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Abstract 

One particular activity that substantially affects the efficiency of material flow within supply chains, 

and which is located within the distribution centre, is order picking. The performance of an order 

picking system is typically determined by batching, picking sequence, storage policy, zoning, layout 

design, picking equipment and design of picking information. The main research problem in this paper 

was to investigate whether the sequence of order execution can have an effect on the performance of 

the order picking system. The original bound cavities method has been developed, which defines the 

sequence of execution of received orders in “pick and pass” systems, where the tendency is to perform 

zone changes in places where there is a continuity of no items for extraction. The paper shows the total 

picking time and time saving calculations, as well as benefits of its use, which are proven through 

simulation models of a zone order picking system with two and three pickers. 
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1. INTRODUCTION 

The most important logistics activity in distribution centres is order picking. Order picking 

systems represent a functionally complete whole, with elements that allow the execution of 

specific distribution tasks. Although modern distribution centres are to a great extent 

automated, in order picking systems, in most cases humans cannot be replaced by machines. 

Due to the high proportion of time-consuming manual tasks, order picking is looked upon as 

the most labour cost-intensive distribution activity, [1]. Therefore, there is a need for the 

organizational and technological solutions in order to improve the efficiency of picking, [2]. 

The average costs of order picking, in relation to the total costs of a distribution centre, can go 

up to 50–75 % [1]. The focus of this paper is on zoned „pick and pass” order picking systems. 

      The execution of an order can due to its volume be divided into several zones, where each 

picker is assigned to one zone. The advantage of order picking zones is the fact that each 

picker is moving within a relatively small area, thus reducing the possibility of mutual 

interference, and providing the opportunity for each picker to become familiar with the items 

in his zone. At this point the process can take place as “pick and pass” and parallel zone 

picking. 

      “Pick and pass” zone order picking involves the execution of one or more orders in a 

sequence, through several zones arranged in an array. Each picker completes a certain part of 

an order, which includes items belonging to the zone covered by him, and dispatches the tote 

(by hand or conveyor) with the selected items to the picker covering the next zone, and so on. 

This order picking method is very effective when individual orders are evenly distributed 

throughout the zones, i.e. when each zone is providing an equal number of items. It requires 

the same order picking technology and similar equipment in all of the zones, [3]. It is not 

suitable in the case of large distances between the zones and a lack of fast transportation 

means connecting the zones. Another disadvantage is the necessity for having a picker pass 
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through all of the zones, even in cases when there are individual zones from which no item 

has to be taken. During zone order picking, a frequent occurrence is that the totes containing 

the items become accumulated between the individual zones. On the other hand, it happens 

that some pickers end up waiting for a tote in order to extract items from the zone that they 

are covering. In both cases, it can be concluded that the loads on pickers are not well 

synchronized, i.e. not well balanced. In order to balance the load among pickers when it 

comes to zone order picking, heuristic algorithms have been developed with the task to adjust 

the sizes of the zones to the fluctuations in the structure of orders, [4]. The algorithms include 

an analysis of previous orders, based on the locations of items within the picking zones, in 

aim to balance the load on the pickers as much as possible. This approach was expected to 

ensure a balance of the loads over a longer period of time. However, as order structures vary 

significantly, and are rapidly changing in today’s logistics systems, practice has shown that in 

real order picking systems it is practically impossible to maintain a balance of loads on the 

pickers over a longer period without changing the locations of the items. 

2. LITERATURE REVIEW 

The most important influences on the performance of a zone order picking system are the 

shape of the zones, the number of items per order, and the deployment strategy, which has 

been proven through the use of the simulation models [5]. Both picker routing and order 

batching improve overall order picking performance [6]. The layout of the distribution centre 

has been considered as a factor affecting order picking efficiency [7]. The proposed research 

provides a new method for choosing between sequential zoning and simultaneous zoning for 

picker-to-parts system, in aim to help picking system designers in decision-making [8, 9]. 

      An order batching policy has a significant impact on the performance of the order picking 

system. In [10] a newly developed order batching approach is proposed, based on a group 

genetic algorithm in aim to balance the workload of each picking zone and minimize the 

number of batches in a “pick and pass”. The results of simulation on the model formed in the 

FlexSim software package have shown that the proposed heuristic policy outperforms existing 

order batching policies in a “pick and pass” order picking system. 

      The pickers’ activities can be described as a Markov’s chain. On this basis analytic “pick 

and pass” models for zone order picking are developed, for the purpose of assessing the 

expected trajectories of the pickers along the picking line [11]. Based on the developed 

analytic models, studies have defined the basic principles and rules for determining the 

allocation of items within an individual order picking case, in case of both the equally and the 

differently sized zones. 

