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Abstract. The objective of this research is to propose and investigate a new design of the Cylindrical Automated Stor-
age and Retrieval System (C-AS/RS) and provide a performance comparison of the two types of Storage/Retrieval
Mechanisms (SRM I and SRM II) for the system configurations with different input/output location numbers and posi-
tions. Although the better performance is expected from of the system with SRM II, because it contains the vertically
independent moving load handling devices (LHDs) compared to the interconnected LHDs used in SRM I, the verti-
cally independent movement requires more sophisticated equipment which should be considered by the system de-
signers. Hence, the performance investigation is required to identify the differences between the two types of the SRMs
for different C-AS/RS configurations. For this purpose, the detailed simulation model of the C-AS/RS was developed,
investigated for various combinations of system parameters and the multiple regression models for predicting system
performance measures were developed (adjusted R-square greater than 0.83 for all models). The differences of the per-
formance measures were evaluated and showed that SRM II achieved 7+20% higher load retrieval rates compared to
SRM I for all investigated parameter combinations. The investigation also showed that the number and position of the
input/output locations had a significant impact on the system performance.

Keywords: cylindrical automated storage and retrieval system, order picking system, automated warehouse, simulation,
regression analysis.
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Introduction The increasing number of AS/RS applications in
warehousing has lead to the development of the various
modifications to traditional AS/RS. The multi-shuttle
AS/RS, containing a number of load handling devices on
a single crane, demonstrated significant improvement in
system performance compared to single-shuttle systems
(Guo, Liu 2008). The split-platform AS/RS has separat-
ed the combined vertical and horizontal movement of
the traditional crane into a vertically moving platform
serving rack levels and a horizontally moving platform
serving locations in each level (Vasili et al. 2006). The
independent mechanisms for vertical and horizontal
movement can operate at higher speeds and handle
more loads at a time. The autonomous vehicle AS/RS

The automation of warehouse processes usually reduces
labour costs and increases system accuracy, reliability
and performance. Since automated warehouse systems
require high investment and usually have a fixed layout
and controls, many design issues should be solved in
the most optimal way to provide substantial automation
benefit (Roodbergen, Vis 2009). The most modern ware-
houses include Automated Storage and Retrieval System
(AS/RS), which have been already investigated by the
majority of the researchers (Gu et al. 2010). Traditional
one-aisle single-shuttle AS/RS contains the rack struc-
ture, storage/retrieval crane with a single load handling
device (shuttle) which serves rack locations, the connec-

tion to the other system in the warehouse via input/out-
put conveyors and the control system which schedules
the AS/RS operations.

operates similarly to split-platform AS/RS, but uses ver-
tically moving lifts to transport horizontally moving ve-
hicles to the required levels, where each vehicle accesses
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its destination location (Fukunari, Malmborg 2008).
This type of system provides a complete independence
of the horizontally moving vehicle which can access any
storage location in any level and aisle.

All afore mentioned types of AS/RS are widely used
in goods-to-person order picking systems where prod-
uct totes containing items of the single stock keeping
unit are retrieved from storage and transported to the
order picking workstation to fulfil active customer or-
ders (Andriansyah et al. 2011). The workstation operator
picks the required amount of items from the product
tote and puts them into the active order tote, hence the
sequenced flow of product totes from AS/RS merges with
the sequenced flow of active order totes at the worksta-
tion. The typical goods-to-person system has a single
AS/RS aisle directly connected to a single workstation,
but as the order picking process has a significantly high
impact on warehouse operation costs, it has been shown
that having a single workstation connected to the mul-
tiple AS/RS aisles is much more effective considerating
labour cost (Koh et al. 2005). However, in the multi-aisle
system, the product tote sequence from the AS/RS might
be violated, because each AS/RS aisle processes the totes
in parallel and independently, so having no additional
sequence control might result in the operator receiving
product totes which do not match the currently active
order totes in the picking station. Any type of product
tote sequence control from AS/RS to workstations will
decrease the system performance compared to unse-
quenced flow, so the sequence control level should be
reduced to a minimum.

