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ABSTRACT . Background: A key element of the evaluation of warehouse operation is the average order-picking time. 
In warehouses where the order-picking process is carried out according to the "picker-to-part" rule the order-picking time 
is usually proportional to the distance covered by the picker while picking items. This distance can by estimated by 
simulations or using mathematical equations. In the paper only the best described in the literature one-block rectangular 
warehouses are considered. 
Material and methods: For the one-block rectangular warehouses there are well known five routing heuristics. In the 
paper the author considers the return heuristic in two variants. The paper presents well known Hall's and De Koster's 
equations for the average distance traveled by the picker while completing items from one pick list. The author presents 
own proposals for calculating the expected distance. 
Results: the results calculated by the use of mathematical equations (the formulas of Hall, De Koster and own 
propositions) were compared with the average values obtained using computer simulations. For the most cases the 
average error does not exceed 1% (except for Hall's equations). To carry out simulation the computer software 
Warehouse Real-Time Simulator was used. 
Conclusions: the order-picking time is a function of many variables and its optimization is not easy. It can be done in 
two stages: firstly using mathematical equations the set of the potentially best variants is established, next the results are 
verified using simulations. The results calculated by the use of equations are not precise, but possible to achieve 
immediately. The simulations are more time-consuming, but allow to analyze the order-picking process more accurately. 
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INTRODUCTION 

Despite the growing automation, there are 
still very common warehouses in which the 
order-picking process takes place in 
accordance with the "picker-to-part" rule. In 
those warehouses the order-picking time is 
affected mainly by such activities as: picker's 
movement, searching and extracting items and 
additional operations (scanning, banding, 
paperwork, etc.). The main task to be 
performed to optimize the average order-
picking time is better determination of the 
picker's route. This can be done in a few ways, 
e.g. through: proper location of the pick-up / 
drop-off point (PD), choosing the right order-
picking heuristic and (at the warehouse design 

stage) determining the appropriate number and 
length of aisles in which the items will be 
stored. For the most studied in the literature 
one-block rectangular warehouses (with two 
main aisles) there are well known 5 heuristics 
for determining the picker's route and even the 
very fast algorithm for optimal route. 

At the design stage of storage area when the 
needed number of slots is established, the goal 
is to optimize the number and the length of 
picking aisles and the localization of the PD 
point. This task can be solved by means of 
time-consuming simulations or using 
mathematical equations.  In this paper the 
equations for the average distance traveled by 
the picker while picking the items from one 
pick list and moving according to the return 
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heuristic will be presented. The equations 
discovered by the author and the equations 
known from literature will be compared with 
the results obtained by the use of the 
simulation. 

ORDER-PICKING 

The most laborious and time-consuming 
warehouse process is order-picking (it 
generates approximately 55% of warehouse 
operating costs), which includes retrieving 
items from storage locations in response to 
a specific customer request [De Koster, Le-
Duc and Roodbergen, 2007]. In more detail 
about the functions of order-picking and about 
the possibilities of optimization of this process 
in polish literature treat Krawczyk and 
Jakubiak [2011], Kłodawski and Jacyna 
[2011], Kłodawski [2012] oraz Kłodawski and 
Żak [2013]. 

The problem of optimization the average 
(expected) order-picking time for the specific 
warehouse parameters, the size of pick lists 
and routing heuristic is very important at the 
design stage of warehouses. The task is 
achieved usually by the use of time-consuming 
simulations. The scientists often assume that 
the picker's travel time is an increasing 
function of travel distance [De Koster, Le-Duc 
and Roodbergen, 2007]. Then the issue of 
minimizing the order-picking time can be 
solved by the search of the shortest route. The 
expected distance traveled by the picker can be 
determined in two ways: by the use of 
simulations or mathematical equations. For the 
first time as the statistical problem this task 
was treated by Kunder and Gudehus [1975]. 
Although written in German, the paper is very 
often cited to this day. The issue was further 
developed, among others, by Hall [1993] and 
De Koster and Van Der Poort [1998]. A more 
advanced analysis, taking into account the 
ABC classification based on items turnover 
was carried out by Jarvis and McDowell 
[1991] and Le-Duc and De Koster [2005]. 

The route covered by the picker can be 
determined by one of the following heuristics: 
s-shape, midpoint, return, largest gap and 
combined (the Polish translations of the 
heuristics names can be found in the paper of 

Jacyna and Kłodawski [2012]). There is also 
a very fast Ratliff and Rosenthal algorithm for 
determining the optimal route, although for 
different reasons, it is not used in practice [De 
Koster, Le-Duc and Roodbergen, 2007]. 