      Due to the above-mentioned issues, the need arose for the introduction of so-called 

dynamic zones into the order picking systems. Dynamic zones represent flexible work zones 

of the pickers, which, by adapting to the current structures of the orders, allow for a change in 

the zone boundaries over time. In this sense, a type of zone order picking was developed 

bearing the name bucket brigades method, under which the pickers mimic the cooperative 

behaviour of ants in the process of transferring food. With this type of zone order picking, 

execution of orders is achieved in the following manner: when the last picker in a sequence 

completes the extraction of items for a particular order, he returns to the previous picker from 

whom he takes the tote, and carries on with his work. The penultimate picker then goes back 

to his predecessor, from whom he takes the tote and resumes with his work. This procedure is 

constantly repeated, and in this manner is the order picking performed. If a difference in 

picking speed occurs between individual pickers, the slowest picker has to be repositioned at 

the beginning, and the remaining pickers accordingly positioned with the fastest picker being 

positioned at the end. The main advantage of the bucket brigade system is the enabling of a 
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work balance among the pickers, however, time losses may occur due to certain zones 

becoming blocked [12]. Major changes in order structures and different picking speeds among 

the pickers represent the most difficult obstacle for balancing the work of the pickers over a 

longer period of time [13]. 

      In order to reduce time losses in zone order picking systems, the method of zoned bucket 

brigades was developed, as a combination of classical zone order picking and order picking 

with bucket brigades [14]. The picking line is divided into m zones, at whose boundaries m–1 

temporary storages are placed. The principle of operation is as follows: after the execution of 

an order, a picker leaves the tote in the temporary storage at the end of his zone and returns 

either to the previous temporary storage, where he takes the tote and begins to execute the 

next order. If the previous temporary storage is empty, he goes to the previous picker from 

whom he takes a tote and continues with the order execution. 

3. METHODOLOGY 

The performance of an order picking system is determined by several factors, as described 

briefly in the previous section. The question is whether the sequence of order execution can 

affect the performance of order picking systems? 

      When routing delays result from warehouse configurations, [15, 16] show how to manage 

order batching and order release sequences to reduce congestion. The impact of different 

storage policies, picking strategies and number of pickers on congestion and picking 

efficiency in specific conditions is analysed in the paper [17]. 

      In the order picking process, the picker moves along the picking line, stopping at the 

picking locations and picking up items for the order that he is executing (marked by black 

circles in Fig. 1), and passing the locations where there are no items to be extracted – cavities. 

If the number of different items to be extracted is small compared to the total number of 

items, a large number of cavities occur. Also, areas are occurring in which there is a large 

number of zones in succession, containing no items to be extracted. According to Fig. 1, these 

are the positions 8-10, 12-13, 15-16, 18-21 and 28-30. These areas are called bound cavities. 

      The structure of order picking time consists of the time necessary to extract an item and 

the time necessary for the picker to move between the positions. If the work of two pickers in 

a “pick and pass” zone order picking system is observed, it is obvious that the time intervals 

related to items extraction cannot be avoided, and that they can only be redistributed among 

the pickers. In terms of travelling time, if it is technically possible to send the tote by 

conveyor from the first picker to the next, it would be optimal to perform the zone change at 

the location of the longest travel by the picker without the extraction of any items, i.e. at the 

largest bound cavity (locations 18 to 21, Fig. 1). In this way, the activities, and thus the 

picking times, would avoid movements of the pickers in both directions, along the section 

where there are no items to be extracted. 

 

Figure 1: Picking line with two pickers. 

      This is the reason why the bound cavities method was developed, which aims to have the 

change of pickers or zones, performed precisely at the position where the largest bound 

cavities occur. In order to implement the method, a pick to light order picking system is 

required with two roller conveyors. The second (driven) conveyor is located under the picking 
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locations in the area next to the first one, and the pickers push the totes during picking along 

it, Fig. 2. Empty totes arrive along the roller conveyor 2 and stop under the picking location 

where the first zone begins for the current order. The picker 1 transfers and pushes the tote 

along the nondriven roller conveyor 1. After extracting the required number of items from a 

particular picking location, each picker presses a button to confirm that he has taken a 

sufficient number of items. At that moment, a light turns on at the next picking location from 

which it is necessary to extract items. A picker approaches the light, observes how many 

items need to be taken and begins to extract them. This procedure is repeated until the 

moment when the control system informs the picker to transfer the tote onto the roller 

conveyor 2, and after that he moves towards the beginning of the picking line and begins to 

execute the next order. The tote is transported by the roller conveyor 2 to the picking location 

where the zone of the next picker begins. 

 

Figure 2: Order picking system layout. 

