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Original scientific paper 
In this paper a method for throughput performance calculation of shuttle based storage and retrieval systems (SBS/RS) is presented. SBS/RS represent a 
new technology in automated storage and retrieval systems. Since it is important to design SBS/RS right the first time due to the relative inflexibility of 
the physical layout, we provide a proposed method for the throughput performance calculation of these systems. The performance of the system is 
considered as a throughput capacity of the SBS/RS as a whole.  
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Metoda za procjenu protočne performance automatiziranih skladišnih sustava s vozilima 
 

Izvorni znanstveni članka 
U ovom radu prezentira se metoda proračuna protočne performanse skladišnih sustava sa shuttle-ovima/vozilima (eng. SBS/RS). SBS/RS zastupaju novu 
tehnologiju automatiziranih skladišnih sustava. S obzirom na važnost ispravnog oblikovanja (projektiranja) SBS/RS sustava "od prve" zbog relativne 
nefleksibilnosti fizičke izvedbe, prezentira se predložena metoda proračuna protočne performanse takvih sustava. Performansa sustava razmatra se kao 
protočni kapacitet SBS/RS kao cjeline. 
 
Ključne riječi: automatizirana skladišta; analiza performansi; protočni kapacitet; sustavi s vozilima (shuttle-ovima) 
 
 
1 Introduction 
 

Warehouses are critical for supply chains. To be able 
to increase space utilization in a warehouse, managers 
prefer a high-rise storage area with a relatively small 
footprint. Having numerous numbers of tiers in storage 
area creates necessity for fast and efficient storage and 
retrieval system to store/retrieve loads to/from storage 
locations to increase the throughput capacity. With 
advances in technology, new automated material handling 

technologies providing greater responsiveness and 
additional flexibility in fulfilling orders have been 
developed [1]. A major segment in the material handling 
industry is the Automated Storage and Retrieval System 
(AS/RS). There are primarily two types of AS/RS – 
traditional, Crane-Based Automated Storage and Retrieval 
System (CBAS/RS) and the Autonomous Vehicle-Based 
Storage and Retrieval Systems (AVS/RS). 

 

 
Figure 1 Shuttle based storage and retrieval system [23] 

 
CBAS/RS are widely used in warehouses throughout 

the world. CBAS/RS usually consist of conveyors, 
storage racks and automated Storage/Retrieval (S/R) 
machine (crane) [2]. The S/R machine is fully automated 
and can travel in narrow aisles between the storage racks 
to store and retrieve loads. The S/R machine can 
manipulate either pallets (unit load AS/RS) or 
totes/cartons (mini-load AS/RS). The major difference 
between the unit-load and the mini-load system is in the 
S/R machine design. The latter has the consequence on 
the kinematic properties of the crane and the hoisted 

carriage, which can reach higher velocities and 
throughput in the case of the mini-load systems. 

Advances in Autonomous Vehicle (AV) hardware 
technologies have helped manufacturers of material 
handling systems to pursue the use of AV instead of 
fixed- cranes in Unit-Load (UL) warehouses. AVS/RS, a 
relatively new technology for automated UL warehouses, 
has been implemented at scores of facilities, primarily in 
Europe [3]. Due to the ability of accessing any storage 
positions in the storage racks and flexibility in changing 
the number of AV, this system has advantages compared 
to traditional CBAS/RS.  
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Shuttle Based Storage and Retrieval System 
(SBS/RS) is a new technology in AVS/RS and usually 
works with aisle and tier captive shuttles. This new 
technology is mostly used for mini-load warehouses [4, 
5]. The vertical movement of totes is facilitated by 
elevators lifting table mounted along the periphery of the 
storage racks. Shuttle carriers follow horizontal 
movement. 

It is important to design SBS/RS right the first time 
due to the relative inflexibility of the physical layout and 
the equipment. To be able to evaluate the performance of 
these designs, fast working method is required. In this 
paper, the proposed method for the throughput 
performance calculations of SBS/RS is presented.  
 
2 Literature review 
  

AVS/RS is first studied by Malmborg [3]. Malmborg 
[6] proposes an analytical model for estimating the 
proportion of Dual Command (DC) cycles in AVS/RS.  
The proposed model provides a useful tool in predicting 
the DC cycles, although it has some limitations.  