The efficiency of the order-picking process 
is directly affected by the appropriate storage 
location assignment. Jakubiak [2013] showed 
that much more important than the method of 
determining the picker's route, is to optimize 
the assignment of items to slots. The problem 
of dynamic allocation of items in the 
warehouse was defined by Lewczuk [2012]. 
These issues, although very important, will not 
be the subject to further analysis in this paper. 
The research will be limited to the return 
heuristic and the attempt to the quick order-
picking time estimation (through the distance) 
using mathematical equations. In the paper two 
ways of order-picking using return heuristics 
will be considered: the first one where all items 
are picked in one cycle and the second one 
where each item (different index) is collected 
in a separate cycle (figure 1). The study will 
take into account two possible locations for the 
Pick-up / Drop-off Point. The equations for the 
order-picking time taking into account the 
technical characteristics of devices that support 
this process (forklift trucks) can be found in 
the paper of Fijałkowski [2003]. 

In the next two chapters the equations for 
the average order-picking time are presented: 
the Hall's and De Koster's conceptions and the 
proposal of the author. The following notation 
was adopted: 
dh  - average distance traveled by the picker in 

the main aisle, 
dv  - average distance traveled by the picker in 

the picking aisles, 
D  - average total distance traveled by the 

picker while completing one pick list: 
D=dh+dv, 

d1  - distance between the entrances to the two 
adjacent picking aisles (figure 2), 

d2  - length of the picking aisle (figure 2), 
n  - number of different items (indexes) on the 

pick list, 
N  - total number of picking aisles, 
j  - number of picking aisle, 
m  - number of slots in one side of the picking 

aisle. 
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a) all items are taken in one cycle 

 
b) each item is taken in a separate cycle 

Source: own elaboration. 
 
 Fig. 1. Two versions of the picker's routing for the return heuristic 
 Rys. 1. Dwie wersje heurystyki return (wszystkie towary pobierane są w jednym cyklu / każdy wyrób pobierany jest 

w osobnym cyklu)      
 

 
Source: own elaboration. 

 
 Fig. 2. The possible locations of the Pick-up / Drop-off points and the basic distances in the warehouse  
 Rys. 2. Możliwe lokalizacje punktu przyjęcia i wydania towarów oraz podstawowe odległości w magazynie      



Tarczyński G., 2015, Estimating order-picking times for return heuristic - equations and simulations. LogForum 
11 (3), 295-303. DOI: 10.17270/J.LOG.2015.3.9 
 URL: http://www.logforum.net/vol11/issue3/no9  
 

298 

 

ESTIMATION OF THE AVERAGE 
DISTANCE TRAVELED BY THE 
PICKER IN THE MAIN AISLE 

The determination of the average distance 
traveled by the picker in the main aisle while 
each item is taken in a separate cycle is 
relatively simple. The picker after taking each 
item returns to the Pick-up / Drop-off point. 
For each item the distance in the main aisle is 
traveled twice: from the PD point to the 
appropriate slot and with the item: from the 
slot to the PD. For the case in which the Pick-
up / Drop-off point is located in front of the 
first picking aisle the average distance can be 
calculated using equation: 

 ( ) 11 dNndh ⋅−⋅=                       (1) 

If the PD point if located in front of the 
middle aisle (when the number of picking 
aisles is odd) or in front of one of the two 
middle aisles (when the number of picking 
aisles is even), the average distance traveled by 
the picker in the main aisle can be calculated 
as follows: 
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It is somewhat more complicated to 
calculate the average distance traveled by the 
picker in the case where in one cycle more 
than one different items (indexes) are 
completed. Hall [1993] noticed that one can 
use the uniform distribution to estimate this 
value. If we assume that the length of the main 
aisle is equal 1, the items from pick list can be 
treated in some approximation as a realization 
of a random variable with uniform distribution 
on the interval <0,1>. Such assumptions are 
acceptable in the case where the demand for 

each stored item is the same (more precisely: 
all items occur on pick lists with the same 
frequency). Then apply the well known 
equations for the expected value of the 
minimum and maximum of n numbers 
randomly generated from the uniform 
distribution: 
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In the case where the Pick-up / Drop-off 
point is located in front of the middle picking 
aisle, the average distance traveled by the 
picker can be calculated by subtracting the 
expected location of the item from pick list 
which is the nearest to the left wall from the 
expected location of the needed item farthest 
from the left wall in the warehouse: 
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This equation will give correct results only 
when the items from each pick list will be 
placed on both sides of the PD point. Hall 
claims that it applies only when the number of 
items n on pick lists is big enough (more than 
5) - figure 3 shows that it should be even up to 
twice greater. Otherwise, Hall shows how to 
modify the formula.  

