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Abstract—Shuttle-based storage and retrieval systems with 
robotic order picking shuttle carrier are relatively new systems not 
yet address in automated storage system research. The objective 
of this research paper is to propose analytical model for robotic 
order picking shuttle carriers. Analytical expressions for the 
calculation of multi cycle have been determined by assuming 
uniform distributed order-picking locations and the probability 
theory. The proposed model enables the calculation of the 
expected travel (cycle) time for multiple command cycles of the 
robotic order picking shuttle carrier, from which the throughput 
performance can be evaluated. 

Keywords—warehousing, robotic order picking shuttle carrier, 
analytical modelling, performance analysis. 

I. INTRODUCTION  

Today’s global economy is oriented towards more product 
diversifications, their shorter life-cycles within a demanding 
competitive market. For this reason many companies are 
investing considerable efforts (financial funds) for the 
development of new technologies and new products in the 
market. A great deal of total costs represent the cost of labor, 
therefore numerous companies invest significant funds in 
automation [22]. 

Warehouses are critical for production companies that work 
inside the supply-chain. There are many reasons why 
warehouses are needed and some main reasons can be 
distinguished [1]: to facilitate the coordination between the 
production and customer demand by buffering products for a 
certain period of time, to accumulate and consolidate products 
from various producers for combined shipments, to provide 
same-day delivery in production and to important customers, to 
support products customization activities, like packaging, final 
assembly etc.  

The simplest form of storing products is block stacking in 
which pallets with products known as Transport Unit Loads 
(TUL) are stored on the floor and on top of each other. A more 
advanced way to store TUL is with the use of storage racks, 
which are metal constructions that make it possible to stack 
TUL higher than with block stacking. The more advanced 
material handling system is the Automated Storage and 
Retrieval System (AS/RS). AS/RS consists of storage racks 
served by a Storage and Retrieval (S/R) machine on rails. It is 

capable to handling TUL without the interference of an 
operator, since the system is fully automated [22]. 

The major advantages of the AS/RS are: high throughput 
performance, efficient utilization of warehouse space, high 
reliability and better control of inventory, improved safety 
conditions and decreases in damages and shortages of products.  

On the other hand, AS/RS are rather expensive and 
inflexible in future changes; therefore a careful design is 
essential for the success of such a system [3]. 

The throughput performance of the mini-load AS/RS is 
limited with number of cycles per hour (FEM 9.851), which can 
note cope with today’s e-commerce order fulfilment services. 
For this reason, major material-handling providers have 
introduced to the market a new technology known as Shuttle-
Based Storage and Retrieval Systems (SBS/RS), which enables 
higher throughput, flexibility and scalability. 

SBS/RS is a special design of an automated warehouse, 
which is assembled with an elevator with a lifting table, shuttle 
carriers that could be tier-captive or non tier-captive, buffer 
positions in each tier and the storage rack (See Fig. 1). 

 

Fig. 1. Shuttle-based storage and retrieval system 

In SBS/RS the elevator with lifting table provides vertical 
movement for totes to reach the buffer position in the ith tier of 
the storage rack. The elevator’s lifting table can reach a velocity 
of up to 5 m/s. Elevators are usually the bottleneck in the 
SBS/RS, therefore they determine the performance of the 
SBS/RS as a whole [18], [19], [20], [21], [22]. 

The shuttle carrier is an autonomous vehicle that transports 
totes from the buffer position to the ith storage locations in the 
storage racks. The shuttle carrier is equipped with telescopic 
attachment for manipulating totes in the first lane (single-deep) 
or in the second lane (double-deep) of the storage rack. The 
maximal payload of a tote should not exceed 50 kg/shuttle 
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carrier and its dimensions should be within the range of: min. 
(150 x 200 x 80) mm, max. (600 x 400 x 250) mm. A shuttle 
carrier can reach a velocity up to 4 m/s or more [18], [19], [20], 
[21], [22]. 

In SBS/RS, there is usually a single shuttle carrier in each 
tier of storage rack (the application of tier-captive system). This 
assumption can be released if a special shuttle elevator at the 
back of the storage rack is used for moving shuttle carriers up 
and down to the prescribed tier in the storage rack. There are 
two buffer positions, each serving one side of the storage rack 
at each tier. These positions are used for buffering totes carried 
by the elevator’s lifting table for the storage process and by 
shuttles for the retrieval process. The storage rack is composed 
of storage columns C. By multiplying storage columns C in the 
horizontal and tiers M in the vertical direction, the length LSR 
and the height HSR of the storage rack are achieved [18], [19], 
[20], [21], [22]. 