The objective of this research is to propose and in-
vestigate a new design of Cylindrical Automated Stor-
age and Retrieval System (C-AS/RS), which is a supple-
ment for goods-to-person order picking system, used
for the sequencing of product totes or the active order
totes locally at the workstation. The C-AS/RS contains a
new type of storage/retrieval mechanism (SRM), which
has a number of vertically moving and rotating Load
Handling Devices (LHDs), and is placed in the centre
of the octagonal shape rack (Janilionis, Bazaras 2011).
The system is designed to operate as a short-term buffer
providing the high rate processing of the storage and
retrieval requests. The novelty of this research is the first
combined investigation of the two types of SRMs of the
C-AS/RS, which have different mechanical and control
designs.

The design of C-ASRS requires solving the same
fundamental problem classes as for any other type of the
AS/RS: system physical configuration, storage assign-
ment, order batching, SRM operations sequencing and
dwell point selection (Manzini et al. 2006). Although
all classes are related, primarily the system’s physical
configuration should be considered, which defines the
storage rack capacity and layout, the type of SRM with
its motion parameters, number of system Input/Output
(I/0) locations, to name but a few. The storage rack con-
figuration, number of LHDs on the SRM, velocity and
acceleration parameters of the SRM, the number of I/O
locations and their position in the system have a signifi-
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cant impact on the system performance (Gagliardi et al.
2012; Potr¢ et al. 2004).

This paper follows the previous research by the
same authors, who have already investigated the impact
of I/O positions to the C-AS/RS performance with in-
dependent vertically moving LHDs (Janilionis, Bazaras
2012a) and the impact of I/O positions together with a
number of LHDs on the SRM to the system performance
with interconnected vertically moving LHDs (Janilionis,
Bazaras 2012b). This research will focus on the perfor-
mance investigations of two SRM types of the C-AS/RS
with a different number of 1/O locations and different
I/O positions. The simultaneous movement and rotation
of the SRM complicates the development of analytical
performance estimation models for C-AS/RS, hence
the simulation model for the system investigation will
be developed (Basile et al. 2012). Compared with pre-
vious research, the detailed C-AS/RS operation model
and the fully parameterized simulation model, which
includes the functionality of both SRM types, are intro-
duced in this research. In addition to previous designs of
the C-AS/RS, this research also considers the system I/O
locations positioned in the same level, allowing the SRM
to pick and drop loads simultaneously at the I/O. For the
model development and experiment results analysis, the
discrete event simulation software AutoMod (LeBaron,
Jacobsen 2007) was integrated with the statistical analy-
sis software SPSS (Norusis 2012).

1. C-AS/RS Design

The C-AS/RS system offers modular and integrated de-
sign which is dedicated for warehouses with order pick-
ing systems. The main components of the C-AS/RS are
shown in Fig. 1: storage rack, LHD(-s), SRM and I/O
locations.

The storage rack has a number of storage columns
and levels arranged in a cylindrical octagonal shape,
which allows each LHD of the SRM to access any rack
location during the operation cycle. The system is scal-
able level-wise, each storage location has a capacity for
a single load and a number of locations in the rack are
used as I/O locations, which are blocked for storage. The
flexibility of the system design allows a required num-
ber of I/O locations positioned at any level and column.

Storage
rack
LHD
SRM
110
location

Fig. 1. C-AS/RS design overview
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SRM I with 1 LHD SRM | with 2 LHDs s'f,m'c‘g;,';‘ 2 SRM I with 4 LHDs s'f,rn'l'c‘g’;,';‘ 4
independent LHDs independent LHDs

Fig. 2. C-AS/RS configurations with SRM I-II and 1-4 LHDs

The C-AS/RS should be connected to the other systems
in the warehouse via conveyors placed in the I/O lo-
cations. The SRM has a number of LHDs, where each
of them has a capacity for a single load, therefore, the
system is also scalable with regard to LHD and the num-
ber of LHDs can be selected depending on the required
performance. Fig. 2 shows two SRM design types con-
sidered in this research with a different number of LHDs
and movement functionality.

SRM I can rotate and move all the LHDs simul-
taneously as a single unit, while the SRM II rotates the
LHDs as a single unit, but they can move vertically in-
dependently.