Kuo et al. [7] proposed another analytical model for 
AVS/RS predicting the resource utilization performance 
measure. The proposed model is performed on twelve 
different scenarios to test its efficiency. It is observed that 
the proposed analytical model provides good estimates of 
vehicle utilization and system cost for the studied 
AVS/RS. Later, Kuo et al. [8] proposed a model based on 
a queuing network approach to estimate the performance 
measures from AVS/RS. The model is capable of 
efficiently generating estimates of resource utilizations in 
AVS/RS based on alternative class-based storage 
schemes. 

Fukunari and Malmborg [9] developed an efficient 
cycle time model for AVS/RS based on queuing 
modelling and compare their performance with traditional 
CBAS/RS. The model is based on an iterative 
computational scheme considering random storage 
assignment policy. This model also improves upon earlier 
models by scaling efficiently for large problems. The 
performance of the procedure is shown on realistically 
sized problems. Later, Fukunari and Malmborg [10] 
proposed another queuing network approach estimating 
the resource utilizations in AVS/RS. This model also 
provides reasonably accurate estimates for the resource 
utilization of the studied system.  

Zhang et al. [11] studied a queuing modelling 
approach to estimate the waiting times of transactions in 
AVS/RS. The proposed model is variance based that 
dynamically selects among three alternative queuing 
approximations based on the Squared Coefficient of 
Variation (SCV) of transaction inter-arrival times. The 
proposed model’s results show greater accuracy in 
estimation of transaction waiting times and thereby 
enabling more effective design conceptualization. They 
also present the proposed models via online tools to let 
the warehouse designers and analysts develop alternate 
AS/RS and AVS/RS warehouse configurations. 

Recently, Ekren et al. [12], Ekren [13] and Ekren and 
Heragu [14] have studied simulation based performance 
evaluation of AVS/RS. They study near optimum storage 
rack configuration design under pre-defined scenarios of 

number of vehicles and lifts in the system. They use 
simulation based regression analysis [15] and implement 
a design of experiments for an AVS/RS to identify factors 
affecting its performance [15]. 

Roy et al. [16] studied a Semi-Open Queuing 
Network (SOQN) model to evaluate the design trade-offs 
in a single tier of an AVS/RS. Their model captures the 
effect of location of the vehicles within a tier using 
multiple vehicle classes and class switching probabilities. 
They solved the developed SOQN model by a 
decomposition approach. The results suggest that having 
multiple zones is better due to reduction in travel time 
along the cross-aisle. 

Ekren et al. [17, 18] also study SOQN to model an 
AVS/RS. They use their pre-proposed extended algorithm 
[19] to calculate the performance measures, particularly 
utilization of resources and waiting times in resource 
queues, from the system. By this study, they showed that 
the system could be modelled by SOQN and solved 
efficiently by their extended algorithm. 

The most related paper to the studied system is 
completed by Carlo and Vis [4]. They study a type of 
SBS/RS where there are two non-passing lifting systems 
mounted along the storage rack. They complete their 
study for a company providing solutions on these 
systems. They focus on scheduling problem where two 
(piece-wise linear) functions are introduced to evaluate 
candidate solutions. 

Later, Marchet et al. [20] simulated an SBS/RS to 
observe the main trade-offs. They considered several 
warehouse design scenarios in terms of storage rack 
design. They provide several performance measures from 
the system also including cost. 

Lerher et al. [21] study multi-objective optimization 
for automated warehouses. For the solution procedure, 
they utilized genetic algorithm. Recently, Lerher [22] and 
Lerher et al. [5] have studied energy efficient warehouse 
design in automated warehousing, e.g. in SBS/RS. The 
proposed models enable reduction of energy consumption 
and consequently the CO2 emissions produced in SBS/RS 
warehouses. Several design scenarios are considered in 
terms of storage rack design and material handling 
equipment velocities to test how the energy consumption 
is affected by these designs. By these studies, it is 
believed that the energy and environment aspect 
indubitably brought changes into planning of warehouses 
and caused a great challenge for those who are engaged in 
the automated warehousing planning process. Lerher at al. 
[23] proposed analytical travel time model for the 
computation of travel (cycle) time for SBS/RS. The 
proposed model considers the operating characteristics of 
the elevators lifting table and the shuttle carrier, such as 
acceleration and deceleration and the maximum velocity. 
The proposed model enables the calculation of the mean 
travel (cycle) time for the single and dual command 
cycles, from which the performance of SBS/RS can be 
evaluated.  

