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Abstract

Shuttle systems are used in high performance automated
storage/retrieval unit load systems. Each storage level is
serviced by one transfer car travelling in dual command
operation. One buffer slot is located at both ends of each
level. This decouples horizontal travel from vertical
input/output moves, which in this case requires two
independent vertical reciprocating lifts at each end of the
aisle. Other systems work with only one lift used in lower
throughput applications. The content of this paper is treated
in the following sections starting with a problem definition
and a literature survey. This is followed by a detailed
functional description of the system investigated here. A
predictive model with analytical equations is derived for
simplified calculations and a comparison with simulation
results. A summary, conclusions and an outlook finalize the
paper.

i Introduction and problem definition

i the past years a number of new automated storage and retrieval systems based on
1l autonomous vehicles - also called shuttle systems - have been introduced to the
tusopean logistics market [1]. As compared to the conventional AS/R systems they offer
ater operational flexibility in varying demand conditions. Several arrangements mo_” the
components consisting of racks, lifts, buffers and vehicles are possible.
» sumber of research papers has been published in the past to investigate standard
wnligurations [2, 7, 8, 9, 10].

i this paper a special configuration of devices to be described later in more unSm._ is
ieestigated in its main performance measures throughput and owo_n.:ha. >=m‘aﬁnw_
Jations are presented to calculate throughput as the number of transactions per umit time
il eyele time as the function of rack geometry (length, height) and kinematic n.*mﬂm

\locitics, accelerations, transfer times) from the beginning until the end of a transaction.
! results of the analytical calculations verified with the simulation package ARENA.
lwthermore a system comparison of the shuttle system with conventional SR systems is
ented.

I following research questions are treated in detail:

» Calculation of cycle times and throughput depending on rack size )

# arc deadlock situations with blocking possible and by which operational rules can
they be prevented

» what is the effect on throughput and cycle times if shuttles perform single
command (SC) operations instead of double command (DC) operations

» which improvement of throughput of a shuttle system can be expected compared
to a conventional S/R system

I yathet rescarch will be extended to the influence of the dwell point position, the I/O
wwation and the number of buffers on the system performance.

i Literature survey

i mentioned a number of research papers [7, 8, 9, 10] have been v:c:wrwa to investigate
p#eformance measures of the shuttle technology in the last years. A major n.omn.ﬁ.:o:. has
e published by Roy (2011) in his dissertation showing the basic system design in Fig.1.
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Figure 1: Autonomous vehicle based storage and retrieval (AVS/R) systems as descrilt
in [2]

A short functional description of the system investigated by Roy exhibits the follow i
features:

> The shuttles operate on each tier in X- and Y- direction

Several shuttles operate on each tier simultaneously

»
> Shuttles can change between tiers
»

Loads can enter or leave the system only by means of a shuttle at the /0 point

As will be shown in the next section these operational specifications do not apply to il
system investigated here.

Standard shuttle system configurations have also been treated in VDI 2692 (2013) [3] 11,
cycle time cquations presented there allow only a separate calculation of shuttle ar
cquations. VDI 2692 always assumes the lift to act as bottleneck and therefore consi
only the lift cycle time to be relevant for the system performance.

Duc to interference processes between shuttle, lift and waiting times transfer proces.:
between the devices have to be considered

' Detailed description of the shuttle system

1§ System description (Figure 2, 3)
i shuttle system contains four devices:

haek . .

U rack contains the storage locations for the unit loads and horizontal guidance rails for
I\ shuttles. Average rack dimensions have lengths ﬁ:ﬂ.u.m between 10 m«ﬁ 150 meters
il heights between 2 and 30 meters. Storage locations can be single, double,
wiyhe and quadruple deep. Here only single deep locations are treated.

Ahaitles ) .

| “ Jwittles contain transfer devices operating in orthogonal direction to the main guidance
4h Afler the load transfer on the shuttle it travels along the horizontal X-axis from the
103 point to the required storage location. Reverse operation takes place in case of a
wiieval. Only one shuttle travels on each tier.

.. ; . .

s sticul transportation along the z-Axis is enabled by two separate lifts, one for the input
sl onc for the output operation. The input lift moves .:5 load %88 the NO
st at 7. = 0 to the input buffer at the required tier. The output lift operates in the opposite
fiwection,

e fers )

{4 b tier contains one input buffer and one output buffer arranged opposite of each other.
when retricving a load the shuttle transfers it from nﬁ. vehicle Eﬁ@ﬂu to the
yillfer place, where from it will be removed by the output :w at a later point of time.
It the buffer enables a decoupling of shuttle and lift operations. As the shuttle has no
Uibing time at the output lift it can service a different function and improve performance.

itigpare 2: Shuttle system (OSR Shuttle by courtesy of KNAPP)