Estimating the throughput performance of the SBS/RS is an 
essential step in SBS/RS design. One way to improve the 
throughput performance is to finding new shuttle carrier’s 
design that could achieve more throughput capacity. 

In this paper, the proposed analytical model for the 
throughput performance calculations of SBS/RS with robotic 
order-picking shuttle carrier is presented and discussed. 

II. LITERATURE REVIEW ON SBS/RS 

Generally, SBS/RS have been the subject of many 
researchers over the last decade.  

Previous researchers have focused mostly on Autonomous 
Vehicle Storage and Retrieval Systems (AVS/RS) 
configurations whereas "tier captive" AVS/RS and SBS/RS 
seem to have been disregarded [5], [6], [7], [8], [9], [10], [11], 
[14], [15], [16], [17], [23], [24], [28], [29], [30].  

One of the first study on SBS/RS has been developed for 
Vanderlande Industries, where two non-passing lifting systems 
are mounted along the SR. In this research a scheduling 
problem of lifts with the development of the look-ahead 
heuristic for the solution procedure to improve the total 
handling time were introduced [4]. 

Roy et al. [28] presented the performance impact of 
AVS/RS design variables as: configuration of aisles and 
columns, allocation of resources to zones, and vehicle 
assignment rules by using an analytical model. The AVS/RS 
has been modeled as a multi-class semi-open queuing network 
with class switching and a decomposition-based approach in 
order to evaluate the system performance of AVS/RS.  

Following a sequential processing policy is the modelling 
of SBS/RS via an open queuing network to estimate the 
performance of the SBS/RS in terms of utilizations of lifts and 
shuttles, as well as waiting times for lifts and queues. Several 
performance measures from the utilizations of lifts and shuttles, 
average flow time, waiting times, as well as the costs for the 
pre-defined SBS/RS designs have been analysed and discussed 
[25], [26]. 

Analytical travel time models for the computation of Single 
Command (SC) and Double Command (DC) travel (cycle) 
times for single- and double-deep SBS/RS, have been 

introduced by using the probabilistic theory. The proposed 
models consider the operating characteristics of the elevator’s 
lifting table and the shuttle carrier, such as acceleration and 
deceleration and the maximum velocity. The proposed models 
enable the calculation of the expected travel (cycle) times for 
the SC and DC cycles, from which the performance of the 
SBS/RS can be evaluated. Based on the proposed models of 
SBS/RS, the throughput performance of the SBS/RS were 
presented in terms of utilizations of the elevator’s lifting table 
and shuttles [18], [19], [20], [21], [22]. 

For the optimization of decision variables in SBS/RS, a 
multi-objective optimization solution procedure for the design 
of the SBS/RS has been proposed. In this research, three 
objective functions, minimization of average cycle time of 
transactions (average throughput time), amount of energy 
(electricity) consumption and total investment cost, have been 
considered. Due to the non-linear property of the objective 
function, the NSGA II genetic algorithm was used for 
facilitating the solution. Pareto optimal solutions have been 
searched to find out the optimum results [2]. 

A multi-elevator tier-captive SBS/RS, which is associated 
with tier-captive shuttle carriers, multiple elevators with a 
lifting table and storage racks has been proposed by Ning et al. 
[27]. The authors present a simulation model of a multi-elevator 
tier-captive SBS/RS, from which the throughput performance 
can be evaluated. 

By using a fork-join queueing network, a parallel 
processing policy for tier-captive autonomous vehicle storage 
and retrieval systems (SBS/RS), under which an arrival 
transaction can request the lift (elevator) and the vehicle 
(shuttle carrier) simultaneously has been proposed by Zou et al. 
[31]. A fork-join queueing network has been formulated in 
which an arrival transaction is split into a horizontal movement 
task served by the vehicle and a vertical movement task served 
by the lift. For validation of analytical models, a simulation 
model has been used by the authors. The results show that the 
fork-join queueing network is accurate in estimating the system 
performance under the parallel processing policy. 

Ekren [12] proposed a graph-based solution for 
performance evaluation of an autonomous vehicle based 
storage and retrieval system (SBS/RS) under various design 
concepts. The performance of the system was evaluated in 
terms of average utilization of lifts and shuttle carriers by using 
the simulation modelling approach.  

Epp et al. [13] proposed a method for performance 
evaluation of autonomous vehicle storage and retrieval systems 
(SBS/RS) with tier-captive single-aisle vehicles. For the 
performance evaluation, the authors have used a discrete-time 
open queueing network approach. 

