the initial production plan – a production 

smoothing potential of approximately 30%. Despite the fact that the absolute stock-level gradient cannot be 

measured explicitly in terms of minimized costs, the total cost saving potential from the production and 

capacity gradient is around 30%. This results in significantly lower investments for the new factory (fewer 

production units necessary) and 40% reduced operation costs on the key equipment (→ reduced labour costs 

achieved with balanced operation times) compared with – in comparison – very low additional costs for the 

additional process step. The actual optimization potential varies slightly with the specific planning scenario. 

Additionally, the method promises to be scalable as it becomes more effective with increasing appearance of 

peaks – and according to forecasts, more peaks are indeed to be expected in the future. Furthermore, this 

method enables an around 30% more uniform capacity utilization, resulting in a more energy-efficient 

production (because fewer units are in operation at a certain moment) and a longer lasting production facility 

configuration before the next expansion stage becomes necessary. 

Future work on this method include a dedicated optimization of the capacity utilization – that is currently only 

implicitly optimized (see fig. 5), and an additional smoothing of packaging processes downstream of the 

hitherto considered production steps. Another important issue is – besides the comparison of this heuristic 

optimization method with a metaheuristic approach – to evaluate the influence of production as well as 

environmental conditions on the production plants’ energy consumption. Therefore, after the collection of 

energy and production data, which is currently under way, the collected data will be analysed in order to find 

feasible opportunities - e.g. correlations between the production plan and the energy consumption. Thus, 

energy consumption will be integrated as an explicit optimization feature into the algorithm.  

Another line of follow-up research is the algorithm-based analysis of collected production data, in order to 

better and automatically adjust the article specific constraints and stock-level strategies in the future. This 

learning from historic production data will lead to the algorithm becoming adaptive, thus unlocking further 

optimization potential currently inaccessible due to the fixed parameters, constraints and strategies. 
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