2. C-AS/RS Operation and Simulation Models

The C-AS/RS operation model provides the specification
of the storage/retrieval cycle of the SRM. Before speci-
fying the cycle, the operation environment parameters
should be defined. The SRM operates inside the cylin-
drical octagonal shape rack structure which has L levels
and C columns, hence the total number of rack locations
is Lx C. Fig. 3 shows the top view of the sample rack
level 1 with 3 types of rack locations defined: I - system
input location; O - system output location and z - stor-
age location.

Any type of location is positioned in level I,
i=1,...,L and column ¢; j=1...,C - eg. storage loca-
tlon Zl . The layout of I/O locat1ons is configured so
that the SRM could pick and drop loads at the I/O level
with minimum possible time.

The SRM moves vertically at velocity v,,,, (m/s)
with acceleration a,,,,, (m/s?), rotates at velocity a,,, (m/s)
with acceleration a,,, (deg/s?), and LHD load transfer
on/off time is ¢, (s). The SRM rotates by *d, coe 2degrees
between columns ¢;; and cj, in time £, Cicin and each
LHD of the SRM moves Vertlcal distance dl 1, between
levels [;; and [, in time tl 180 con51der1ng the ability

of the SRM to move and rotate simultaneously, the time

required to move from storage location z; _le ¢; [ to

£, >t t.
z, =2z iS t _ ]l’cﬂ l11’112 ]I’CJZ
2 liyscj 2%

by

Fig. 4 shows the flow diagram of the sequence of
the C-AS/RS operations, which is based on the stand-
ard SRM cycle principle applied for any other type of
AS/RS, where the SRM with a certain number of LHDs
performs a defined number of storage and retrieval op-
erations in a cycle (Potr¢ et al. 2004).

The system initialize operation sets up all necessary
parameters of the C-AS/RS which are used throughout

the system operations: SRM type, vertical velocity v,,,,

i.¢5

N “h.cs

R [
z | SRM
e 125 i “] e
1
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|
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Fig. 3. C-AS/RS operation environment

System initialize
Storage pick
i: SRM

routing
procedure

Storage drop
Dwell T
point

Retrieval pick

Retrieval drop

Fig. 4. C-AS/RS operation flow diagram
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and acceleration a,,,,, rotation velocity v,,, and accelera-
tion a,,, LHD load transfer on/off time f,,, number of
active LHDs N; p, number of active storage levels Ny,
number of I/O locations Nj, and the I/O position I,
The dwell point defines the location of the SRM where
it travels after completing the last operation if there is no
following operation available.

The key element in C-AS/RS control is the SRM
routing procedure, which is called every time before
the SRM starts any type of movement. The procedure
receives the current position of the SRM and the loca-
tion set of the target loads to be processed as an input.
Based on the required operation type (storage pick,
storage drop, retrieval pick or retrieval drop), the pro-
cedure estimates the time required to execute different
routing scenarios which in turn process the set of tar-
get loads completely and the procedure then selects the
scenario with minimum execution time. This research
defines the application of the SRM routing procedure
output based on the optimal branch and bound rout-
ing algorithm, which determines the minimum travel
time between the rack locations, but is not specified in
this paper (Farahani, Tari 2002). The procedure pro-
vides the following output: the SRM rotation sequence
set D= {idcjl i (k) :1<k<N;yp } , which defines the
rotation sequence the SRM needs to follow to process

all target loads and the set of active LHDs in each rota-

tion S; (D), which defines the subsets of active LHDs

and their target locations during rotation +d, . (k),
i

1<k<N;pyp. Fig. 5 shows the application of the SRM
routing procedure output to the actual operation execu-
tion.
During storage and retrieval operations, the C-AS/
RS exchanges information with the routing procedure
in order to define the efficient movement of the SRM.
For the storage operation, the systim input loca-

tion set S; :{Ik :1<k<Niyp, Ii :Ili’cj , Where target

loads are currently located, is created and passed to the
SRM routing procedure. After receiving procedure out-
put, the SRM is routed from the position of the last op-
eration to the system input locations I} to pick the target
loads. Having storage loads on board, the closest available
storage location in the rack is selected for each load, thus

storage location set S, = {zk :1<Sk<Niyp, 2. =2 .
i

is created and passed to the routing procedure. The SRM
then travels from the system input position to the target
storage locations z; and drops the loads.