In this study, analytical travel time model for SBS/RS with 
robotic order-picking shuttle carrier is proposed, from which 
the throughput performance can be evaluated. Managers and 
warehouse designers from the industry (Schäfer, KNAPP, 
Dematic, TGW, Vanderlande) could use key findings and 
observations from this study to properly understand the 
proposed SBS/RS with robotic order-picking shuttle carrier. 
This means that the warehouse designers could use the 



proposed model with a confidence to calculate the throughput 
performance of the selected SBS/RS with robotic order-picking 
shuttle carrier in the early stage of the project.  

This paper is organised as follows: In Section 3, a model 
formulation of the SBS/RS with robotic order-picking shuttle 
carrier, is given. In Section 4, the performance of the selected 
SBS/RS with robotic order-picking shuttle carrier is evaluated 
and discussed. Finally, the conclusion is given in section 5. 

III. MODEL FORMULATION 

SBS/RS with robotic order-picking shuttle carrier differs 
from the classical SBS/RS.  

In this system the shuttle carrier is order picking (collecting) 
the items in the ith tier of the storage rack by utilizing the robotic 
arm (see Fig. 2).  

 

Fig. 2. Robotic order-picking shuttle carrier in a SBS/RS 

The complete working cycle would look as follows: 

 The elevator’s lifting table starts from the ground-floor, 
i.e., the first tier. 

 The elevator’s lifting table picks up the (empty) tote and 
moves to the ith tier. 

 When the elevator’s lifting table reaches the ith tier, it 
releases the tote in the buffer position. 

 The shuttle carrier in the ith tier picks-up the tote from the 
buffer position and starts picking the items. 

 When the order is finished, the shuttle carrier travels to 
the buffer position of the ith tier. 

 The shuttle carrier releases the tote in the buffer position 
of the ith tier.  

 The elevator’s lifting table moves to the the ith tier and 
picks up the tote from the buffer position.  

 The elevator’s lifting table moves to the ground-floor 
(first tier), where the tote is released. 

Note that the elevator is excluded from this study. 
Operations regarding the storage of full totes and retrieval of 
empty totes with the shuttle carrier is note studied in this 
research, as well.   

A. Assumptions 

The assumptions that were used in analytical modelling are 
summarized as follows: 

 The storage rack is divided into two sides (left and right), 
therefore totes with items are available on both side of 
the storage rack. 

 The dwell-point location of the tier-captive robotic 
order-picking shuttle carrier in the ith tier of the SR (when 
idle) is located at the buffer position. 

 At each tier of the storage rack, there are two buffer 
position (left and right) and a single tier-captive robotic 
order-picking shuttle carrier. 

 The robotic order-picking shuttle carrier is operated on a 
multi command cycle collecting four (4) and six (6) 
items on four (4) and six (6) randomly selected locations. 

 The sequences of (i) Acceleration, constant velocity and 
deceleration has been used (See Fig. 3). 

 The drive characteristics of the tier-captive robotic order-
picking shuttle carrier, as well as the length LSR of the 
storage rack, are known in advance. 

 The length LSR of the storage rack is large enough for the 
robotic order-picking shuttle carrier to reach its 
maximum velocity vmax in the horizontal direction. 

 A randomized assignment policy is considered which 
means that any order-picking location is equally likely to 
be selected for picking the items with the robotic order-
picking shuttle carrier. 

 

Fig. 3. Velocity-time relationship of the shuttle carrier 

B. Abbreviations and Notations 

The abbreviations that were used in the paper are 
summarized as follows: 

SBS/RS Shuttle-based storage and retrieval systems. 
SR  Storage rack. 
SA  One way. 
TB  Travel between. 
MC Multi cycle. 
 

To formulate the problem, the following notations is used: 

ax  Acceleration / deceleration of the robotic order-picking  
               shuttle carrier. 
vx  Velocity of the robotic order-picking shuttle carrier. 
dx  Distance. 
t(dx) Travel time of the robotic order-picking shuttle carrier 
               to the most distance storage location (cell).  
Fx(z) Probability distribution function. 
fx(z) Probability density function. 
z  Variable. 