      An analysis of the picking process beginning in a system with two pickers leads to the 

conclusion that the order minimally engaging the picker 1 should be dealt with as the first 

one, in aim to minimize the waiting time of the picker 2. But, an analysis of the picking 

process ending indicates that the order minimally engaging the picker 2 should be dealt with 

as the last one, in aim to minimize the idle time of the picker 1. To avoid/minimize the 

waiting time of the picker 1 after the first order, he should have much more work to do in the 

second order than the picker 2. Similar situation is encountered at the end of the picking 

process. The method defines the sequence of order execution during order picking which   

resembles the letter X, hence the name of the procedure [18]. 

     The developed method can be applied to zone order picking systems with any number of 

pickers. Fig. 3 shows the sequence of order execution for a system with four pickers, where 

the lines represent the loads on the pickers. 

 

Figure 3: The sequence of order execution in systems with four pickers – triple X procedure of the 

bound cavities method. 

      The developed bound cavities method can be applied in a distribution centre in which the 

order picking is executed by spending a certain period of time (e.g. 1 hour) to collect the 

orders, analyse them and define the sequence before they are forwarded to be executed. While 

that particular group of orders is being executed, new groups are collected, and the process is 

then repeated. This is particularly interesting in a situation when a relatively large number of 



Zivanic, Zelic, Lalic, Simeunovic, Szabo: Improving the Order Picking Efficiency by … 

129 

orders is coming in with a small number of different items to be extracted per each order, as is 

the case with e-shopping. 

3.1  Calculation of picking time using the bound cavities method 

The analysis, calculations of the total picking time, and potential savings, using the bound 

cavities method, are performed for a system with two and three pickers. By analogy, on the 

basis of this, appropriate expressions for the arbitrary number of pickers can be formed. 

      In the structure of activities and their durations in zone order picking with two pickers, it 

is possible to differentiate working time of the first and second picker on the I
th

 order 

(𝑡1𝑅
𝐼 , 𝑡2𝑅

𝐼 ), the return time of the first and second picker on the I
th

 order (𝑡1𝑃
𝐼 , 𝑡2𝑃

𝐼 ) and the time 

necessary for the tote to arrive by the roller conveyor from the end of the first zone to the 

beginning of the second zone on the I
th

 order (𝑡𝐾
𝐼 ) [18]. 

      The total order picking time can be divided into: 

 the setup time (the time for preparing the tour through the distribution centre), 

 the travel time (the time needed to travel to, from, and between the pick locations), 

 the searching time (the time needed for the identification of the items that have to be 

retrieved at the article locations), and 

 the picking time (the time actually needed for retrieving the items from the respective 

article locations) [1]. 

      Among these components, the travel time consumes the major proportion of the total 

order picking time. It also represents the only variable part while the remaining components 

of the total order picking time (setup time, search time, pick time) can be considered as 

constants [19]. 

      Taking the above into account, the structure of the working picking time consists of: 

 the time required for observing the light on a shelf turned on (𝑇𝑆𝑉), 

 the travel time of the picker towards the light, i.e. the next picking location from which an 

item has to be extracted, 

 the time necessary to observe and read the number on the display next to the light (𝑇𝑈𝐵), 

 the time necessary to extract one item (𝑇𝑈𝐴), and 

 the time necessary to press the button next to the light to confirm that the required number 

of items has been extracted (𝑇𝑃𝐷). 

      If a picking zone contains K items with an equal number of picking positions, and if the 

largest bound cavity in the I
th

 order, of size 𝑚𝐼, occurs at position 𝑗1
𝐼 , then the working time 

and the return time can be calculated according to: 

 𝑡1𝑅
𝐼 = 𝑟1

𝐼 ∙ (𝑇𝑆𝑉 + 𝑇𝑈𝐵 + 𝑇𝑃𝐷) + 𝑎1
𝐼 ∙ 𝑇𝑈𝐴 + ((𝑗1

𝐼 − 𝑝1
𝐼 ) ∙ 𝑏𝐾𝑀) /𝑣𝐾𝑅 (1) 

 𝑡1𝑃
𝐼 = ((ј1

𝐼 − 𝑝1
𝐼+1) ∙ 𝑏𝐾𝑀) /𝑣𝐾𝑅 (2) 

 𝑡2𝑅
𝐼 = 𝑟2

𝐼 ∙ (𝑇𝑆𝑉 + 𝑇𝑈𝐵 + 𝑇𝑃𝐷) + 𝑎2
𝐼 ∙ 𝑇𝑈𝐴 + ((ј2

𝐼 − 𝑝2
𝐼 ) ∙ 𝑏𝐾𝑀) /𝑣𝐾𝑅 (3) 

 𝑡2𝑃
𝐼 = ((ј2

𝐼−1 − 𝑝2
𝐼 ) ∙ 𝑏𝐾𝑀) /𝑣𝐾𝑅 (4) 