At the following similar steps, the retrieval op-
eration can be specified. The target retrieval loads are
processed using First In First Out (FIFO) rule and the
storage location set S, is created and passed to the rout-
ing procedure. The SRM travels from the position of the
last operation to the storage locations z; and picks the
target retrieval loads, which are assigned to the closest
available system output locations and the created out-

put location set Sy ={0; :1<k<N;y,,0,=0; .
P
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SRM configure procedure output:
o SRM rotation set D = {id cncp k&), 1<k< NLHD}
o Active LHDs set Sy, (D) in each rotation

!

Rotate SRM by +d €1 Csz (k) and simultaneously
—= dispatch the active LHDs S, ;;,(+d 1Cpo (k) to
target locations

!

Wait for all active LHDs to arrive to their target
locations

!

Processes all target loads (pick or drop) in rotation

+d.g,,q,, (1)

!

Remove rotation +d GG (k) from rotation SRM

rotation sequence set D

Is the rotation sequence
set D empty?

Operation is completed I

Fig. 5. Application of the SRM routing procedure output

is passed to the routing procedure. The SRM is routed
from the current position to the system output locations
Oy to drop the loads.

The parameterized C-AS/RS simulation model was
developed based on the system design and operation
principles described above using the true-to-scale 3-D
simulation software AutoMod (http://www.automod.
com). Fig. 6 shows the flow diagram of the simulation
model proposed in this research.

The simulation starts with the system parameters
initialization, which is used throughout the model run,
and the storage rack filling with loads up to the desired
occupancy. After some time, the retrieval flow from the
storage rack to the system output queue Q,,, is gener-
ated at the exponentially distributed rate of A, loads/
hour. The detailed order picking process is not consid-
ered in this research, so any available load in the Qg
is randomly selected for retrieval and waits for the SRM
to deliver it to the system output queue Q,,, . The C-AS/
RS simulation model functions as a ‘pull system, where
each retrieval load immediately generates the storage
load. The generated flow of storage loads arrives in the
system input queue Q;, and waits for the SRM to de-
liver loads to the rack storage locations Q,,, . The SRM
processes all loads on a FIFO basis and follows operation
rules described previously. In case of being idle, the SRM
uses the ‘stay dwell’ rule and remains idle at the position
of the last operation.
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SRMroutingProcedure

—> Get SRM routing from y
[SRMrout ingProcedure

— Travel and pick loads from Zj |-> Travel and pick loads from 7, k "
— Define — Define I
So = {0k 1<k =Ny, 04 =0y }|S; = {2 VSRS Npgp s 2 =20 }|

—> Get SRM routing from
SRMrout ingProcedure

— Get SRM routing from I
[SRMrout ingProcedure I

—> Travel and drop loads to Op | Travel and drop loads to Zj

Fig. 6. C-AS/RS simulation model flow diagram

This research proposes two performance measures
such as equipment utilization Ugg,, and the average

—in
load input to the system time Toad (seconds) for com-
parisons of the systems with different combinations of
the parameters.

3. Results

Simulation results were generated from multiple model
runs using the AutoMod statistical analysis module Au-
toStat (http://www.automod.com), which was combined
with advanced statistical analysis software SPSS (http://
www.ibm.com/software/analytics/spss) for the result
analysis. The key objective is to provide the comparative
performance analysis of two proposed SRM types of the
C-AS/RS for the experimental parameters such as SRM
type, retrieval rate A, , the number and positions of
I/O locations Nj and [} and evaluate system perfor-
mance measures such as equipment utilization Ugg,,

and average load input to the system time Tioad . Uggy,

shows the proportion of time the SRM was doing at any
kind of movement action. For normal system operation
mode, the value of Ugg,, should be Ugg,, <0.9 and the
objective is to achieve the required retrieval rate A,

with the minimum possible value of Ugg,, (Fukunari,

—in
Malmborg 2009). Tioad is measured from the time mo-
ment the storage load enters the system input queue Q,,
to the moment it is put to the rack location in the queue

QRrack - Similarly, the average load output from the sys-
—out

tem time T'load , measured from the moment of the load
retrieval request creation in the rack queue Qg to the

moment load arrives in the system output queue Q,,,;,
—in

follows the same interpretation as the measure T'oad , SO
it is not discussed in the results section.

