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The main aim of the paper is the analysis of simulation model reflecting selected in-warehouse logistics processes 
in the aspect of their availability. For this purpose, one-aisle machine picking problem with use of a stochastic random 
simulation is studied, with a special focus on reliability of the system to disturbances and maintenance scheduling. 
The methodology in the research consists of classic measures of reliability. The model is designed in order to analyze 
availability of selected parameters of randomly generated order picking process. One of key-results of the paper is 
answer for question if a mean time to failure can be treated as a value of time when the first failure in the system occurs. 
A summary of the contribution includes discussion and the perspectives for further research in the subject matter.
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reduction of traveled distance between picking points, as 
in [3, 11-12]. Many other authors attempted to reduce OP 
process time, as in: [7, 13-14].

In order to achieve as much as realistic simulation 
model as possible, during its building some events, which 
potentially disrupt a regular material-flow should be 
included. This kind of events can be implemented accurately 
or randomly. Retooling, maintenance times, accidents, 
machine failures and many other kinds of disturbances can 
be included in simulation to make it firstly more realistic, 
more adequate to real logistics facility, and secondly 
to execute what-if analyses in order to be ready for 
unpredicted failures or “catastrophes”, which might took 
place in a  logistics facility implemented into simulation 
model. In many simulation software there are at least two 
options for failures modeling [15]. The first one is using 
statistical distribution and the second one is application 
of certain areas based on reliability theory. In the model 
used for this study second option was implemented. By 
the way, paraphrasing of “failure” meaning given in [16], 
it is understood in the paper as a  unit/machine/mean of 
transport/device which has not met user/customer/operator 
requirements in some way during its functioning.

Taking into consideration all the above statements, 
a  model for OP analyses in one aisle in OP area was 
developed (this one aisle is operated by one automated 
machine: an automated storage and retrieval system AS/RS). 
The main objective of this model is to obtain a  sequence 
of any number (by default, one hundred) of durations of 
OP process taking place within OP area in a  hypothetical 

1	 Introduction

The order picking (later: OP) process is deliberated 
as one of the most important among processes in internal 
logistics. It is believed as such because this process is the 
most labor consuming one and it determines the level of 
service experienced by the down-stream customers [1]. 
Moreover, it engages most of resources of all processes 
realized in logistics facilities (that aspect is connected to 
labor consuming), which is confirmed in [2]. In addition, 
this process is considered to be the most time consuming 
[3-4]. All these aspects aim to find out that it is highly 
cost-consuming process. Authors of [5] estimated OP cost 
- they stated that the cost incurred during OP processes is 
from 55% to 75% of total cost for all logistics processes in 
warehouses (it is also mentioned e.g. in [6-7]). OP process 
consists of roughly three phases. The first one is travel to 
the predefined storage location which is non-value-adding 
according to [1], the second one is search of the exact 
location wanted. This phase can be significant while picking 
of small parts, and it is considered also as non-value-adding 
phase. The third phase is connected to three actions: reach, 
take, and deliver to the appropriate in/out spot. This is 
a value-added and the most resistant to automation activity. 

As it was mentioned in many references, the scope of 
scientific elaborations on OP processes is very broad. The 
authors deal with e.g.: strategies used to achieve efficient 
OP process (e.g.: [8-10]), cost estimation based on highly 
detailed and hierarchical analytical or numerical models, 
and reduction of processes duration (or indirectly, by 
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Research results on this subject in the context of 
logistics (and especially intralogistics) are published much 
less frequently. Authors of [21] used chosen KPIs in order to 
analyze the system composed of a machine, a warehouse, 
a  vehicle and customers. Authors realized it in order to 
choose a suitable vehicle type according to different costs 
of this system taking into consideration MTTR and MTBF. 
Authors of [22] prepared a multicriteria rating of the batch 
process method, including four KPIs as technological 
aspects evaluation in this method. KPIs were also used in 
[23] in order to reduce intralogistics costs of spare parts and 
semi-finished products while implementation of digitization 
in maintenance. Authors of [24] used chosen KPIs in order 
to analyze buffers next to assembly lines system with 
material handling. However, several publications touched 
devices availability analyses for internal logistics, these 
were hardly connected to treat it as the main subject matter.