𝑡𝐾
𝐼 = (𝑚𝐼 ∙ 𝑏𝐾𝑀)/𝑣𝑉𝑇 (5) 

where: 

 𝑝1
𝐼 , 𝑝2

𝐼 , 𝑗1
𝐼 , 𝑗2

𝐼   are numerical addresses of the beginning and the ending points of the first and 

second zone (respectively) in the I
th

 order, 

 𝑟1
𝐼 , 𝑟2

𝐼 are the numbers of different items that the first and second picker have to extract in 

the I
th

 order, 

 𝑎1
𝐼 , 𝑎2

𝐼  are the total numbers of items where the picker 1 and the picker 2 have to extract in 

the I
th

 order, 
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 𝑣𝐾𝑅 is the travel speed of the picker, 

 𝑣𝑉𝑇 is the speed of roller conveyor, 

 𝑏𝐾𝑀 is the width of one picking place, 

 𝑚𝐼 is the number of picking places between the zones in the I
th

 order. 

      The total picking time required for executing the group of N orders in a system with two 

pickers can be calculated as: 

𝑇2𝑃 = ∑(𝑡1𝑅
𝐼

𝑁

𝐼=1

+ 𝑡1𝑃
𝐼 ) + ∑ 𝑡12𝐶

𝐼

𝑁

𝐼=1

+ 𝑡21К
𝑁 + 𝑡2𝑅

𝑁 − 𝑡1𝑃
𝑁  (6) 

where: 

 ∑ 𝑡12𝐶
𝐼𝑁

𝐼=1  is the total waiting and blocked time of picker 1 in all of the orders, 

 𝑡21К
𝑁  is the delay time of picker 2 in relation to picker 1, after picker 1 completed his part of 

work in the last order, 

 𝑡2𝑅
𝑁  is the working time of picker 2 in the last order, 

 𝑡1𝑃
𝑁  is the return time of picker 1 in the last order. 

      In order to calculate picking time, the diagram shown in Fig. 4 is used. The diagram is 

filled in with the working time and the return time of the pickers, as well as the travel time of 

the tote along the roller conveyor, by entering the locations of the picking positions on the x-

axis, and time on the y-axis. 

      In an ideal case, after the picker 1 executed the second order (point 5), the tote arrives at 

point 6 (where the second zone begins) at the same moment as the picker 2. This would mean 

that the loads on the pickers in adjacent orders are equal, and that there are no time losses in 

the work of either picker. As this is most often not the case, the picker 2 may arrive early and 

has to wait, or he may be delayed as shown in Fig. 4. The distance between points 6 and 7 

represents the delay of the picker 2. 

      In [15] strategies to control picker blocking are presented, that challenge the traditional 

assumptions regarding the trade-offs between wide-aisle and narrow-aisle order picking 

systems. The obtained results indicate that the proposed approach achieves a 5–15 % 

shortening of the total retrieval time primarily by shortening the picker blocking. 

 

Figure 4: The basic order picking layout for a system with two pickers. 

      A longer delay of the picker 2 causes a time loss and forces the picker 1 to wait. 

Accordingly, a situation can emerge, as shown in the Fig.4, when the picker 1 executed the 

third order, left the tote, which has via roller conveyor reached the beginning of the second 

zone (point 8), after the picker 1 headed back and continued with the execution of the fourth 

order. During that time, the picker 2 was executing the second order, after which he headed 

back to the tote of the third order. If the first zone ending point location of the fourth order 
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(point 10) is behind the second zone beginning point location of the third order (point 11), and 

the picker 2 is delayed, then the picker 1 is unable to execute his part of the extraction for 

order 4, and becomes blocked at point 9. The blocking is in the temporal sense equal to the 

distance between points 9 and 11. In order to be able to include the given occurrence into the 

calculation of the total picking time, it is necessary to do the following: 

 Calculate the working and return times of both pickers, as well as the travel time of the tote 

along the roller conveyor for all of the orders. 

 Calculate the individual values in the expression (𝑡1𝑅
𝐼+1 + 𝑡𝐾

𝐼+1−  𝑡2𝑃
𝐼+1 − 𝑡𝐾

𝐼 − 𝑡2𝑅
𝐼 +  𝑡1𝑃

𝐼 ) 

for all of the adjacent orders, and thus determine the delay of the picker 1 (if the expression 

is greater than 0) or the delay of the picker 2 (if the expression is less than 0) in the 

observed order, where the delay of the picker 1 is not included into the total picking time, 

while the delay of the picker 2 must be cumulatively calculated: 

𝑡12К
𝐼+1 = 𝑡1𝑅

𝐼+1 + 𝑡𝐾
𝐼+1−  𝑡2𝑃

𝐼+1 − 𝑡𝐾
𝐼 − 𝑡2𝑅

𝐼 +  𝑡1𝑃
𝐼  (7) 