The two sets of fixed and varied model param-
eters are considered in this research. The fixed param-
eters are: rack dimensions LxC - 8x11, rack filling

level - 90%, SRM rotation velocity v,,, = 90 deg/s (with
acceleration a,,, = 180 deg/s?), LHD vertical velocity
Viert = 3 m/s (with acceleration a,,,, = 5 m/s?), num-
ber of active LHDs N;yp = 4 and LHD load transfer
on/off time t,, = 1 s. All loads in the model are of the
same type and equally handled by the SRM. The varied
parameters are: hourly retrieval rate A, 6[425, 925]

(loads/hour), number of 1/O locations N, 6{2, 4} ,

1/O positions I, €{0101,0102,0111,0506,0606} and
the SRM type SRM € {1, 2} . The combination of param-
eters N, and [y specifies the number and position of
the system I/O locations, e.g. C-AS/RS with N;5 =2 and
I;p =0102 has 2 input conveyors located at rack level 1
and 2 output conveyors at rack level 2. For the systems
with I/O locations in the same level, e.g. [;5 =0101, the
SRM has a new feature to pick and drop loads simulta-
neously at the I/O level.

Fig. 7 shows 95% Confidence Intervals (CI) of the
mean Ugy,, for the two SRM types with different I/O
numbers and positions. The SRM II achieves significantly
higher retrieval rates for all simulated scenarios, because
the LHDs can move vertically independently, while SRM
I rotates and moves all the LHDs simultaneously as a
single unit. However, vertically independently move-
ment requires more sophisticated equipment, so system
designers should consider it when choosing the SRM
type. The direct comparison between the two SRM types
can only be done for the systems, which achieve the tar-
get retrieval rate A, at the utilization Ugp,, <0.9. Sys-
tems with low utilizations (Ugg,, <0.5) were simulated
but not presented in this paper, because changing the
SRM type and I/O parameters did not show significant
differences in the system performance measures and the
required retrieval rate A, was achieved for any given
system configuration.

The best system I/O position is [;, =0606, where
I/O locations are positioned in the same middle rack lev-
el: SRM I achieves retrieval rate A, =615 with N,y =2
and A, =700 with N;; =4 at Ugg,, =0.9, while SRM
IT respectively shows utilizations Ugpy, =0.77 (Nyp =2)
and Ugpy =0.75 (N;, =4) for the same A, values.
Systems with SRM II and [;; =0606 achieve signifi-
cantly higher retrieval rates of A,, =765 for N,y =2
and A, =900 for N;, =4 at Uggy =0.9.

The achievable retrieval rate reduces significantly
for the worst system I/O position I;,, =0111 where input
is positioned in the bottom rack level and output in the
top level. In this case, the SRM I is expected to achieve
Aoy =510 for N;y =2 and A, =640 for N;;, =4 at
Ugrr =0.9, while SRM II respectively shows utilizations
Ugppr =0.79 (Njp =2) and Ugpy, =0.79 (N, =4) for
the same A, values. C-AS/RS with SRM II can further
operate to the retrieval rate A, =600 for N;, =2 and
Aoy =775 for Ny =4 at Ugpy, =0.9.

For the other I/O positions, the C-AS/RS achieves
intermediate retrieval rates between the best and worst
cases: the second best I/O position is ;5 =0101, where
both SRM types demonstrate 1+6% worse results com-
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Fig. 7. 95% CI of the mean Ugp,, for SRM €{1,2}, I, €{0101,0102,0111,0506,0606}, N, €{2,4} and %,,, {425,925}

pared to the [;; =0606 and the Ug,, increases by

Iy € {0506,0102 and the worst [;, =0111 cases, only

7+15% for l;; =0506 and 9+20% for [;5 =0102 com- the best member of each group [}, € {0606, 0506,0111}

pared to I;, =0606 for the same A, values. In gen- can be further considered. Table shows the utilization
eral, simulation results indicated that SRM II always results summary for different system parameters com-
achieves 7+20% higher retrieval rates A, compared binations.