3 	 Methodology, research conditions  
and assumptions

The methodology consists of several parts. At first, 
it involves data compilation and pre-processing (despite 
the model consists of hypothetical data, these must meet 
requirements related to the real-world facilities). Secondly, 
it involves data exploration (mostly, statistics exploration). 
Third part includes developing and experimenting with the 
simulation model, while the last part entails evaluation and 
interpretation of results of the experiments.

In modeling theory, the category of models, which 
selected parameters can be described by random variables, 
distinguishes deterministic and stochastic models. 
In a deterministic model none of random variables are 
implemented. Stochastic model contains at least one 
variable of random kind [17, 25-26]. The model considered 
in this paper is stochastic one.

The main assumptions of this simulation model are 
connected to the fact that it realizes a sequence of randomly 
matched picking lists. The particular picking list is described 
by two parameters. The first one is the number of lines in 
each picking list that correspond to assortment of products 
to be picked during certain order realization. The second 
parameter is the quantities of items of a certain product to 
pick from a certain shelf in OP area. The number of lines in 
each picking list (of a j-th element in the sample for k-th 
experiment) reaches the scope of w(j,k) = {1,…,10}, and the 
quantities of i items to pick (per line in a k-th experiment) 
are within the scope of p(i,j,k) = {1,…,10}. Picking lists are 
generated as a  result of initiation of adequate procedure 
with pseudorandom number generator (PRGN) included 
in the simulation model, and this PRGN is defined and 
constructed by first author based on the logistics map. It 
starts from random numbers uniformly distributed between 
0 and 1, generated by a suitable standard random number 
generator (p*(1,1,k) in Equation (1)), and obtains the sizes 
of items to be picked using bifurcation of the logistics map 
(value 4 in Equation (1) ensures that the data structure is 

warehouse. This paper is connected to the simulation 
model presented in [17] (briefly described in third section 
of the paper, the one connected to methodology). For 
this paper, the model would be analyzed in the context of 
the accessibility of machine contributing to OP process 
operation and in the context of other concepts related 
to mentioned accessibility. Therefore, it can be assumed 
that the following parameters are analyzed with use of 
the model: availability, mean time to failure, mean time 
between failures, mean downtime, mean time to diagnose, 
mean time to recovery, failure rate, etc. One of the aims of 
the article is to answer the following research question. Can 
the simulated times up to the first failure of the means of 
transport and the times obtained on the basis of calculated 
statistical values for selected accessibility characteristics 
be treated identically? In other words, can the mean time 
to failure, calculated from the generalized mean time to 
failure equation, be treated as the value of time when the 
first failure in the model occurs? It seems to be important 
question, especially that a wide range of innovative concepts 
make transport systems (and equipment) more efficient and 
competitive [18], therefore these systems and equipment 
need to be analyzed adequately.

2 	 Literature review

Several equations for assessing availability of agents 
(e.g. means of transport) taking part in a  process can be 
found in literature. These equations are based on available 
data on damage to components over time. These data 
are used in order to create an availability model, which 
is designed to reproduce as faithfully as possible an 
operating process of a machine/vehicle, etc. However, when 
hypothetical facilities are analyzed, no historical data is 
connected to any failures in the process. For this reason, 
a  simulation modeling may be implemented for analyses. 
Simplifications are adopted for such models, which are 
described in methodology section.

The origin of using mean time between failures 
(MTBF), mean time to recovery (MTTR) was in computer 
science and information technology and later in operational 
management. At first, it was used in order to determine 
the durability of hard drives. Author of [14] described core 
principles of reliability in software engineering.