Figure 3 exhibits the geometric arrangement and the system layout of the shuttle sys

e

with buffer locations at the end of the main aisle. Also a double lift system is possible whcr
lift locations are arranged at both ends of the aisle. But not investigated in this paper.

rack

output-lift output buffer

Figurc 3: Shuttle system

ultle

t ! Functional description

' 1.1 Input process

iha put process describes the movement of loads from the VO point to the storage position
w e ruck. A load to be stored waits in the queue at the /O point until a vertical motion of the
1 sransports the load to the target level and transfers it to the input buffer position. Here it
- wwit until it can be transferred to the shuttle, which transports the load horizontally and
i-wilers it to the final storage position (Figure 4).
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Higiwe 4 Input process

41.3 Output process

i switput process describes the movement of loads from the retrieval location to the I/O

w1 front of the rack. A load to be retrieved waits in the order queue at the retrieval
o w0 until « horizontal motion of the shuttle transports the load to the output buffer position.
1% 4 possible waiting time to empty the buffer a transfer mechanism moves the load to the
i§ buller position. Here it will wait until it can be transferred to the vertical lift, which
.ﬁx.. il to the final /O position (Figure 5).

ghevear] tules operate the lifts in single commands and the shuttles in dual commands. This

# that o shuttle after transporting a load to the storage position moves in empty travel to
st citicval position, wherefrom it transports the retrieval load to output buffer and
Wit by a lilt operation.
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Figure 5: Output process

4 Analytical calculation of cycle times and throughput

4.1  Cycle times and throughput with lifts performing single cycles and
shuttles performing double cycles

As stated before the input and the output lifts operate in single cycles and the shuttlc. -
dual cycles. These two operations are executed at the same time. For the calculation of 1.

cycle time of the shuttle system the maximum of lift cycle time and shuttle cycle tun
dominant.

Additionally to lift cycle times and shuttle cycle times there may occur waiting times 1w
example in the output process it is possible, that the output lift has to wait for totes b,

by a shuttle. It is also possible that too many totes are brought to the output lift and has.
wait to be served.

So the expected value of the cycle time of the complete shuttle system E(taoubtecyeter 1
Ushuttie

_..A_A_E_chv.n_n vnn max g n * lwait

i expected value of the cycle time of the lift is:

h Vi
ack lift
| r_; o + 2

Viift aJift

+ tioad lift * ‘unload lift

i expected value of the cycle time of the shuttle is:

Vshuttl
+w.E

i N.ﬂ_owalmr:&o % N.ncs_o»almrcn_o
Vshuttle 3shuttle

W ... height of the rack

[ .. length of the rack

iy .. velocity of the lifts
wyaww . velocity of the shuttles
Hitk .. acceleration of the lifts

e .. acceleration of the shuttles

Wt .. loading time of the lifts

s . unloading time of the lifts
Uity . loading time of the shuttles
e . unloading time of the shuttles

PMwwe: <quations were derived from the well-known formulas for the calculation of cycle
ilian o1 AS/RS [4].

Miionally to the transportation times waiting times have to be considered:

$ I thc output process it is the waiting time of the shuttie until the output buffer becomes

. pty )
# I e Input-Process it is the waiting time of the lift until the input buffer becomes

@ ‘fiz Yy

i

? wwiting time can be calculated with the help of the queuing theory. Hereby different

modcls can be used. For example the G/G/1 model, M/G/1 model or the Ew/Ew/1

A ——




model. In section 5 it will be shown by simulation results that the M/G/1 model delivens

the best approach.

If we consider the output process, the n shuttles in the rack describe the arrival process and
the output lift describes the service process. If we look at the input process, the lift perforim

the arrival process and the n shuttles in the rack perform the service process.

So we can state for the output process:

Moo
output mAﬁmwcn_nv

n

n ... number of levels in the rack

1
Houtput = ﬂ

N y.oﬁﬁ:_“
Poutput =
Houtput

And for the input process

1
3:?: = mm_l_a

1
Hinput = m?%:n_ov

n

f:ﬁﬁ

Pinput =
P Hinput

¢ the M/G/1 model the waiting times for the input and output process are [5]:

1 2
_ noc_waE.nmm. * Vg
s aontput T 1- _uocﬁm:.:.. 2
tshuttle 2
Pinput’ a 1+ vg
1 = Pinput Z

winh the variational coefficient vs for the service process.

2

__.wox

v Vshuttle
"W g ) = 18

2.

i

lshuttle

shuttle

lih# «alculation relies on the following assumptions, which have been verified by

Hinmbation

j The output cycle time of a system with an utilization ratio of poutput equals the input
#yule time of the same system with pinput = 1/pouput. A numerical example c8<mm the
matput cycle time of a system with poupu = 2 to equalize the calculation results with an
wput cycle time for pinput = 0,5. .