𝑡21К
𝐼+1 = 𝑡21К

𝐼 + (𝑡2𝑃
𝐼+1 + 𝑡𝐾

𝐼 + 𝑡2𝑅
𝐼 −  𝑡1𝑃

𝐼 −𝑡1𝑅
𝐼+1 − 𝑡𝐾

𝐼+1) (8) 

 Calculate working and return time of the picker 1, calculate the cumulative delay of the 

picker 2, at which a delay of the picker 1 reduces the delay of the picker 2. After that, 

check the waiting time of the picker 1 in a situation when the second zone beginning point 

location of the previous order is in front of the first zone ending point location of the 

current order. Then add the waiting times of the picker 1 in individual time intervals to the 

total order picking time, which is based on Fig. 4, and calculated as: 

𝑡12𝐶
𝐼+1 = 𝑡𝐾

𝐼 + 𝑡21К
𝐼+1 − ( 𝑡1𝑃

𝐼 + 𝑡1𝑅
𝐼+1 ∙

𝑝2
𝐼 − 𝑝1

𝐼+1

𝑗1
𝐼+1 − 𝑝1

𝐼+1) (9) 

      The total picking time required for executing a group of N orders in a system with three 

pickers, can be calculated as: 

𝑇3𝑃 = ∑(𝑡1𝑅
𝐼

𝑁

𝐼=1

+ 𝑡1𝑃
𝐼 ) + ∑ 𝑡12𝐶

𝐼

𝑁

𝐼=1

+ 𝑡21К
𝑁 + 𝑡2𝑅

𝑁 − 𝑡1𝑃
𝑁 + 𝑡32К

𝑁 + 𝑡3𝑅
𝑁  (10) 

where: 

 ∑ 𝑡12𝐶
𝐼𝑁

𝐼=1  is the total waiting and blocked time of picker 1 in all of the orders, 

  𝑡21К
𝑁  is the delay time of picker 2 in relation to picker 1, after picker 1 completed his part 

of the work in the last order, 

 𝑡32К
𝑁  is the delay time of picker 3 in relation to picker 2, after picker 2 completed his part of 

the work in the last order. 

      In order to calculate the total picking time, the diagram shown in Fig. 5 will be used. 

 

Figure 5: The basic order picking layout for a system with three pickers. 
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      In this case, the analysis of the work for the system with two pickers, it is necessary to add 

the picker 3, as well as the influence of the picker 3 on the work of the picker 2. Delays may 

occur (from point 1 to 2) and waiting for the picker 3 (from points 8 to 9). The influence of 

waiting of the picker 2 in relation to the picker 1, on the work of the picker 3 must be 

considered. In the situation shown in Fig. 5, due to the waiting of the picker 2 (from point 3 to 

4) the picker 3 has to wait from point 8 to 9. If the picker 2 had not waited, the delay from 

point 7 to 8 would have occurred. In order to be able to include the given occurrence into the 

calculation of the total picking time, it is necessary to do the following: 

 After defining the zone boundaries in all of the orders, calculate the working time and the 

return time of all three pickers, as well as the travelling time of the tote along the roller 

conveyor, at both points of zone change, for all of the orders. 

 Calculate the individual values in the expression (𝑡1𝑅
𝐼+1 + 𝑡𝐾1

𝐼+1+ 𝑡1𝑃
𝐼 −  𝑡2𝑃

𝐼+1 − 𝑡𝐾1
𝐼 − 𝑡2𝑅

𝐼 ) 

for all of the adjacent orders, and thus determine the delay of the picker 1 (if the expression 

is greater than 0) or the delay of the picker 2 (if the expression is less than 0) in the 

observed order. In this case, it is necessary to observe the previous conditions, or if the 

previous work may have caused a delay of the picker 2. If yes, then it must be calculated 

whether the waiting or the delay of the picker 2 occurs after the current order. If waiting 

occurs, this does not affect the work of the picker 1, but affects the work of the picker 3. If 

delay occurs, it must be verified that this can subsequently lead to blocking zone 1. If the 

expression is less than 0, there is a delay of the picker 2, which does not affect the work of 

the picker 3. In doing so, the delay of the picker 1 is not calculated in the total picking 

time, while the delay of the picker 2 must be cumulatively calculated. In both cases, the 

possible waiting of the picker 2 must also be accounted for the picking of the picker 3 

during the execution of the previous order, according to the expressions: 

𝑡12К
𝐼+1 = 𝑡1𝑅

𝐼+1 + 𝑡𝐾1
𝐼+1−  𝑡2𝑃

𝐼+1 − 𝑡𝐾1
𝐼 − 𝑡2𝑅

𝐼 +  𝑡1𝑃
𝐼 − 𝑡23𝐶

𝐼−1 (11) 