As Authors of [19] mentioned, most of companies 
implement lean management for their operational 
realization. One of the methods, which is connected to lean 
management is Total Productive Maintenance (TPM). MTBF, 
MTTF, MTTR and OEE (Overall Equipment Effectiveness) 
are some of many key performance indicators (KPIs) 
allowing to analyze disturbances and failure rates of 
production processes. In the mentioned paper, it is used 
for windscreen wipers production, assembly process and 
internal transport analyses. Meanwhile, Authors of [20] 
use the term of mean time between overhaul furthermore 
- since this parameter is used mostly for engines, it is not 
considered here.
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[min] divided by the numbers of malfunctions n
out

 (unitless 
parameter) given according to Equation (3).

/MTTR T nout out= 	 (3)

MTBF is mean time between failures or disruptions 
in the operation of a product, process, procedure, design, 
machine, unit, mean of transport. Mean time between 
failures assumes that a  product - or any other mentioned 
entity - can be repaired, and a product can then resume its 
normal operations [30]. According to [29], the mean time 
between failures MTBF is given according to Equation (4) 
in [min].

/MT T nBF T out out= -^ h 	 (4)

And based on Equations (2)-(4), the availability can be 
expressed by MTTR and MTBF parameters, as in Equation 
(5) - as such is exposed also in [15].

/MTBF MTBF MTTRTh = +^ h 	 (5)

MTTF (Mean Time To Failure) determines the average 
operating time of a  device from the beginning of its 
operation or from its last repair to the first failure [31]. This 
parameter is particularly important for systems in which 
single operations last a  long time - small values of MTTF 
significantly reduces a  probability of correct completion 
of a  single operation. In a  lot of design, components and 
devices, a  value of MTTF is especially near to a  value of 
MTBF (Mean Time Between Failures). Typically, MTBF 
is slightly longer than MTTF [31]. MTTF should be used 
for non-repairable items, however it has been studied 
here in order to examine the interdependence of different 
parameters of this type.

In the paper [32] and book [33], the availability is given 
as Equation (6).

/ /MTTF MTTF MTTR MTTF MTBFTh = + =^ h 	(6)

Equation (5) is used in the case, when it is dealing with 
impact of a  repairable element on availability of a system 
(refurbishing/remanufacture is not understood as repair, 
but rather replacement). And the Equation (6) is used when 
it is dealing with impact of a one-off/non-repairable element 
on availability of a system, in which it operates (an element 
could be refurbished/remanufactured) [30]. The simulation 
model is assumed to deal with a  situation, where replace 
parts in equipment subject to failure is possible - therefore 
Equation (5) is used.

Failure rate [min-1] is the total number of detected 
defects divided by the total number of samples observed, 
and according to [32] is as given in Equation (7).

/MTBF1n= 	 (7)

Failure frequency (unitless parameter), according to 
[32], is given as in Equation (8).

chaotic), inspired by [27] (in order to obtain integer values 
of p(i,j,k), a multiplier by 10 is entered). A picking list in 
the model is a series of orders not known in advance that 
have to be served one after another. More details and PRGN 
verification are given in [28]. 
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In order to generate picking lists, logistic differential 
equation is used in the model. It ensures gaining PRGN 
values which are more random than in the case of using 
simply probability distribution. Empirical research with use 
of simulation model proved that in the case of using chosen 
probability distribution results were repeatable in the case 
of 80% of experiments [17]. In order to exclude repetition, 
logistic differential equation was introduced.

The simulation model allows to study several 
parameters connected to reliability and availability of 
means of transport used in examined logistics facility. 
Mentioned parameters are directly connected to reliability 
or having an impact on it (indirect impact). These 
parameters are: processing time, recovery time, cycle 
time, capacity, mean time to repair, availability. Moreover, 
the group of parameters can be broadened by another 
ones, which might be useful in a study of reliability and 
availability of machines and means of transport that are 
not unambiguously defined in the software and require 
to be redefined in simulation model. These parameters, 
not exclusively, are mean time to failure (MTTF), mean 
time between failures (MTBF), estimated percentage of 
simulation time during which a mean of transport failure 
may occur (f(k); this is parameter similar to unavailability 
- the difference is that f(k) is stochastic parameter, which 
value is drawn on the basis of PRGN built into the software 
and its value in relation to availability Th  is characterized 
by the relation f k 1 T1 h-^ h , whereas unavailability ThQ  
is characterized by the following relation 1T Th h= -Q .