E(SA) The expected one way travel time. 
E(TB) The expected travel-between time. 
E(MC4) The expected multi command cycle time for visiting 
               four (4) locations. 
E(MC6) The expected multi command cycle time for visiting 
               six (6) locations. 
τ  Throughput performance 
tP/S tote Pick-up and set-down time of a tote 
tP/S item Pick-up and set-down time of an item 
trobo move Time for moving the robotic arm from the right to the 
               left position of the shuttle carrier 

C. Travel time model 

Expected one way travel time 

Travel time of the robotic order-picking shuttle carrier to the 
most distant order-picking location in the SBS/RS is 
calculated by (1): 

 ሺ݀௫ሻݐ ൌ
௩ೣ
௔ೣ
൅

ௗೣ
௩ೣ
 

Under the randomized storage policy, the probability 
distribution function Fx(z) and probability density function 
fx(z) of zi (i =1, 2, …, n) are as follows. Probability 
distribution function Fx(z) from Bozer and White [3] is 
calculated by (2): 

 ሻݖ௫ሺܨ ൌ ቊ
௭

ௗೣ
	0 ൑ ݖ ൑ ݀௫

ݖ										1 ൒ ݀௫	
ቋ 

Probability density function fx(z) is calculated by (3): 

 ௫݂ሺݖሻ ൌ
ୢிೣ ሺ௭ሻ

ୢ௭
ൌ ቊ

ଵ

ௗೣ
	0 ൑ ݖ ൑ ݀௫

ݖ										0 ൒ ݀௫	
ቋ 

The expected one way travel time E(SA) for travelling of the 
robotic order-picking shuttle carrier is equal to the next 
expression: 

 ሺSAሻܧ ൌ
௩ೣ
௔ೣ
൅

ଵ

௩ೣ
׬ ݖ ௫݂ሺݖሻdݖ
ௗೣ
଴ ൌ

௩ೣ
௔ೣ
൅

ௗೣ
ଶ௩ೣ

 

Expected travel-between time  

Under the randomized storage policy, the probability 
distribution function Fx(z) and probability density function 
fx(z) of zi (i =1, 2, …, n) are as follows. Probability 
distribution function Fx(z) from Bozer and White [3] is 
calculated by (5): 

 ሻݖ௫ሺܨ ൌ ൝
ଶ௭

ௗೣ
െ ௭మ

ௗೣ
మ 					0 ൑ ݖ ൑ ݀௫

ݖ										1 ൒ ݀௫	
ൡ 

Probability density function fx(z) is calculated by (6): 

 ௫݂ሺݖሻ ൌ
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ଶ
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The expected travel-between time E(TB) for travelling of the 
robotic order-picking shuttle carrier between two randomly 
selected order-picking locations is equal to the following 
expression: 

 ሺTBሻܧ ൌ ௩ೣ
௔ೣ
൅ ଵ

௩ೣ
׬ ݖ ௫݂ሺݖሻdݖ
ௗೣ
଴ ൌ ௩ೣ

௔ೣ
൅ ௗೣ

ଷ௩ೣ
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Expected multi cycle travel time 

If the items on the order-picking list are sequenced sequentially 
and according to the random policy, the expected travel time 
for multiple command cycles is equivalent to the expected 
travel time for a single-command cycle and necessary number 
of travel-between times. The algorithm for performing multi 
command cycle in case of visiting four (4) order-picking 
locations works on the following sequence: 

1. Selection of two random order-picking locations on 
the right side of the ith tier of the storage rack. 

 ൫ݔଵୖ,	ݔଶୖ,… ௡ୖ൯ݔ, ∈ ୖݔ 

2. Selection of two random order-picking locations on 
the left side of the ith tier of the storage rack. 

 ൫ݔଵ୐,	ݔଶ୐,… ௡୐൯ݔ, ∈ ୐ݔ 

3. Sequence of the multi command cycle in case of 
visiting four picking locations (see Fig. 4). 
 
Order picking on the right side of the SR (increasing 
Strategy x): 
 
 Pick the first item, if the condition x1R < x2R holds 

true. 
 Pick the second items. 
 

Order picking on the left side of the SR (decreasing 
Strategy x): 
 
 Pick the first item, if the condition x1L > x2L holds 

true. 
 Pick the second items. 

 
4. The expected multi command cycle time for visiting 

four (4) locations is calculated by (8): 

 ሺMCସሻܧ ൌ ሻܣሺܵܧ2 ൅ ሻܤሺܶܧ3 ൅ ୲୭୲ୣ	୔/ୗݐ2 ൅ ୧୲ୣ୫	୔/ୗݐ4 ൅
୫୭୴ୣ	୰୭ୠ୭ݐ 

5. Throughput performance τ is calculated by (9): 

 ߬ሺMCସሻ ൌ
ଷ଺଴଴

ாሺ୑େరሻ
∙ 4 ቂ୧୲ୣ୫ୱ
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ቃ 



Note: on each order-picking location, a robotic order-picking 
shuttle carrier picks one item, only. 