𝑡21К
𝐼+1 = 𝑡21К

𝐼 + (𝑡2𝑃
𝐼+1 + 𝑡𝐾1

𝐼 + 𝑡2𝑅
𝐼 −  𝑡1𝑃

𝐼 −𝑡1𝑅
𝐼+1 − 𝑡𝐾1

𝐼+1) + 𝑡23𝐶
𝐼−1 (12) 

where 𝑡23𝐶
𝐼−1 is the waiting of the picker 2 in relation to the picker 3 during execution of the  

(I-1)
th

 order. 

      Checking the possible waiting of the picker 1 must be carried out in a situation where the 

location of the beginning of the second zone of the previous order, is in front of the location 

of the end of the first zone of the current order. Waiting of the picker 1 at certain time 

intervals, must be added to the total picking time, and is calculated according to the Eq. (9). It 

is necessary in this case to calculate the waiting of the picker 2 as a result of the work of the 

picker 1, because this affects the relationship between the pickers 2 and 3. The calculation has 

to be performed as follows: 

𝑡21𝐶
𝐼+1 = 𝑡1𝑅

𝐼+1 + 𝑡𝐾1
𝐼+1−  𝑡2𝑃

𝐼+1 − 𝑡𝐾1
𝐼 − 𝑡2𝑅

𝐼 +  𝑡1𝑃
𝐼  (13) 

      Similar to the previous analysis, it is necessary to carry out an analysis of the work of 

pickers 2 and 3, i.e. first to calculate the individual values of the following parameters, 

according to Fig. 6: 

𝑡23К
𝐼+1 = 𝑡2𝑅

𝐼+1 + 𝑡𝐾2
𝐼+1−  𝑡3𝑃

𝐼+1 − 𝑡𝐾2
𝐼 − 𝑡3𝑅

𝐼 +  𝑡2𝑃
𝐼 + 𝑡21𝐶

𝐼+1 (14) 

𝑡32К
𝐼+1 = 𝑡32К

𝐼 + (𝑡3𝑃
𝐼+1 + 𝑡𝐾2

𝐼 + 𝑡3𝑅
𝐼 −  𝑡2𝑃

𝐼 −𝑡2𝑅
𝐼+1 − 𝑡𝐾2

𝐼+1) − 𝑡21𝐶
𝐼+1 (15) 

𝑡23𝐶
𝐼+1 = 𝑡𝐾2

𝐼 + 𝑡32К
𝐼+1 − ( 𝑡2𝑃

𝐼 + 𝑡2𝑅
𝐼+1 ∙

𝑝3
𝐼 − 𝑝2

𝐼+1

𝑗2
𝐼+1 − 𝑝2

𝐼+1) (16) 

where: 

 𝑡23К
𝐼+1 is the delay of the picker 2 in relation to the picker 3, at the moment when the picker 2 

starts to work in the (I + 1)
th

 order, 

 𝑡32К
𝐼+1 is the delay of the picker 3 in relation to the picker 2, at the moment when the picker 3 

starts to work in the (I + 1)
th

 order. 
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      Waiting of the picker 3 in relation to the picker 2 does not affect the relationship with 

other pickers, as well as with the total picking time. 

 

Figure 6: The influence of the picker 3 delays on the work of other pickers. 

3.2  Time savings using the bound cavities method 

Improving the performance of the order picking system by using the bound cavities method, 

can be presented through savings in the total picking time (potential time savings) and savings 

in the pickers’ travelled paths. The potential time savings will be explained here. 

      Potential time savings in the system with two pickers and N orders, using the bound 

cavities method, with the automatic movement of the tote by the roller conveyor from the end 

of the first zone to the beginning of the second zone, as well as to the beginning of the first 

zone, and from the end of the second zone to the end of the picking line, can be calculated 

according to the expression: 

 Т𝑇𝑆
2𝑃 = ∑

𝑏𝐾𝑀

𝑣𝐾𝑅
∙ ((𝑝2

𝐼 − ј1
𝐼 ) + (𝑝1

𝐼 − 1) + (𝐾 − 𝑗2
𝐼 ))

𝑁

𝐼=1

 (17) 

where K is the total number of picking places in the order picking line. 