If the Pick-up / Drop-off point is located in 
the front of first picking aisle, then 
E(min{x1,x2,…,xn})=0, and the modified Hall's 
equation will take the form: 
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Source: own elaboration. 
 
 Fig. 3. The probability of finding all the items from pick list on the one side of Pick-up / Drop-off point (the original 

Hall's equation gives poor results) 
 Rys. 3. Prawdopodobieństwo znalezienia się wszystkich towarów z listy kompletacyjnej po jednej stronie punktu 

przyjęcia i wydania towarów (oryginalny wzór Halla daje błędny wynik)    
   
 
The task of determining the distance 

traveled by the picker in the main aisle can be 
solved in another way: by designating the 
probabilities of passing by the picker next to 
the entrances to the following picking aisles (it 
is not important whether the picker enters the 
picking aisle or not): 

 














>
=
<








 −−








 −−

=
,

,

,

1
1

1

1

ajfor

ajfor

ajfor

N

j

N

jN

P
n

n

j
 

where: 
Pj - probability that the picker will pass next 

to the entrance of j picking aisle, 
a - number of picking aisle with the PD 

point. 

The average distance traveled by the picker 
in the main aisle can than by calculated using 
the equation: 
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When the PD point is located in front of the 
first picking aisle: a=1. Then the equation (5) 
can be reduced to form: 
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When the PD point is located in front of the 
middle picking aisle: 
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ESTIMATION OF THE AVERAGE 
DISTANCE TRAVELED BY THE 
PICKER IN THE PICKING AISLES 

The distance traveled by the picker in the 
picking aisles is - in contrast to the distance 
crossed in the main aisle - independent from 
the location of the Pick-up / Drop-off point. 
For the case in which in one cycle the picker 
picks only one item (one index), the average 
position of the needed item in the picking aisle 
is equal to half the length of the aisle. After 
picking an item the picker has to return to the 
PD point, so the average total distance is equal 
(twice a half) the length of the picking aisle: 

 ( )
m

d
mndv

21 ⋅+⋅= .                            (7) 
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The picker has to enter the picking aisle, so 
a small value has to be added to the distance 
(in the equation (7) in the expression in the 
brackets it was assumed that the distance from 
main aisle to the first slot in the picking aisle is 
equal to the width of a slot, that is why the 
number of slots was increased by 1). The 
equation (7) measures the average distance 
traveled by the picker in the picking aisles 
while completing one pick list, so the result 
has to be multiplied by the number of picked 
items n. 

For the case in which in one cycle more 
different items are collected, the problem is no 
longer so simple. According to the conception 
of Kunder and Gudehus [1975] expanded later 
by Hall [1993] as well as Le-Duc and De 
Koster [2005] the expected value of the 
distance traveled by the picker in the picking 
aisles is equal to the sum of the products of 
expected distance crossed in each picking aisle 
and the corresponding probabilities. For the 
return heuristic the distance traveled by the 
picker in one picking aisle depends on the 
number of items to be picked in this aisle and 
the length of the aisle. If the probabilities of 
occurrence on pick lists for all items are the 
same, then for calculating the expected 
distance in the picking aisles - like in the case 
of estimation the distance crossed in the main 
aisle - one can use the uniform distribution. In 
each picking aisle the picker has to cover the 
distance to the farthest slot with needed item 
and then return to the main aisle. That is why 
the expected value of the maximum of n 
numbers generated from uniform distribution 
has to be multiplied by 2 (and of course by the 
length of the aisle). A little more laborious 
could be the calculation of the probability 
distribution P(x) of the number of items from 
one pick list to be picked in one picking aisle. 
As it is assumed that the number of slots in 
each aisle is the same and the picking 
probabilities for all items are equal, so the P(x) 
distributions for every picking aisle are 
identical, too. Then average distance covered 
by the picker in the picking aisles can be 
calculated as follows: 
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As the calculation of the probability 
distribution P(x) may cause some 
computational problems, the equation (8) can 
be simplified. The expected value of the 
number of picking aisles visited by the picker 
is equal to: 
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The average number of items picked from 
different slots if one picking aisle is equal to 
�

�����
. By making simple substitutions, the 

average distance traveled by the picker in 
picking aisles during completing one pick list  
can be calculated as follows: 
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COMPARING EQUATIONS WITH 
SIMULATIONS 