Smewet al. [24] presented a simulation study to 
define trade-off between the conflicting objectives of 
maximising customer service level and minimising Work-
In-Process. Bekker [25] proposed a computationally 
economic approach to optimise throughout rate and 



T. Lerher i dr.                                                                                        Metoda za procjenu protočne performance automatiziranih skladišnih sustava s vozilima 

Tehnički vjesnik 23, 3(2016), 715-723                                                                                                                                                                                                             717 

allocated buffer space, which are the two conflicting 
objectives of the buffer allocation problem. 

Regarding the warehouse informatization, Erkan and 
Can [26] proposed Analytic Hierarchy Process (AHP) and 
Fuzzy Analytic Hierarchy Process (FAHP) for selecting 
between barcode and Radio Frequency Identification 
(RFID) systems for the company warehouse data 
collection system. 

Different from the existing studies, we propose the 
throughput performance calculations method of SBS/RS 
by implementing several warehouse designs. We show 
our results for the selected velocity profile of the elevators 
lifting table and for the shuttle carrier and several 
scenarios for storage rack configurations. 

 
3 Method for the throughput performance calculations 

 
 SBS/RS are composed of elevators with lifting tables 
that are attached on a mast, shuttle carriers, buffer 
positions and the storage racks (Fig. 1). 

The elevators lifting table provides vertical 
movement for totes to reach the prescribed tier in the 
SBS/RS. The elevators lifting table can reach up to vy = 
1,5 m/s and more. Elevators are usually bottlenecks in the 
system so that they determine the performance of the 
whole system [22, 23]. 

A shuttle carrier is a tier-captive autonomous vehicle 
with four wheels that transports totes from buffer position 
to storage locations in the storage racks. It is equipped 
with telescopic attachment for manipulating totes. The 
maximal weight of a tote should not exceed 50 kg/shuttle 
carrier and its dimensions should be in the range of: min. 
(150 × 200 × 80) mm, max. (600 × 400 × 250) mm. A 
shuttle carrier can travel up to vx = 4 m/s [22, 23]. 

In SBS/RSs, there is usually a single shuttle carrier in 
each tier of storage rack (tier-captive system). This 
assumption can be released if we use a special shuttle 
elevator at the back of the storage rack, for moving shuttle 
carriers up and down to the prescribed tier in the storage 
rack (tier-to-tier system) [22, 23].There are two buffer 
positions, each serving one side in storage rack at each 
tier. These positions are used for buffering totes carried 
by lifts for storage process and by shuttles for retrieval 
process. The storage rack is composed of storage columns 
C. By multiplying storage columns C in the horizontal 
and tiers T in the vertical direction, the total number of 
storage locations Q is achieved. 

When building the simulation model of SBS/RS, the 
following assumptions and notations were considered 
[23]. 
• The SBS/RS is divided into two sides in an aisle. So, 

totes can be stored at either side in a tier.  
• The input/output (I/O) location of the SBS/RS is 

located at the first tier, next to the lift location (Fig. 1).  
• The storage rack is divided by columns and tiers. At 

each tier, there are two buffer positions (left and right) 
and a single shuttle carrier (aisle-captive system). 

• The elevator manipulates two lifting tables 
independently one of which is located at the left side 
and the other one is located at the right side of the 
elevator. Each lifting table can serve one tote at a time 
(Fig. 1). 

• The elevator and shuttle carrier complete single and 
dual command cycles.  

• Drive characteristics (vy, ay) of the elevators lifting 
table as well as the height HSR of the storage rack are 
known in advance. 

• Drive characteristics of the shuttle carrier (vx, ax) as 
well as the length LSR of the storage racks are known 
in advance. 

• The height HSR and length LSR of the storage racks are 
large enough for the elevators lifting table and the 
shuttle carrier to reach their maximum velocity vmax in 
the vertical and in the horizontal direction. 