 

Fig. 4. Multi command cycle in case of visiting four (4) picking locations 

The algorithm for performing multi command cycle in case of 
visiting six (6) order-picking locations works on the following 
sequence: 

1. Selection of three random order-picking locations on 
the right side of the ith tier of the storage rack. 

 ൫ݔଵୖ,	ݔଶୖ,	ݔଷୖ,… ௡ୖ൯ݔ, ∈ ୖݔ 

2. Selection of three random order-picking locations on 
the left side of the ith tier of the storage rack. 

 ൫ݔଵ୐,	ݔଶ୐,	ݔଷ୐,… ௡୐൯ݔ, ∈ ୐ݔ 

3. Sequence of the multi command cycle in case of 
visiting six order-picking locations (see Fig. 5). 
 
Order picking on the right side of the SR (increasing 
Strategy x): 
 
 Pick the first item, if the condition x1R < x2R < x3R 

holds true. 

 Pick the second items, if the condition x2R < x3R 
holds true. 

 Pick the third item. 
 

Order picking on the left side of the SR (decreasing 
Strategy x): 
 
 Pick the first item, if the condition x1L > x2L > x3L 

holds true. 
 Pick the second items, if the condition x2L > x3L 

holds true. 
 Pick the third item. 

 
4. The expected multi command cycle time for visiting 

six (6) locations is calculated by (10): 

 ሺMC଺ሻܧ ൌ ሻܣሺܵܧ2 ൅ ሻܤሺܶܧ5 ൅ ୲୭୲ୣ	୔/ୗݐ2 ൅ ୧୲ୣ୫	୔/ୗݐ6 ൅
୫୭୴ୣ	୰୭ୠ୭ݐ 

5. Throughput performance τ is calculated by (11): 

 ߬ሺMC଺ሻ ൌ
ଷ଺଴଴

ாሺ୑େలሻ
∙ 6 ቂ୧୲ୣ୫ୱ

୦୭୳୰
ቃ 

Note: on each order-picking location, a robotic order-picking 
shuttle carrier picks one item, only. 

 

Fig. 5. Multi command cycle in case of visiting six (6) picking locations 



IV. EXPERIMENTAL ANALYSIS 

A. Input data for the analysis 

In this study totes with the following dimensions: length    
ltote = 0.6 m, width wtote = 0.4 m and height htote = 0.24 m have 
been used. With regard to the tote, the order-picking location 
has the following dimensions: length (depth) of the column  
lCOM = 0.6 m, width of the column wCOM = 0.5 m and height of 
one column (tier) hCOM = 0.5 m. Dimensions of the storage rack 
depends on the number of columns C in the horizontal direction 
and number of tiers M in the vertical direction. Note that the 
elevator was excluded from this study, which means that the 
number of tiers M equals 1. 

For the calculation of the throughput performance of the 
robotic order-picking shuttle carrier, the following lengths       
(L1 = 30 m, L2 = 40 m, L3 = 50 m, L4 = 60 m, L5 = 70 m,                  
L6 = 80 m, L7 = 90 m, L8 = 100 m, L9 = 110 m, L10 = 120 m) of 
the storage rack were used. 

Since the throughput performance depends on the velocity 
characteristics of the robotic order-picking shuttle carrier, the 
following velocity profiles vpi were used in this study. 

TABLE I.  VELOCITY PROFILE OF THE SHUTTLE CARRIER 

 vx (m/s) ax
+ (m/s2) 

vp1 2 1 
vp2 3 2 
vp3 4 3 

 
Note: Velocity scenarios vpi were selected according to the 
references of material handling equipment producers and 
practical experiences of the authors. 

Constant times were used as follows: tP/S tote = 3 sec.,             
tP/S item = 8 sec. and trobo move = 5 sec. 

B. Case study 

The expected multi command cycle times along with the 
throughput performance are given based on the performed 
analysis. Analysis has been conducted for the selected length of 
the storage rack with three different velocity profiles (see Table 
I.) of the robotic order-picking shuttle carrier. Throughput 
performance analysis in Table II. relates to the velocity profile 
vp1, meanwhile the throughput performance analysis in Tables 
III. and IV. relates to the velocity profile vp2 and vp3. 

TABLE II.  TROUGHPUT PERFORMANCE ANALYSIS I. 

 E(SA) 
sec. 

E(TB) 
sec. 

E(MC4) 
sec. 

τ(MC4) 
items/h 

E(MC6) 
sec. 