To check the effectiveness of the equations 
presented in previous chapters, a lot of 
experiments was performed. Using formulas 
the average distance traveled by the picker in 
the main aisle and in the picking aisles was 
calculated for different: number of picking 
aisles, number of slots in one picking aisle and 
the size of pick list. The results were compared 
with average values obtained by the use of 
simulation tool Warehouse Real-Time 
Simulator [Tarczyński, 2013]. The accuracy of 
equations was measured using error function: 

%100⋅−=
sym

sym

d

dd
E  , 

 
where: 
d - value calculated by the use of appropriate 

equation (d=dh ˅ d=dv), 
dsym - average value obtained by simulations. 
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Table 1. Error function values for the distance traveled in the main aisle 

Tabela 1.  Błąd oszacowania odległości pokonanej przez magazyniera w głównym korytarzu 

Error 
Each item picked 
in a separate cycle 

PD by the first aisle 

Each item picked 
in a separate cycle 

PD by the middle aisle 

Whole pick list completed 
in one cycle 

PD by the first aisle 

Average 0,82% 0,37% 0,17% 

Minimum 0,73% 0,01% 0,02% 

Maximum 0,95% 0,94% 0,77% 

Error 
Whole pick list completed 

in one cycle (Hall) 
PD by the first aisle 

Whole pick list completed 
in one cycle 

PD by the middle aisle 

Whole pick list completed 
in one cycle (Hall) 

PD by the middle aisle 

Average 3,61% 0,21% 8,22% 

Minimum 2,18% 0,01% 4,94% 

Maximum 5,86% 0,82% 15,27% 
Source: own elaboration. 

 
 

Table 2. Error function values for the distance traveled in the picking aisles 
Tabela 2.  Błąd oszacowania odległości pokonanej przez magazyniera w bocznych alejkach 

Error 
Each item picked 
in a separate cycle 

 

Whole pick list completed 
in one cycle 
(De Koster) 

Whole pick list completed 
in one cycle 

 

Average 0,90% 0,33% 1,56% 

Minimum 0,14% 0,02% 0,01% 

Maximum 2,07% 1,02% 3,31% 

Source: own elaboration. 
 
 

 
Tables 1 and 2 show obtained values of 

error function. The average error for all 
equations was smaller than 10%. The relatively 
worst results were obtained for Hall's 
conception - especially the original formula (3) 
gave the average value of the error function 
equal to 8,22%, and the maximum 15,27%. 
The value of the error function decreases with 
increasing: the number of picking aisles in the 
warehouse and the number of different items 
of pick lists. For the other analyzed methods of 
estimating the average distance traveled in the 
main aisle the error value is smaller than 1% 
(usually strongly). For the distance covered by 
the picker in the picking aisles best results 
were obtained by the use of De Koster's 
formula (8). For the equation (9), which is 
easier to practical implementation the average 
error is a little bigger, but still acceptable 
(smaller than 2%). 

CONCLUSIONS 

The order-picking time is usually 
proportional to the distance traveled by the 

picker - then in order to compare different 
variants of warehouse functioning and work 
organization one can calculate instead of the 
order-picking time - the average distance 
covered while completing one pick list. The 
mean values of the distance for different 
warehouse parameters and the size of pick lists 
can be designated be the use of simulation 
tools or mathematical equations. Simulations 
give the accurate results and allow to analyze 
the order-picking process in a more complete 
way (among others instead of average values 
one gets a full probability distributions), but 
simulations are usually quite time-consuming. 
The results obtained by the use of 
mathematical equations are not as accurate, 
however, they are possible to achieve 
immediately.  

The average distance traveled by the picker 
while completing one pick-list is a function of 
routing heuristic, the size of pick list and 
warehouse parameters (the number and length 
of picking aisles, the number of slots in each 
picking aisle, the location of Pick-up / Drop-
off point). The problem of designating the 
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optimal values of the number and length of 
picking aisles, when only the number of slots 
in the warehouse is constant can be solved in 
two stages. Firstly, using mathematical 
equations the acceptable configurations are 
determined. Afterwards, by means of more 
time-consuming simulations the results are 
verified, the more precise outcomes are 
calculated and the best variant is chosen. The 
performed experiments show that it suffices to 
consider in the second stage only variants not 
worse than the best one (after the first stage) 
by more than 10%. 