to SRM I for all given parameter combinations. Since

Fig. 8 shows graphical analysis results of the Toad

the results can be classified by [}, into 3 main catego- for the two SRM types with I/O numbers N, €{2,4}
ries representing the best [, € {0606,0101} , medium  and positions [;5 € {0506,0606,0111}- The values of

—in
Table. SRM utilization Ugp,, and average load input to the system time Tlad for combinations
of parameters [}5, Njy and A,

I =0506 lo =0111 I = 0606
No SRM I SRM II SRM I SRM II SRM I SRM II

UM Tioaa  YUsth  Tious  Ustdt  Tiows  UstM  Tiows  UstM  Tipas  UsrM  Tigw

425 072 3332 061 2619 078 4004 068 3092 064 2852 057  24.00

450 074 3368 0.66 2728 083 4357 074 3005 066 2864 062  24.65

510 081 3622 07 2715 090 5509 079 3320 076 3115  0.66  24.28

550  0.88 4291 075 2824 094  69.07 084 3457 082 3421 07 2477

> 7600 095 5407 080 2937 099 0.89 3976 085 3668 075 2521
615 097 12209 0.82 2998  0.99 091 4120 089 4237 077 2575

690  0.99 0.89 3594  0.99 098 13075 097 9486  0.84  28.32

765 0.9 096 6195  0.99 0.99 0.99 0.89  33.28

550 072 2543 062 1993 081 3224 071 2425 073 2613 063 204l

600 077 2670 066 2002 087 3630 075 2467 079 2748 067  20.51

640 082 2839 069 2030 089 4023 079 2556  0.83 2947 07  20.83

, 700 087 3252 074 2069 09 7109 084 2781 089 3382 075 264
725 089 3845 076 2109 098 9685 086 3230 091 3663 077 2129

775 093 12423 079 2169  0.99 0.89 3308 095 15612 08 = 2222

850 0.9 085 2375  0.99 096 5426  0.99 0.86  24.61

910 0.99 090 2614  0.99 099 13119  0.99 0.89  27.93
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Tload are increasing together with the values of the re-
—in

trieval rate A, and the differences of the Tioad between

the two SRM types are increasing as well. The com-

parison of the Tload between the two SRM types can be
done only for retrieval rates A, where both systems
operate at normal mode with Ugg,, <0.9. For the worst
I/O position I, —0111 Njp=2and A, 6[350 510}

the differences of Tlad between the SRM types in-
creases from 17% to 66% and 15+57% for N;y =4 and
Aoyt € [350, 640] Similar differences are achieved with
the best I/O position I;, =0606: 14+65% for Ny =2
and 1, €[350,615] and 16+56% for Ny, =4 and
Xout 6[350, 765 |. Table shows that the overall Tioad
differences between the two SRM types vary from 14%
to 66% depending on the system configuration and the
retrieval rate A, where systems operate at Ugp;; <0.9.

The multiple regression models for the system per-
formance measures are also developed in this research.
In order to satisfy regression requirements the addition-
al binary parameters are defined:

= bN;, =0-(N;p =2)+1:(N,, =4)

for number of I/O locations;

- bSRM =0-(SRM =1)+1-(SRM =2)

for SRM type;
- bd, =1-((l;o =0102) OR (N 4 =0506)),
bd,o =1:(l;, =0111) and I, €{0101,0606}

when bd, =0and bd,, =0 for I/O position.