The simulation model has been satisfactory verified 
before and verification proved that the difference between 
the results of the simulation model and the analytical model 
is at acceptable level of 3.5%. The model was not validated, 
since it is hypothetical warehouse.

According to [29], the availability is equal to the 
probability of a unit/machine/mean of transport when it 
is operated correctly and without any malfunctions. It is 
determined by Equation (2), where: Th  is parameter of 
availability (unitless parameter), T is total operating time 
[min] and T

out
 is a sum of individual periods of downtime 

[min].

/T T TT outh = -^ h 	 (2)

According to [29], mean time to repair (known also 
as mean time to restore, mean time to recovery as in [12] 
or mean downtime, [min]) MTTR is total downtime T

out 
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calibrating test equipment; dispatching personnel; reviewing 
technical manuals; complying with supply procedures; and 
awaiting transportation [37]. Operation availability (unitless 
parameter) may be calculated according to Equation (10) 
[38].

/MTBM MTBM MTT MLDTTOh = + +^ h 	 (10)

The entire simulation model is predefined, verified 
and realistic thanks to usage of PRGN of two kinds: the 
predefined in simulation software and the one prepared 
by paper’s first author - specifications of them are given 
in the paper. The software predefined PRGN includes 
MLDT (it was assumed that MLDT is a  result of PRGN 
implementation), therefore instead of computing operation 
availability, in this paper inherent availability is computed.

4	 Results discussion

Results of k experiments on the model are gathered in 
Table 1 and Table 2. Experiments allowed to obtain several 
facts connected to availability, based on values given in 
Table 1:
•	 with the increase of MTTR(k) ( Th  = const) values of 

operating time oscillate similarly as mean values of OP 
times given in Figures 1-3;

•	 with the increase of MTTR(k) ( Th  = const), MTTF(k) 
and MTBF(k) increase exponentially (Figures 4-6) 

/T MTTRoutx= 	 (8)

Literature distinguishes three types of availability: 
inherent, operational and achieved.

Inherent availability TIh^ h  is understood as availability 
of a system with respect only to operating time and 
corrective maintenance. Parameter TIh  is equal to Th , 
given as Equation (5). It does not include standby and delay 
times and mean logistics delay time (MLDT) [34].

Achieved availability TAh^ h  is understood as 
availability of a system with respect to operating time 
and both corrective and preventive maintenance (unitless 
parameter). It ignores mean logistics delay time (MLDT) 
and may be calculated according to Equation (9) in [min], 
where MTBM [31] is mean time between maintenance 
in [min] and MMT is mean maintenance time in [min] 
[35]. MMT is a measure of maintainability duration - 
preventive and corrective maintenance are taken into 
account. It is calculated by adding the preventive and 
corrective maintenance time and dividing it by the number 
of scheduled and unscheduled maintenance operations 
during a stated period [36].

/MTBM MTBM MTTTAh = +^ h 	 (9)

Operational availability TOh^ h  is differentiated from 
achieved availability by the fact it includes mean logistics 
delay time (MLDT). MLDT is the indicator of an average time 
a system is awaiting maintenance and generally includes 
time for locating parts and tools; locating, setting up or 

Table 1 Summary of the parameters for assessing the availability of AS/RS 

k
f(k) 

[%]

MTTR(k) 

[min]

Th  

[-]

Operating 
time 

[min]

MTTF(k) 

[min]

MTBF(k) 

[min]

kn^ h  

[min-1]
Failed [%]

kx^ h  

[-]