In the paper only one routing heuristic was 
analyzed and it was assumed that the demand 
for all stored items is the same. The problem 
will significantly complicate when the research 
will cover more heuristics, and the items will 
be divided according to ABC classification on 
groups with different rotation ratio. Then the 
proposed two-stage approach will be probably 
the only possible way to optimize the order-
picking time.  
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SZACOWANIE CZASÓW KOMPLETACJI ZAMÓWIE Ń DLA 
HEURYSTYKI RETURN - WZORY I SYMULACJE 

STRESZCZENIE. Wstęp: Kluczowym elementem oceny funkcjonowania magazynu jest średni czas kompletacji 
zamówień. W magazynach, w których kompletacja odbywa się wg zasady "człowiek do towaru" czas kompletacji 
zazwyczaj jest proporcjonalny do dystansu pokonanego przez magazyniera, który może być oszacowany za pomocą 
symulacji lub z wykorzystaniem wzorów matematycznych. W artykule rozpatrywane są najlepiej opisane w literaturze 
magazyny prostokątne jednoblokowe. 
Metody: Dla magazynów prostokątnych jednoblokowych znanych jest 5 heurystyk wyznaczania trasy magazyniera. 
W artykule autor rozpatruje jedną z nich: metodę return (w dwóch wersjach). Przedstawione są wzory na średnie dystanse 
pokonywane przez magazyniera podczas procesu kompletacji zamówień znane z prac Halla i De Kostera. Autor 
przedstawia też własne propozycje. 
Rezultaty: Wyniki uzyskane w wyniku zastosowania wzorów matematycznych (wzory Halla, De Kostera i autora 
artykułu) porównano z rezultatami symulacji komputerowych. Dla większości wzorów średni błąd szacunku nie 
przekracza 1% (wyjątkiem są wzory Halla). Do przeprowadzenia symulacji wykorzystano program Warehouse Real-
Time Simulator. 
Wnioski: Czas kompletacji zamówień jest funkcją wielu zmiennych i jego optymalizacja nie jest zadaniem łatwym. 
Może być jednak przeprowadzana dwuetapowo: najpierw korzystając ze wzorów matematycznych wybiera się zbiór 
wariantów potencjalnie najlepszych, następnie wyniki weryfikuje się za pomocą symulacji. Wyniki uzyskane za pomocą 
wzorów nie są dokładne, ale możliwe do uzyskania natychmiast. Symulacje są bardziej czasochłonne, ale umożliwiają 
pełniejszą analizę czasu kompletacji zamówień. 

Słowa kluczowe: kompletacja zamówień, magazynowanie, heurystyki, symulacje. 

DIE BEWERTUNG VON KOMMISSIONIERUNGZEITEN FÜR DIE 
RETURN-HEURISTIK - FORMELN UND SIMULATIONEN 

ZUSAMMENFASSUNG. Einleitung: Ein wichtiges Element bei der Beurteilung des Lagerbetriebs ist die 
durchschnittliche Zeit der Kommissionierung. Wenn die Kommissionierung nach dem "Mann-zur-Ware"- Prinzip 
stattfindet, dann ist die Zeit üblich proportional zu der Distanz, die der Kommissionierer laufen muss. Die Strecke kann 
mit mathematischen Formeln oder anhand einer Simulation festgelegt werden. Dieser Artikel projiziert rechteckige Ein-
Block-Läger, die in der Fachliteratur am besten abgehandelt sind. 
Methoden: Für die rechteckigen Ein-Block-Läger sind fünf Routing-Heuristiken bekannt. In dem Artikel wurden zwei 
Versionen der Return- Heuristik untersucht. Die Formeln für die Ermittlung mittlerer Distanzen der Kommissionierung 
von Hall und De Koster wurden mit dem Vorschlag des Autors verglichen. 
Ergebnisse: Die durch Anwendung der Formeln gewonnenen Ergebnisse wurden mit Hilfe von Simulationen verifiziert. 
Für die meisten analysierten Versuche betragen die durchschnittlichen Schätzfehler weniger als 1% (nur die Formeln von 
Hall sind die Ausnahme). Die Simulationen wurden im Warehouse Real-Time Simulator durchgeführt. 
Fazit: Die Zeit der Kommissionierung ist die Funktion vieler Variablen und die Optimierung ist nicht einfach. Die 
Minimierung der Distanz und der Zeit der Kommissionierung  kann in zwei Stufen durchgeführt werden. In der ersten 
Stufe werden unter Anwendung der Formeln die besten Varianten ausgewählt. In der zweiten Stufe werden die 
Ergebnisse mit Hilfe von Simulationen verifiziert. Die durch die Anwendung der Formeln gewonnenen Ergebnisse sind 
ungenau, aber per sofort erreichbar. Die Simulationen sind zeitaufwendig, doch die Analyse ist vollständig. 
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