τ(MC6) 
items/h 

L1 9.50 7.00 40.00 173 54.00 191 
L2 12.00 8.67 50.00 155 67.33 171 
L3 14.50 10.33 60.00 140 80.67 155 
L4 17.00 12.00 70.00 127 94.00 141 
L5 19.50 13.67 80.00 117 107.33 130 
L6 22.00 15.33 90.00 108 120.67 120 
L7 24.50 17.00 100.00 101 134.00 112 
L8 27.00 18.67 110.00 94 147.33 105 
L9 29.50 20.33 120.00 88 160.67 98 
L10 32.00 22.00 130.00 83 174.00 93 

TABLE III.  TROUGHPUT PERFORMANCE ANALYSIS II. 

 E(SA) 
sec. 

E(TB) 
sec. 

E(MC4) 
sec. 

τ(MC4) 
items/h 

E(MC6) 
sec. 

τ(MC6) 
items/h 

L1 6.50 4.83 27.50 204 37.17 225 
L2 8.17 5.94 34.17 187 46.06 206 
L3 9.83 7.06 40.83 172 54.94 190 
L4 11.50 8.17 47.50 159 63.83 176 
L5 13.17 9.28 54.17 148 72.72 164 
L6 14.83 10.39 60.83 139 81.61 154 
L7 16.50 11.50 67.50 130 90.50 144 
L8 18.17 12.61 74.17 123 99.39 136 
L9 19.83 13.72 80.83 116 108.28 129 
L10 21.50 14.83 87.50 110 117.17 123 

TABLE IV.  TROUGHPUT PERFORMANCE ANALYSIS III. 

 E(SA) 
sec. 

E(TB) 
sec. 

E(MC4) 
sec. 

τ(MC4) 
items/h 

E(MC6) 
sec. 

τ(MC6) 
items/h 

L1 5.08 3.83 21.67 223 29.33 245 
L2 6.33 4.67 26.67 207 36.00 227 
L3 7.58 5.50 31.67 193 42.67 212 
L4 8.83 6.33 36.67 181 49.33 199 
L5 10.08 7.17 41.67 170 56.00 188 
L6 11.33 8.00 46.67 161 62.67 178 
L7 12.58 8.83 51.67 152 69.33 168 
L8 13.83 9.67 56.67 144 76.00 160 
L9 15.08 10.50 61.67 138 82.67 152 
L10 16.33 11.33 66.67 131 89.33 146 

 

 

Fig. 6. Throughput performance analysis of the robotic order-picking shuttle 
carrier for visiting four (4) locations 

 

Fig. 7. Throughput performance analysis of the robotic order-picking shuttle 
carrier for visiting six (6) locations 



Note: Throughput performance of the elevator’s lifting table 
(lift) was not the case of this study. 

The expected multi cycle travel times E(MC4) and E(MC6) 
along with the throughput performance τ(MC4) and τ(MC6) 
depend on the length Li of the storage rack and the velocity 
profile vpi of the robotic order-picking shuttle carrier (see Table 
I.).  

The fastest transactions belong to the robotic order-picking 
shuttle carrier with fast drives (vp3 and vp2), meanwhile the 
slowest transactions belong to the robotic order-picking shuttle 
carrier with moderate drive (vp1). 

According to the distribution of E(MC4) and E(MC6), 
velocity profile vpi has a significant impact on the expected 
cycle time (see Tables II., III. and IV.). An increasing tendency 
of E(MC4) and E(MC6) is observed for the velocity profile vp1 
and vp2, compared to vp3. This relationship shows the influence 
of the horizontal velocity vx and acceleration ax in accordance 
to the length Li of the storage rack. Generally, the best results 
are achieved with the robotic order-picking shuttle carrier 
having fast drives in the horizontal travelling direction. Because 
the throughput capacity τ(MC4) and τ(MC6) is inversely 
dependent on the expected cycle time E(MC4) and E(MC6), the 
highest throughput capacity belongs to the robotic order-
picking shuttle carrier with fast drives (vp3). On the contrary, 
the lowest throughput capacity belongs to the robotic order-
picking shuttle carrier with moderate drive (vp1). 

Although the expected travel (cycle) time for visiting six 
(6) locations E(MC6) is longer compared to the travel (cycle) 
time for visiting four (4) locations E(MC4), the throughput 
performance in case of τ(MC6) will be higher, since we are able 
to pick six items in one run.  

Therefore, the performance of the system will be highly 
influenced by the number of items to be collected and the 
velocity profile of the of the robotic order-picking shuttle 
carrier. 