• Randomized assignment policy is considered which 
means that any storage position is equally likely to be 
selected for storage or retrieval location to be 
processed. 
 
We summarize the acronyms and notations in the 

paper as listed below: 
Abbreviations: 

AS/RS  Automated storage and retrieval systems. 
AVS/RS Autonomous vehicle storage and 

retrieval systems. 
AV Autonomous vehicle. 
CO2 Carbon dioxide. 
SCV Coefficient of variation. 
CBAS/RS Crane based automated storage and 

retrieval systems. 
DC   Dual command. 
I/O Input and output. 
SOQN Semi-open queuing network. 
SBS/RS Shuttle based storage and retrieval 

systems. 
SC   Single command. 
S/R Storage and retrieval. 
UL Unit load. 

Symbols: 
a Acceleration/deceleration. 
ax Acceleration/deceleration of the shuttle 

carrier in the horizontal direction. 
ay Acceleration/deceleration of the 

elevators lifting table in the vertical 
direction. 

d(T) Distance in dependence of time. 
η Efficiency. 
τ Expected bottleneck. 
htote   Height of the tote (plastic container). 
hCOM  Height of the storage cell (tier). 
HSR Height of the storage rack. 
ltote   Length of the tote (plastic container). 
lCOM  Length (depth) of the storage cell. 
LSR Length of the storage rack. 
T   Number of tiers. 
C   Number of columns.  
A   Number of aisles. 
vmax Maximum velocity. 
T(SC)lift Single command cycle time of the 

elevators lifting table. 
T(DC)lift Dual command cycle time of the 

elevators lifting table. 

( )liftDCT  Mean dual command cycle time of the 
elevators lifting table. 
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T(SC)shuttle Single command cycle time of the 
shuttle carrier. 

T(DC)shuttle Dual command cycle time of the shuttle 
carrier. 

( )shuttleDCT Mean dual command cycle time of the 
shuttle carrier. 

tP/S shuttle Pickup and set-down time of the shuttle 
carrier. 

tP/S lift Pickup and set-down time of the 
elevators lifting table. 

λ Throughput capacity. 
λ(DC)lift Throughput capacity of the elevators 

lifting table. 
λ(DC)shuttle Throughput capacity of the shuttle 

carrier. 
λ(DC) Throughput capacity of SBS/RS in one 

aisle. 
λ(DC)SBS/RS Throughput capacity of SBS/RS as a 

whole. 
T Time. 
v(T) Velocity in dependence of time. 
vx Velocity of the shuttle carrier in the 

horizontal direction. 
vy Velocity of the elevators lifting table in 

the vertical direction. 
Q Warehouse volume. 
wtote   Width of the tote (plastic container). 
wCOM  Width of the storage cell. 

 
3.1 Simulation model of SBS/RS  
 

To facilitate the performance evaluation of the 
SBS/RS, the discrete event simulation was employed 
[23].The simulation model begins with the process which 
marks all storage locations in the SBS/RS according to 
the prescribed storage area. After creating the list of free 
storage locations, enter in the simulation model the first 
tote, which is situated in the input/output (I/O) location of 
the SBS/RS. Further on, the tote receives a sign, which 
belongs to the buffer position in the ith tier and the storage 
location in the ith tier. The elevators lifting table picks up 
the tote from the I/O location and moves to the buffer 
position in the ith tier.  

After conducting transport to the buffer location in 
the ith tier, the elevators lifting table set down the tote, 
which is waiting to be moved by a shuttle carrier. Next 
the shuttle carrier picks up the tote from the buffer 
position in the ith tier and travels to the jth storage location, 
where the tote is set down by a shuttle carrier. For the 
storage operation, the randomized storage policy has been 
used. Next, the tote that has been stored the ith storage 
location is put on the waiting list by a computer 
(computer data base), where it waits for the retrieval 
operation. For the retrieval process the random request 
selection rule has been used.  

After the storage operation in the ith tier, the shuttle 
carrier travels to the jth retrieval location. The retrieval 
location is positioned in the same tier (application of the 
tier-captive system). Next, the shuttle carrier picks up the 
tote and moves to the buffer position in the ith tier, where 
the tote is picked up by the elevators lifting table. 