The best fit combined regression models for pre-

dicting performance measures Ugp,, and Tload of the
systems with both SRM types can be developed for
Aoy Trange where systems operate at Ugp,, <0.85 and
achieve retrieval rates A, <600:
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InTload =0.72+1.005-bN, +1.430 - bSRM +
0.03-bd,g -Ink,,, +0.449-In%,,,
0.266-bSRM -In2.,, +0.038 - bd, —

2 _ .
0.204-bN - Ink g, R =0.89;

out

out>

Ugpas =—2.775+0.571-In,, +0.16-bN ;) -
0.054-bSRM -In).,, +0.08 - bd, +O.()16~bd1 +
0.254-bSRM —0.041-bN,, -In\ ,,;, R2, =0.92.

out? a

Systems with SRM II can achieve higher retrieval
rates, hence separate regression models are developed
for SRM =2, A, <900 and Ugp,, <0.85:

InTload =2.077 +0.194-In )
0.079-bd, -Ink,,,

0.179-bd,, ,

out +0.522-bd, —
~0.04-bN, -Inh,,, +

2 _ .
R, =0.83;
Ugpar = —2.425+0.501-In%,,

0.015-bN,, -Ink,,, +0.012- bdlo In)
0.179-bd, —0.027 -bd, -InA

out

j 4 =0.93.

out >

All models have values of adJusted R-Square R2
greater than 83%, satisfy regression assumptions and
show the best fit for adjusted R-square and Mallows C(p)
statistics (Norusis 2012).

Conclusions

This research proposed and investigated a new design of
the C-AS/RS with two types of SRMs with its new feature
to pick and drop loads simultaneously at the I/O level. The
proposed system is applied as a supplement for goods-
to-person order picking systems to sequence the product
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Fig. 8. Average load input to the system time Tload (s) for SRM € {1, 2},

io €{0101,0102,0111,0506, 0606}, Ny, {2, 4|

and A, where Ugp,, <0.9
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totes or the active order totes locally at the workstation.
In addition, the detailed C-AS/RS operation model and
the fully parameterized simulation model, which includes
the functionality of both SRM types, were introduced and
compared to the previous C-AS/RS researches carried-out
by authors. The developed simulation model in the Au-
toMod environment was investigated using the AutoStat
module by generating multiple model runs and providing
analysis with SPSS software. The performance compari-
sons by SRM utilization and the average load input to the
system time considered different combinations of system
parameters — SRM type, retrieval rate, the number of I/O
locations and the I/O positions.

Analysis of the Ugp,, showed that SRM II al-
ways achieves 7+20% higher retrieval rates compared
to SRM I for all given combinations of parameters
Aour» Nijo and I;y. The two SRM types can be com-
pared for retrieval rates A,,, where systems operate
at a normal mode with Ugg,, <0.9. The biggest dif-
ference of 200 loads/hour between the SRMs and the
highest retrieval rates at Ugg,, =0.9 for both SRM
types were achieved for system configurations with 4
I/O locations positioned in the same middle rack level
(l;p =0606, N;y =4 ): SRM I achieved A, =700 and
SRM II A, =900. The smallest difference of 90 loads/
hour between the values of A, at Uggy =0.9 was
achieved for system configurations with 2 I/O locations
positioned at the opposite ends of the rack (/,, =0111,
N;o=2): SRM I achieved A,, =510 and SRM II
Aoy =600. It has been also shown that there are no
significant differences in performance measures for I/O
positions [;, =0606 and I;, =0101, and similarly for
l;o =0506 and [;5 =0102 for both SRMs. The systems
with low utilizations (A, <425 and Uggy, <0.5) were
also investigated, but changing the SRM type and I/O
parameters did not show significant differences in the
performance measures.

The values of Tload showed an increasing differ-
ences between the two SRM types together with an in-
creasing retrieval rate A,,,. The overall Tjoaq differences
between the two SRM types varied from 14% to 66%
depending on the system configuration and the retrieval
rate A, where systems operate at Ugpy, <0.9.

In addition to the performance analysis, the multi-
ple regression models for system performance measures

Tload and Ugpps Were developed in this research, which
showed the best fit for the regression criteria (for all re-
gression models R2 5> 0.83) and satisfied regression as-
sumptions. Models provide a tool for system designers,
which allows the prediction of performance measures
for different combinations of parameters SRM, I;,, N,
and A,,,.

The investigations presented in this paper showed
that the number and position of the I/O locations have a
significant impact on the C-AS/RS performance and sug-
gested that the research should be extended by consider-
ing more system parameters. It is essential to investigate
the impact of the vertical motion and rotation param-
eters, LHD load transfer on/off time, number of LHDs
on the SRM, rack size and SRM routing algorithms on
the system performance as the next stage of the research.
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