V. CONCLUSION 

The aim of this research study is to present the analytical 
model that can estimate the throughput performance of the 
robotic order-picking shuttle carrier. The proposed model 
considers a shuttle carrier that is performing order-picking by 
utilizing the robotic arm. Travel-time model for multiple 
command cycles in the ith tier of the storage rack has been 
determined by applying the probability theory. The sequences 
of (i) Acceleration, constant velocity and deceleration has been 
used in the proposed model. A randomized policy is considered 
which means that any order-picking location (tote with items) 
is equally likely to be selected for order-picking sequence to be 
processed. The proposed model allows the calculation of the 
expected cycle time for multiple command cycles, from which 
the performance of the robotic order-picking shuttle carrier can 
be evaluated. Various parameters were examined such as: 
Velocity (vx), acceleration / deceleration (ax), length (Li) of the 
storage rack. 

The proposed analytical model demonstrated good 
performances and satisfactory deviations and could be a very 
helpful tool for designing automated order-picking systems 

with robotic order-picking shuttle carriers. It could be of 
considerable help to professionals in practice, when making 
decisions in the early stages of design project and when 
deciding which type of the storage rack configuration or robotic 
order-picking shuttle carriers will be most promising. 

ACKNOWLEDGMENT 

This research work was supported by Slovenian Research 
Agency ARRS [Methodology for Building an Integral Model of 
Transport-Warehouse Processes to Enhance Intralogistics 
System Efficiency; grant number: L5-8237]. 

REFERENCES 

 
[1] Bartholdi, J. J., S. T. Hackman, Warehouse and Distribution science, 

Release 0.96. The Supply Chain and Logistics Institute, School of 
Industrial and Systems Engineering, Georgia Institute of Technology, 
Atlanta, USA, 2014. 

[2] Borovinšek, M., Ekren, B. Y., Burinskiene, A., Lerher, T., “Multi-
objective optimisation model of shuttle-based storage and retrieval 
system,” Transport, vol. 32, no. 2, pp. 120–137, 2017. 

[3] Bozer A. Y., White A. J., “Travel-Time Models for Automated Storage 
and Retrieval Systems,” IIE Transactions, vol. 16, no. 4, pp. 329–338, 
1984. 

[4] Carlo, H. J., Vis, I. F. A., “Sequencing dynamic storage systems with 
multiple lifts and shuttles,” International Journal of Production 
Economics, vol. 140, no. 2, pp. 844–853, 2012. 

[5] Ekren, B. Y., Heragu, S. S., Krishnamurthy, A., Malmborg, C. J., 
“Simulation based experimental design to identify factors affecting 
performance of AVS/RS,” Computers & Industrial Engineering, vol. 58, 
pp. 175–185, 2010a. 

[6] Ekren, B. Y., Heragu, S. S., “Simulation based regression analysis for the 
rack configuration of autonomous vehicle storage and retrieval system,” 
International Journal of Production Research, vol. 48, no. 21, pp. 6257–
6274, 2010b. 

[7] Ekren, B. Y., Heragu, S. S., “Approximate analysis of load dependent 
general queuing networks with low service time variability,” European 
Journal of Operational Research, vol. 205, pp. 381–389, 2010c. 

[8] Ekren, B. Y., “Performance evaluation AVS/RS under various design 
scenarios: a case study,” International Journal of Advanced 
Manufacturing Technology, vol. 55, pp. 1253–1261, 2011. 

[9] Ekren, B. Y., Heragu, S. S., “Simulation based performance analysis of 
an autonomous vehicle storage and retrieval system,” Simulation 
Modelling Practice and Theory, vol. 19, pp. 1640–1650, 2011. 

[10] Ekren, B. Y., Heragu, S. S., Krishnamurthy, A., Malmborg, C. J., “An 
approximate solution for semi-open queuing network model of 
autonomous vehicle storage and retrieval system,” IEEE Transactions on 
Automation Science and Engineering, vol. 10, pp. 205–215, 2013. 

[11] Ekren, B. Y., Heragu, S. S., Krishnamurthy, A., Malmborg, C. J., “Matrix-
geometric solution for semi-open queuing network model of autonomous 
vehicle storage and retrieval system,” Computers & Industrial 
Engineering, vol. 68, pp. 78–86, 2014. 

[12] Ekren, B. Y., “Graph-based solution for performance evaluation of 
shuttle-based storage and retrieval system” International Journal of 
Production Research, vol. 55, no. 21, pp. 6516–6526, 2017. 

[13] Epp, M., Wiedemann, S., Furmans, K., “A discrete-time queueing 
network approach to performance evaluation of autonomous vehicle 
storage and retrieval systems,” International Journal of Production 
Research, vol. 55, pp. 4, 960–978, 2017 

[14] Fukunari, M., Malmborg, C. J., “An efficient cycle time model for 
autonomous vehicle storage and retrieval systems,” International Journal 
of Production Research, vol. 46, no. 12, pp. 3167–3184, 2008. 