The average cycle time for the transaction is therefore 
associated with moving of the elevators lifting table and 
travelling of the shuttle carrier.  
 Movement of the elevators lifting table and travelling 
of the shuttle carrier in the simulation model is based on 
the velocity-time dependence. Two types of velocity 
profiles can be distinguished depending on whether the 
obtained peak velocity v(tp) is less than vmax(type I) or 
equal to vmax (type II) (Fig. 2). It can be verified that time 
T <2vmax / a for type I and T >2vmax / a for type II [23]. 

 

 
Figure 2 Velocity time dependence for type I and II [23] 

 
Velocity-time dependence for type I 

 
The velocity in dependence of time v(t) equals the 

following expression: 
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The distance in dependence of time d(T) equals the 

following expression: 
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Because of the acceleration and deceleration are equal in 
magnitude, the time necessary to reach the peak velocity 
equals tp = T/2. For the verification of the expression 2 see 
Appendix A. 
 
Velocity-time dependence for type II 
 

The velocity in dependence of time v(t) equals the 
following expression: 
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The distance in dependence of time d(T) equals the 
following expression: 
 

2
max

max
0

( ) ( ) ,
T v

d T v t dt v T
a

= = ⋅ −∫                                  (4) 

 
For the verification of the expression 4 see Appendix A. 
 

As a performance measure for the SBS/RS, the mean 
cycle time and consequently the throughput capacity have 
been used. The throughput capacity represents the number 
of transactions (stores and retrievals) that the system can 
perform in a given time period. The throughput capacity 
is inversely dependent on the average cycle time. 
 

3.2 Throughput performance of the elevator  
 
 The elevator carries two lifting tables at both sides 
(left and right). Both lifting tables work independently of 
each other and thus double throughput capacity can be 
achieved.  

The elevators lifting table can work on a Single 
Command (SC) cycle, which means that only one tote can 
be handled in a cycle.  

More advanced is Dual Command (DC) cycle, by 
which two totes are handled in a cycle (Fig. 3). For the 
calculation of the SC and DC cycles of the elevators 
lifting table, the simulation model of the SBS/RS has 
been employed. 

 
Figure 3 Dual command cycle of the elevators lifting table [23] 

 
3.2.1 Single command cycle  
 

In the case of SC cycle, the elevators lifting table 
moves a tote from the I/O location to randomly selected 
tier j, unloads the tote and moves back to the I/O location. 
The same sequence can also be performed in the reverse 
order. 

Single command cycle time T(SC)lift can be calculated 
by simulation using expression (5): 

 
( ) P/S lift I/O,liftSC 2 2 ,jT t t= ⋅ + ⋅                                    (5) 

 
3.2.2 Dual command cycle  
 

In the case of DC cycle, the elevators lifting table 
moves a tote from the I/O location to randomly selected 
tier j, unloads the tote and moves further to randomly 
selected tier i, where the tote is retrieved. After loading 
the tote at tier i, the elevators lifting table moves back to 
the I/O location (Fig. 3). 

Dual command cycle time T(DC)lift can be calculated 
by simulation using expression (6): 

 
( ) P/S lift I/O, , ,I/OliftDC 4 ,j j i iT t t t t= ⋅ + + +                      (6) 

 
3.2.3 Throughput performance calculation  
 

By considering (6) the throughput performance of the 
elevators lifting tables in case of DC cycles per hour is 
calculated by (7): 

 

( )
( )lift

lift

3600DC ,
DC

k n
T

l = ⋅ ⋅                                       (7) 

 
where k = 2, due to the DC and n = 2 due to the elevator 
with two lifting tables. 

 
3.3 Throughput performance of the shuttle carrier  
 

A shuttle carrier can receive one tote at a time and 
can operate on a SC cycle or DC cycle. For the 
calculation of the SC and DC cycles of the shuttle carrier, 
the simulation model of the SBS/RS has been employed. 

 
3.3.1 Single command cycle  
 
 The operation of SC cycle encompasses either storage 
or a retrieval assignment. After completing a given 
storage or retrieval assignment at point Pi, the shuttle 
carrier returns directly to the I/Otier j. In the case of SC 
cycle, the shuttle carrier operates only one tote in the 
cycle. 