1 10 1 90 1683.94 8.10 9 0.11111 10.04 169.0675760

2 10 3 90 1737.26 24.30 27 0.03704 10.19 59.0089313

3 10 9 90 1801.22 72.90 81 0.01235 9.20 18.4124711

4 10 27 90 1808.93 218.70 243 0.00412 9.28 6.2173594

5 10 81 90 1682.32 656.10 729 0.00137 8.75 1.8173210

6 10 243 90 1666.35 1968.30 2187 0.00046 14.78 1.0135246

7 20 1 80 1750.16 3.20 4 0.25000 20.17 353.0072720

8 20 3 80 1793.90 9.60 12 0.08333 20.23 120.9686567

9 20 9 80 1914.29 28.80 36 0.02778 21.06 44.7943860

10 20 27 80 1972.89 86.40 108 0.00926 18.70 13.6640900

11 20 81 80 1929.83 259.20 324 0.00309 18.06 4.3028061

12 20 243 80 1666.35 777.60 972 0.00103 20.85 1.4297694

13 30 1 70 1865.32 1.63 2.3 0.42857 30.23 563.8862360

14 30 3 70 1892.27 4.90 7 0.14286 30.87 194.7145830

15 30 9 70 2027.49 14.70 21 0.04762 31.09 70.0385157

16 30 27 70 2054.09 44.10 63 0.01587 26.63 20.2594136

17 30 81 70 2214.97 132.30 189 0.00529 25.92 7.0879040

18 30 243 70 1860.62 396.90 567 0.00176 23.19 1.7756287
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c.a. MTTR(k) (MTBF can be understood as a sum of 
MTTF and MTTR);

•	 the Figures 1-3 show the duration of OP process 
obtained for 18 simulation experiments - the values 
of OP process time are given as average values from 
100-elements samples (100 runs of the simulation 
model). Figures 1-3 show that the duration of OP 
process does not increase while MTTR increasing, 
however changes of durations for consecutive 
experiments can be described by second-degree 
polynomial functions with determination coefficient, 
each given in consecutive figure, for every next 
experiment. Nevertheless, increasing of f(k) parameter 
and decreasing of availability Th  make OP process 

which confirms the theory and confirms that the 
simulation model was verified accordingly;

•	 10% reduction in availability results in a halving of 
MTTF(k) and MTBF(k) values (Figures 4-6);

•	 with the increase of MTTR(k) ( Th   =  const), failure 
rate kn^ h  and failure frequency kx^ h  decrease 
exponentially, proportional to values of MTTF(k) and 
MTBF(k), Figures 7-8;

•	 failure rate kn^ h  and failure frequency kx^ h  decrease 
with reduction of availability Th ;

•	 as it was mentioned before, MTBF is a little bit longer 
than MTTF - this research proved the theory; and the 
difference between MTBF(k) and MTTF(k) is equal to 

Table 2 Usage of AS/RS, where: mean value of OP process time ,t k PS^ h , standard deviation, s ,t k PS^ h  and mean squared 

error of the mean value s ,t k PS^ h

k

Operational
Failed 

[%]
,t k PS^ h   

[min]
s ,t k PS^ h  
[min]

s ,t k PS^ h  
[min]

k

Operational
Failed 

[%]
,t k PS^ h   

[min]
s ,t k PS^ h  
[min]

s ,t k PS^ h  
[min]

Working

[%]

Waiting

[%]

Working

[%]

Waiting

[%]

1 77.54 12.42 10.04 16.84 0.94 0.09 10 63.28 18.02 18.70 19.73 1.16 0.12

2 78.75 11.06 10.19 17.37 1.07 0.11 11 65.00 16.94 18.06 19.30 1.73 0.17

3 80.19 10.61 9.20 18.01 1.01 0.10 12 58.13 21.02 20.85 16.66 0.98 0.10

4 76.25 14.47 9.28 18.09 0.77 0.08 13 47.12 22.65 30.23 18.65 0.53 0.05

5 81.96 9.29 8.75 16.82 0.95 0.10 14 46.33 22.80 30.87 18.92 1.47 0.15

6 67.74 17.48 14.78 16.66 0.98 0.10 15 45.63 23.28 31.09 20.27 2.15 0.22

7 62.38 17.45 20.17 17.50 0.79 0.08 16 51.07 22.30 26.63 20.54 1.80 0.18

8 60.51 19.26 20.23 17.93 0.77 0.08 17 52.40 21.68 25.92 22.15 2.48 0.25

9 60.60 18.34 21.06 19.14 1.57 0.16 18 55.40 21.41 23.19 18.61 2.49 0.25

Table 3 Comparison of MTTF and FTOF (in relation to operating time) 

k
MTTF(k) 