      The total picking time in the zoned bucket brigades order picking system with two pickers 

will be used as a comparative picking time, in the case where there is no time loss described 

in [14], which is calculated according to: 

 Т𝑍𝐵𝐵
2𝑃 = ∑ (

1

2
∙ ((𝑟1

𝐼 + 𝑟2
𝐼) ∙ (𝑇𝑆𝑉 + 𝑇𝑈𝐵 + 𝑇𝑃𝐷) + (𝑎1

𝐼 + 𝑎2
𝐼 ) ∙ 𝑇𝑈𝐴 + 2 ∙

𝐾 ∙ 𝑏𝐾𝑀

𝑣𝐾𝑅
))

𝑁

𝐼=1

 (18) 

      The time to execute group of N orders in the system with two pickers, using the bound 

cavities method, can be calculated according to Eq. (6). 

      Potential time savings in the system with three pickers and N orders, using the bound 

cavities method, with the automatic movement (by the roller conveyor) of the tote between 

the zones, as well as to the beginning of the first zone, and from the end of the third zone to 

the end of the picking line, can be calculated according to the expression: 

 Т𝑇𝑆
3𝑃 = ∑

2 ∙ 𝑏𝐾𝑀

3 ∙ 𝑣𝐾𝑅
∙ ((𝑝2

𝐼 − ј1
𝐼 ) + (𝑝3

𝐼 − ј2
𝐼 ) + (𝑝1

𝐼 − 1) + (𝐾 − 𝑗2
𝐼 ))

𝑁

𝐼=1

 (19) 

      As a comparative picking time, the picking time in the order picking system of zoned 

bucket brigades with three pickers will be used, which is calculated according to: 

 Т𝑍𝐵𝐵
3𝑃 = ∑ (

1

3
((𝑟1

𝐼 + 𝑟2
𝐼 + 𝑟3

𝐼) ∙ (𝑇𝑆𝑉 + 𝑇𝑈𝐵 + 𝑇𝑃𝐷) + (𝑎1
𝐼 + 𝑎2

𝐼 + 𝑎3
𝐼 ) ∙ 𝑇𝑈𝐴 +

2 ∙ 𝐾 ∙ 𝑏𝐾𝑀

𝑣𝐾𝑅
))

𝑁

𝐼=1

 (20) 
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      The total picking time to execute group of N orders in the system with three pickers, using 

the bound cavities method, can be calculated according to Eq. (10). 

4. SIMULATION RESULTS 

Different logistic processes can be simulated on formed models [20]. Many authors have 

worked on simulations of the order picking system. On the formed models, three groups of 

articles A, B and C were considered, with the probability of finding in each order in groups of 

50, 30 and 20 % in relation to the total number of items [21]. The number of articles on orders 

was 100, 500 and 1000, and 10 repetitions for each variant were carried out. 

      On the analysed models were applied the travel speed of the picker 0,6 m/s, and the 

average number of items per order was 30 [22]. The sizes of the zones, on the considered 

models were 96, 288 and 576 items [5]. Order structure consisted of 1, 5, 10, 20 and 30 items. 

On the analysed models the average travel speed of the picker of 0,5 m/s was used, 5 

repetitions for each case were performed, in which there were 250 orders with 100 different 

items [23]. Three performance systems were monitored: picked travel time, total picking time 

and total time to exclude items. 

      Distribution of articles on the considered models was according to class and random 

order, with orders from 5, 10, 15, 20, 25, 30 and 40 items [24]. The order structure was 80/20 

and 60/20. The travel speed of the picker was 0,75 m/s. In the analysis based on the principle 

of zoned bucket brigades, the number of items per order is determined to be the random 

variable between 6 and 12. There were 150 different items on the picker line, divided into 3 

zones. The number of pieces of particular items was a random variable between 1 and 3. 

      The mathematical model of the “pick and pass” zone order picking system was created in 

Microsoft Office Excel. Simulations were performed on the created models, and the total 

picking time necessary to execute a group of N orders is calculated. The input data for the 

simulations were: a travel speed of the picker 0,5 m/s, a roller conveyor speed 1 m/s, a single 

item extraction time 2 s, the time necessary to detect a light and press the button of a length 

2 s, and a width of a picking position 0,5 m. 

      The models were formed for systems with two and three pickers, while variants with 50 

and 100 orders in a group were considered. The number of items in the picking line was 80 

and 150. The average number of items that are extracted per order was 35 % and 90 % of the 

total number of items. In order to define the structure of the orders, sequences of random 

numbers with an exponential distribution were generated. An appropriate number of random 

numbers was generated for different variants, representing information on the location and 

number of items for extraction per individual order (values 0, 1, 2 or 3). As an example, for 

the variant with 80 items and 50 orders, 4000 random numbers have been generated where 

random numbers from No. 1 to No. 80 were assigned to the first order, from No. 81 to No. 

160 to the second order, …, and finally from No. 3921 to No. 4000 to the last order (No. 50). 

In that case the generated random number in the position No. 97 represented the number of 

item pieces to be taken in the picking place No. 17 per second order, random number in the 

position No. 216 represented the number of item pieces to be taken in the picking place No. 