Single command cycle time T(SC)shuttle can be 
calculated by simulation using expression (8): 

 
( )

tier jP/S shuttle I/O , shuttleSC 2 2 ,
iPT t t= ⋅ + ⋅                       (8) 
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Figure 4 Dual command cycle of the shuttle carrier [23] 

 
3.3.2 Dual command cycle  
 
 The operation of DC cycle considers storage and 
retrieval assignment in a cycle (Fig. 4). Recall that in DC 
cycle, the shuttle carrier travels to two storage locations 
between successive returns to the I/Otierj. After completing 
a given storage request at point Pi, the shuttle carrier 
moves directly to another storage location for the next 
retrieval request at point Pj without returning to the 
I/Otierj. 

Dual command cycle time T(DC)shuttle can be 
calculated by simulation using expression (9): 

 
( )

tier j tier jP/S shuttle I/O , , , I/OshuttleDC 4 ,
i i j jP P P PT t t t t= ⋅ + + + (9) 

 
3.3.3 Throughput performance calculation  
 

By considering (9) the throughput performance of all 
shuttle carriers in case of DC cycles per hour is calculated 
by (10): 
 

( )
( )shuttle

shuttle

3600DC ,
DC

k m
T

l = ⋅ ⋅                            (10) 

 
where k is 2, due to the DC cycle and m = T due to the 
application of the tier-captive SBS/RS.   
 
4 SBS/RS under study 
 

In this section, main input data for the analysis are 
provided and discussed.  

Stock keeping unit represents a tote (plastic 
container) filled with items with the dimensions: length 
ltote = 0,6 m, width wtote = 0,4 m and height htote = 0,24 m. 

With regard to the tote, the storage compartment 
(cell) has the following dimensions: length (depth) of the 
storage celllCOM = 0,6 m, width of the storage cell wCOM = 
0,5 m and height of the cell (tier)hCOM = 0,35 m. 

Dimensions of the SBS/RS storage rack (LSR and 
HSR) depend on the number of columns C in the 
horizontal direction and number of tiers T in the vertical 
direction, respectively. 

As it will be seen in Tab. 1, nine (9) different SBS/RS 
configurations were analysed based on three values of 
tiers T (T = 10, 15 and 20) and three values of aisles A (A 
= 3, 6 and 9) [20]. 

Total number of storage locations - Q - is assumed to 
be approximately 10 000 storage locations [20]. 
 
 

Table 1 SBS/RS configurations [20] 
RCi T / A C LSR / HSR Q 

1 10 / 3 167 83,5 / 3,5 10020 
2 10 / 6 84 42 / 3,5 10080 
3 10 / 9 56 28 / 3,5 10080 
4 15 / 3 112 56 / 5,25 10080 
5 15 / 6 56 28 / 5,25 10080 
6 15 / 9 38 19 / 5,25 10260 
7 20 / 3 84 42 / 7,0 10080 
8 20 / 6 42 21 / 7,0 10080 
9 20 / 9 28 14 / 7,0 10080 

 
Since the throughput capacity λ greatly depends on 

the velocity characteristics of the elevators lifting table 
and the shuttle carrier, selected velocity scenario has been 
used in our analysis (Tab. 2). 

 
Table 2 Velocity scenario of the shuttle carrier and the elevators lifting 

table 
Shuttle carrier travelling 

in the horizontal direction 
Lifting table movement 
in the vertical direction 

vx (m/s) ax (m/s2) vy (m/s) ay (m/s2) 
1,5 1,5 1,5 1,5 

Note: Velocity scenario is selected according to the references of 
material handling equipment producers and practical experiences of the 
authors. 
 

Other data that were used in the analyses are 
presented in Tab. 3. 

 
Table 3 Other data used in analysis 

Pick up / Deposit  
time Unit of measure Data 

tP/S shuttle sec. 3,0 
tP/S lift sec. 1,5 

Note: SBS/RS configurations are selected according to the references of 
material handling equipment producers and practical experiences of the 
authors. 
 
5 Throughput performance of the SBS/RS 
 

Tab. 4 summarizes mean DC cycle time of the 
elevators lifting table ( )liftDCT and the shuttle carrier

( )shuttleDCT . 
Tab. 5 summarizes throughput performance of the 

elevators lifting tables λ(DC)lift and the shuttle carriers 
λ(DC)shuttle. 