[15] Fukunari, M., Malmborg, C. J., “A network queuing approach for 
evaluation of performance measures in autonomous vehicle storage and 



retrieval systems,” European Journal of Operational Research, vol. 193 
no. 1, pp. 152–167, 2009. 

[16] Kuo, P. H., Krishnamurthy, A., Malmborg, C. J., “Design models for unit 
load storage and retrieval systems using autonomous vehicle technology 
and resource conserving storage and dwell point policies,” Applied 
Mathematical Modelling, vol. 31, no. 10, pp. 2332–2346, 2007. 

[17] Kuo, P. H., Krishnamurthy, A., Malmborg, C. J., “Performance modelling 
of autonomous vehicle storage and retrieval systems using class-based 
storage policies,” International Journal of Computer Applications in 
Technology, vol. 31, no. 4, pp. 238–248, 2008. 

[18] Lerher, T., Ekren, B. Y., Dukic, G., Rosi, B., “Travel Time Model for 
Shuttle-based Storage and Retrieval Systems,” The International Journal 
of Advanced Manufacturing Technology, vol. 78, no. 9–12, pp. 1705–
1725, 2015a. 

[19] Lerher, T., Ekren, B. Y., Sari, Z., Rosi, B., “Simulation Analysis of 
Shuttle Based Storage and Retrieval Systems,” International Journal of 
Simulation Modelling, vol. 14, no. 1, pp. 48–59, 2015b. 

[20] Lerher, T., “Travel time model for double-deep shuttle-based storage and 
retrieval systems,” International Journal of Production Research, vol. 54 
no. 9, pp. 2519–2540, 2015. 

[21] Lerher, T., Ekren, B. Y., Sari, Z., Rosi, B., “Method for evaluating the 
throughput performance of shuttle based storage and retrieval systems,” 
Technical Gazette, vol. 23, no. 3, pp. 715–723, 2016. 

[22] Lerher, T. Throughput and energy related performance calculations for 
shuttle based storage and retrieval systems, (Energy science, engineering 
and technology). New York: Nova Science Publishers, Inc., cop., pp. 93, 
2016. 

[23] Malmborg, C. J., “Conceptualizing tools for autonomous vehicle storage 
and retrieval systems,” International Journal of Production Research, 
vol. 40, no. 8, 1807–1822, 2002. 

[24] Malmborg, C. J., “Interleaving rule dynamics in autonomous vehicle 
storage and retrieval systems,” International Journal of Production 
Research, vol. 41, no. 5, pp. 1057–1069, 2003. 

[25] Marchet, G., M. Melacini, S. Perotti and E. Tappia. “Analytical model to 
estimate performances of autonomous vehicle storage and retrieval 
systems for product totes,” International Journal of Production Research, 
vol. 51, no. 14, pp. 4365–4387, 2012. 

[26] Marchet, G., Melacini, M., Perotti, S., Tappia, E., “Development of a 
framework for the design of autonomous vehicle storage and retrieval 
systems,” International Journal of Production Research, vol. 50, no. 24, 
7134–7148, 2013. 

[27] Ning, Z., Lei, L., Saipeng, Z., Lodewijks, G., “An efficient simulation 
model for rack design in multi-elevator shuttle-based storage and retrieval 
system,” Simulation Modelling Practice and Theory, vol. 67, pp. 100–
116, 2016. 

[28] Roy, D., Heragu, S. S., Krishnamurthy, A., Malmborg, C. J., 
“Performance analysis and design trade-offs in warehouses with 
autonomous vehicle technology,” IIE Transactions, vol. 44, no. 12, pp. 
1045–1060, 2012. 

[29] Tappia, E., Roy, D., De Koster, R., & Melacini, M. “Modeling, analysis, 
and design insights for shuttle-based compact storage systems,” 
Transportation Science, vol. 51, no. 1, 269–295, 2016. 

[30] Zhang, L., Krishnamurthy, A., Malmborg, C. J., Heragu, S. S., “Variance-
based approximations of transaction waiting times in autonomous vehicle 
storage and retrieval systems,” European Journal of Industrial 
Engineering, vol. 3, no. 2, 146–168, 2009. 

[31] Zou, B., Xu, X., Gong, Y. Y., DeKoster, R., “Modeling parallel 
movement of lifts and vehicles in tier-captive vehicle-based warehousing 
systems,” European Journal of Operational Research, vol. 254, no. 1, pp. 
51–67, 2016. 

 
 


	Shuttle-Based Storage and Retrieval Systems with Robotic Order-Picking Shuttle Carrier
	Recommended Citation

	Microsoft Word - Lerher.docx