56 per third order, etc. 

      The basic assumption of the model is that there is always a sufficient number of items at 

the picking locations, and that all of the items are extracted with the same probability. 

Simulated were order picking systems with zoned bucket brigades and dynamic zones – 

execution sequence according to the bound cavities method. Ten repetitions were performed 

for each variant. 

      The results for an order picking system using the bound cavities method in the system 

with two and three pickers are given in Table I. The comparative values for the total picking 

time, in all of the variants, were the results for the system of zoned bucket brigades. 
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Table I: Results for an order picking system with two and three pickers. 
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2P 80 pp 35 % * 
50 27,9 7612 438 5,75 7417 2,56 135 1,82 

100 28,3 15166 869 5,73 14802 2,40 321 2,17 

2P 80 pp 90 % 
50 72,6 12062 248 2,06 11920 1,18 251 2,11 

100 72,2 24042 490 2,04 23775 1,11 414 1,74 

2P 150 pp 35 % 
50 49,2 13834 516 3,73 13559 1,99 309 2,28 

100 49,6 28058 1038 3,70 27516 1,93 539 1,96 

2P 150 pp 90 % 
50 133,3 22291 321 1,44 22108 0,82 456 2,06 

100 130,0 43862 636 1,45 43480 0,87 956 2,20 

3P 80 pp 35 % 
50 28,8 5036 410 8,14 4902 2,67 76 1,55 

100 28,5 10129 843 8,17 9852 2,74 171 1,74 

3P 80 pp 90 % 
50 71,1 8019 212 2,65 7916 1,28 108 1,36 

100 72,2 15835 426 2,69 15639 1,24 342 2,19 

3P 150 pp 35 % 
50 51,8 9571 447 4,67 9344 2,37 312 3,34 

100 51,6 18556 861 4,64 18112 2,39 412 2,27 

3P 150 pp 90 % 
50 129,9 14504 320 2,20 14324 1,24 312 2,18 

100 129,7 29541 643 2,18 29166 1,27 743 2,55 

* Key: 2P 80 pp 35 % – two pickers, 80 picking places, 35 % – average number (%) of items 

that are extracted per order of the total number of items 

      A graphical presentation of the potential and real total picking time savings using the 

bound cavities method, in a percentage ratio, according to the results for zoned bucket 

brigades, is given in Fig. 7. The graphs show the mean values for the 50 and 100 orders in the 

group. 

 

Figure 7: Potential (a) and real (b) total picking time savings using the bound cavities method. 

4.1  Discussion 

Based on the results of the simulations using the formed mathematical models, the following 

can be concluded: 

 the adopted representative sample is 50 orders, as there are no significant differences in 

variants with 50 and 100 orders in the group, 

a) b) 
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 by increasing the number of pickers, total picking time savings using the bound cavities 

method are also increasing, 

 by increasing the average number of items per analysed orders, total picking time savings 

using the bound cavities method are reduced, 

 by increasing the number of picking places, total picking time savings using the bound 

cavities method are reduced, 

 if the size of a particular picking place is enlarged, total picking time savings using the 

bound cavities method are increasing, 

 if the values of the time associated with pickers’ activities (𝑇𝑆𝑉 , 𝑇𝑈𝐵, 𝑇𝑃𝐷, 𝑇𝑈𝐴) are higher, 

total picking time savings using the bound cavities method are reduced, 

 if the travel speed of the picker is higher, total picking time savings using the bound 

cavities method are reduced, 

 increasing the number of pickers reduces the ratio of the actual and potential time savings, 

which means that it is more difficult to take advantage of the maximum possible savings. 

5. CONCLUSION 

Distribution centres play a critical role in satisfying customer demands in global supply 

chains. Despite large-scale automation, order picking activities in modern distribution centres 

are to a great extent performed manually. Order picking activities have become very complex, 

considering the occurrence of a large number of orders, with small quantities of different 

items. In such situations, satisfactory performance can be achieved only through the use of a 

“pick and pass” zone order picking system, with pick to light technology. 

      The main task of this paper was to investigate whether the sequence of order execution in 

a “pick and pass” zone order picking system can have an effect on the performance of the 

order picking system. For that purpose, the bound cavities method was developed in aim to 

define the sequence of order execution, in which the boundaries of the zones are placed at the 

locations of the largest bound cavity within the orders. 

      The results of the simulations on the created models showed that the use of the bound 

cavities method increased the performance of an order picking system, i.e. the total picking 

time was shortened. The use of the bound cavities method improves the performance of a 

“pick and pass” zone order picking system. In a real system, the considered method could be 

applied by monitoring the order picking system during its operation and adapting the 

sequence of execution to the current state (on-line). 
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