Tab. 6 summarizes the throughput performance of the 
SBS/RS as a whole. The throughput performance 
λ(DC)SBS/RS is calculated according to the expressions 
(11), (12), (13) and (14). 

Because the SBS/RS are composed of the elevators 
lifting tables and the tier-captive shuttle carriers that are 



T. Lerher i dr.                                                                                        Metoda za procjenu protočne performance automatiziranih skladišnih sustava s vozilima 

Tehnički vjesnik 23, 3(2016), 715-723                                                                                                                                                                                                             721 

working independently from each other, the possible 
bottleneck is required to be found for calculating the 
SBS/RS throughput performance. 

RCi column shows nine rack configurations for the 
SBS/RS defined in Tab. 1. Recall that means DC cycle 
times of the elevators lifting table ( )liftDCT and the 

shuttle carrier ( )shuttleDCT  are calculated according to the 
large number of successive simulations. 

 
Table 4 Travel time analysis 

RCi ( )shuttleDCT (s) ( )liftDCT  (s) 

1 89,5 
11,70 2 52,4 

3 39,9 
4 64,9 

13,30 5 39,9 
6 32,0 
7 52,4 

15,00 8 33,9 
9 27,5 

 
Table 5 Throughput capacity analysis 

RCi λ(DC)shuttle 
(totes/h) 

λ(DC)lift 
(totes/h) 

1 804 

1231 2 1374 
3 1805 
4 1664 

1083 5 2707 
6 3375 
7 2748 

960 8 4248 
9 5236 

The throughput performance of the elevators lifting 
tables λ (DC)lift and the shuttle carriers λ(DC)shuttle, are 
calculated by using (7) and (10), respectively. 

The efficiency η of the elevators lifting table and the 
shuttle carrier is calculated by (11): 

 
( ) ( )( )
( ) ( )( )

shuttle lift

shuttle lift

min DC , DC
,

max DC , DC

l l
h

l l
=                            (11) 

 
The expected bottleneck is found by the letter τ and is 

calculated by (12): 
 

( ) ( )( )shuttle liftmax DC , DC ,t l l=                           (12) 

 
The throughput capacity of SBS/RS in one aisle is 

calculated by (13): 
 

( ) ( ) ( )( )shuttle liftDC min DC , DC ,l l l=                   (13) 

 
The whole SBS/RS system performance λ(DC)SBS/RS is 
calculated by (14): 
 
( ) ( )

SBS/RS
DC DC ,Al l= ⋅                                        (14) 

 
According to the results presented in Tab. 6, the 
throughput performance of the SBS/RS is influenced by 
the number of tiers T, number of aisles A, number of 
columns C, the velocity of the elevators lifting table (vy, 
ay) and the velocity of the shuttle carriers (vx, ax).  

 
Table 6 Throughput performance of the SBS/RS 

RCi λ(DC)shuttle 
(totes/h) 

λ(DC)lift 
(totes/h) ηlift ηshuttle τ λ(DC) 

(totes/h) A λ(DC)SBS/RS 
(totes/h) 

1 804 1231 0,65 1,00 shuttle 804 3 2413 
2 1374 1231 1,00 0,90 lift 1231 6 7385 
3 1805 1231 1,00 0,68 lift 1231 9 11 077 
4 1664 1083 1,00 0,65 lift 1083 3 3248 
5 2707 1083 1,00 0,40 lift 1083 6 6496 
6 3375 1083 1,00 0,32 lift 1083 9 9744 
7 2748 960 1,00 0,35 lift 960 3 2880 
8 4248 960 1,00 0,23 lift 960 6 5760 
9 5236 960 1,00 0,18 lift 960 9 8640 

NOTE: λ(DC)SBS/RS = λ(DC) ∙ A 
 

The system performance mainly depends on the 
performance of the elevators lifting tables feeding the 
storage racks. Since a shuttle carrier can handle more 
work than an elevator, the assumption of tier-captive 
shuttles can be released.  

In more advanced systems, a shuttle carrier can by 
using a special elevator at the back of the storage rack, 
operate in more tiers than in a single one.  