[min]

FTOF(k) 

[min]
k

MTTF(k) 

[min]

FTOF(k) 

[min]
k

MTTF(k) 

[min]

FTOF(k) 

[min]

1 8.10 14.90 7 3.20 138.33 13 1.63 4.25

2 24.30 42.20 8 9.60 41.50 14 4.90 24.90

3 72.90 179.10 9 28.80 220.40 15 14.70 47.56

4 218.70 413.80 10 86.40 379.10 16 44.10 95.10

5 656.10 1180.90 11 259.20 1283.43 17 132.30 275.00

6 1968.30 * 12 777.60 * 18 396.90 1205.70

Figure 1 Mean value of OP process time that accrue  
on the experiments k = {1,…,6}

Figure 2 Mean value of OP process time that accrue on the 
experiments k = {7,…,12}
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5	 Conclusion

Availability analysis allows to determine when 
a  machine should be replaced or when a  machine should 
be passed for technical inspection. In such cases, each 
component of a machine would have to be treated separately 
and not as a whole. For key machines the following principle 
is generally adopted: preventive replacement of parts every 
85% MTBF [39]. This can be understood that a device should 
be inspected after this time. At current stage of the model, 
it can only be concluded that some unspecified failures may 
occur. It is worth noting that in the model, it is not so much 
the device’s interference analysis that is important, but the 
process of internal transport and OP technologies. With this 
assumption, the model is fully functional, and the analyses 
are satisfactory.

times longer what was expected. In all three cases 
of f(k), the best approximation turns out to be the 
polynomial of the second degree. All trend diagrams are 
plotted within the limits range of the standard deviation 
accompanying the bars of the average duration of 
OP processes for the individual experiments with 
consecutive numbers of k;

•	 MTBF should be as short as possible and it is an overall 
indicator of reliability and effectiveness/efficiency, 
therefore MTTR should be as short as possible.

Comparison of MTTF and first time of failure FTOF is 
given in Table 3. In the case of records with asterisks, the 
failure did not occur during the experiment; after two days 
of operation time the simulations were interrupted.

Figure 3 Mean value of OP process time that accrue  
on the experiments k = {13,…,18}

Figure 4 Comparison of MTTF and MTBF that accrue  
on the experiments k = {1,…,6}

Figure 5 Comparison of MTTF and MTBF that accrue  
on the experiments k = {7,…,12}

Figure 6 Comparison of MTTF and MTBF that accrue  
on the experiments k = {13,…,18}

Figure 7 Changes of failure frequency kx^ h  that accrue  
on the experiments k = {1,…,18}

Figure 8 Changes of failure rate kn^ h  that accrue  
on the experiments k = {1,…,18}
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is 0.88, therefore the correlation is strong and positive 
(two pairs of values were excluded, k  =  {6, 12} - in their 
case any failure did not occur during the experiment; after 
2 days of operation time the simulations were stopped). 
The FTOF values for each k were obtained from individual 
experiments - in future studies further experiments will be 
conducted in order to enrich verification of the research 
question.

In the introduction section of the paper research 
question was given: can the mean time to failure, calculated 
from the generalized mean time to failure equation, be 
treated as the value of time when the first failure in 
the model occurs? Based on the data obtained during 
computation with the model, the answer is “no”, because 
of difference in pair of values MTTF(k) and FTOF(k) given 
in Table 3. However, after computing Pearson correlation 
coefficient for MTTF and FTOF, the value of the coefficient 
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