Since the throughput performance of a SBS/RS is 
determined by the elevator, the elevator should receive 
the most of the attention when designing SBS/RS. 
 
 
 

6 Conclusion 
 

In this paper, a method for calculating the system 
performance of a SBS/RS is presented. The proposed 
method consists of calculations for the throughput 
capacity of the elevators lifting tables and the shuttle 
carriers of the SBS/RS. 

SBS/RS are usually used by the companies dealing 
with large number of small sized orders requiring to be 
processed in a relatively short time period. In practice, 
there is an approximation that this system could reach up 
to 1000 totes per hour.  

The proposed method presents an efficient approach 
for evaluating the system (throughput) performance of the 
SBS/RS. The system performance is manly influenced by 
the following decision variables: (i) number of tiers T, (ii) 
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number of aisles A, (iii) number of columns C, (iv) 
velocity of the elevators lifting table (vy, ay) and (v) 
velocity of the shuttle carriers (vx, ax). Since the elevator 
(elevators lifting tables) works most of the time with the 
efficiency η = 1,0 the system performance will greatly 
depend on the number of columns C and number of aisles 
A. In case of small number of columns C and large 
number of aisles A (RC3, RC6 and RC9), the system 
performance is expressively higher compared to other 
rack configurations (see Tab. 6). Another important issue 
is the velocity profile of the elevator (elevators lifting 
tables), which was in our case moderate (vy = 1,5 m/s and 
ay = 1,5 m/s2). In case of efficient drives of the elevators 
lifting tables, the travel (cycle) time will be lower, which 
will have a consequence to the system (throughput) 
performance of the SBS/RS. Of course, the velocity 
profile for the vertical movement is always limited with 
physical boundaries of the load that is being hoisted.  

The proposed method proves to be useful when 
designing SBS/RS in practice. The proposed method 
could help the warehouse designer to analyse the 
efficiency of layout along with the kinematic properties of 
the SBS/RS in the early stage of project. The potential 
limitation is that the simulation model of the SBS/RS 
needs to be developed by warehouse designers, since 
there is no general simulation model in the market. 

For the future work a method for the system 
(throughput) performance energy consumption and 
energy regeneration of the SBS/RS should be considered 
simultaneously. It has been proven that for an efficient 
SBS/RS design, both throughput performance, energy 
consumption and energy regeneration aspect should be 
considered as a single objective function. 
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Appendix A. Verification of expressions 2 and 4 
 

Verification of the expression 2 where the peak 
velocity vp is less than vmax.  
 
Condition 1: 0 ≤ t ≤ tp 
 

2

1
0 0

( ) ( ) ,
2

p pt t
pt

d t v t dt a tdt a= = ⋅ = ⋅∫ ∫                                 (15) 

 
Condition 2: tp ≤ t ≤ T 
 

2
2

1( ) ( ) ( ) ( ) ,
2

p p

T T

p
t t

d t v t dt a t T dt a T t= = − − = −∫ ∫            (16) 

 
Considering the condition tp = T/2, the distance in 
dependence on time d(T) equals the next expression: 
 

2

1 2( ) ( ) ( ) ,
4

a Td T d t d t ⋅
= + =                                        (17) 

 
Verification of the expression 4 where the peak 

velocity vp is equal to vmax. 
 
Condition 1: 0 ≤ t ≤ tp 
 

2

1
0 0

( ) ( ) ,
2

p pt t
pat

d t v t dt a tdt= = ⋅ =∫ ∫                                   (18) 

 
Condition 2: tp ≤ t ≤ T - tp 
 

2 max max( ) ( ) ( 2 ),
p p

p p

T t T t

p
t t

d t v t dt v dt v T t
− −

= = = −∫ ∫          (19) 

 
Condition 3: T - tp ≤ t ≤ T 
 

2

3 ( ) ( ) ( ) ,
2

p p

T T
p

T t T t

at
d t v t dt a T t dt

− −

= = − − =∫ ∫                  (20) 

 
Considering the condition tp= vmax/a, the distance in 

dependence on time d(T) equals the next expression: 
 

2
max

1 2 3 max( ) ( ) ( ) ( ) ,
v

d T d t d t d t v T
a

= + + = ⋅ −             (21) 
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