$  heorctically the waiting times would raise towards infinity in the region of v.e_eg u 1
W pep = 1. By simulation however it was found that the average waiting time with
#wal command operation never exceeded two seconds (Figures 6, 7): > twait_max= 2 5€C

10




300,00 : ; : I "« the calculation the following lift and shuttle parameters for lifts and shuttles where
_ «= . <50 m length double cycle M/G/1 i tined:
NMO.OO e | 00 | _J Q U_ = SN .
m length double cycle M/G/1 Vi = 5 m/s velocities of shuttles and lifts
— 200,00 «++»++ 150 m length double cycle M/G/1 atip = 7 m/s’ acceleration of shuttles and Lifts
w) ’ I~
£ tioadt = 1,4 5 loading time of shuttles and Lifts
& 150,00 T (] tunload= 1,4 5 unloading time of shuttles and Lifts
K=
1] ; . .
£ 100,00 . 4 oA m vertical pitch
w05 m horizontal pitch
50,00
0.00 - igare § shows the analytically caleulated cycle times depending on the length and height
g sit o y
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Figure 6: Waiting times i
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0 5 10 15 > 5 5 Higws X Cycle times teyele of a shuttle system with lifts performing single cycles and
heigth of the rack [m] #hidies performing double cycles

Figure 7: Waiting times for a 100 m rack with and without correction

Wiy » tow shuttles operate in the left region of figure 8 with rack heights below five
ijjss Therefore the long travel time of the shuttles is responsible for a high cycle time.
ihwicon heights of 5 and 20 meters we observe minimal cycle times for rack lengths of

1 ;| - 12



50, 100 and 150 meters. In this region the rate of utilization equals one p = 1 for the thi
rack lengths, which means shuttles and lifts are almost equally utilized. Here the waituy
times play an important role. For rack heights higher than > 20 meters only the %
performance determines the cycle time, which results in almost equal cycle times for «
three rack lengths of 50, 100 and 150 meters.

4.2 Cycle times and throughputs with lifts and shuttles performing
single cycles

Simulation experiments in section 5 exhibited that dual command operations of the shuttic
can result in blocking effects with deadlock situations.

The following scenario leads to a dead-lock situation (Figure 9):

Level 1: input buffer, output buffer and shuttle are occupied
input lift shall transfer tote A to input buffer

Level 2: input buffer, output buffer and shuttle are empty
tote B is the next tote to be removed from storage
shuttle waits for tote from input lift to fulfil double cycle

input lift is caught in level 1, where it should transfer tote A to the inpu
buffer

These deadlock situations can be avoided by two strategies:

1. An intelligent control system with look ahead capabilities and the transfer of ;¢
loads to other levels with less traffic expectation yet to be developed
2. By exclusive single command operation of the shuttles

input-ift input buffer

{occupied). {oteA  (occupied) storage /

i

shuttle
(occupied)

output-ift output buffer
{occupied)

input buffer

input-fift {empty) storage tote B /

| 2

output-ift output buffer /
| {empty) (empty)

fligrs 9 Dceadlock situation



Single command operation of the shuttles results in the following equations with 1v.

differences when calculating the total shuttle cycle time:

1. Shuttle cycle time follows from

_Bow +2

Vshuttle Bshuttle

Vshuttle

mﬁﬁmrcs_ov =2 * Yoad_shuttle + Yunload_shuttle

The equation shows that all partial time elements are doubled.

2. Average waiting time in single command operation is assumed twait_max = 3 sec.

1 | [ I I
=== +100 m length single cycle M/G/1 H

f e 100 m length double cycle M/G/1

cycle time (s}
[
o
o
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N e e e ¢

0 5 10 15 20 25 30
height of the rack [m]

Figure 10: Comparison between the cycle time of a shuttle system with lifts and shuwi
performing single cycles and a shuttle system with lifts and shuttles performing sy
cycles and shuttles performing double cycles
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e 11 Comparison between the throughput of a shuttle system with lifts m:.a mE.uEmm
Akming single cycles and a shuttle system with lifts and shuttles performing single
fi andl shuttles performing double cycles

Hjywe 10 and 11 exhibit only a small difference in SC and DC operation. >.¢<0nm~ case
ammmio shows a performance loss of 100 loads/hour (Fig. 11 at 5 m to 8 m height).

4 Simulation model

¢ the results of the analytical calculation the shuttle system was also investigated
ion with ARENA. Figure 12 shows a screenshot of a small ARENA model [6].
ons in purple, buffer spaces in green. Shuttles, lifts and totes are represented by




40,0

15,0 I

: semesene 100 m length M/G/1
10,0 _. a= + 100 m length simulation
5.0 r

A 14,0 L

AN

g = o —

5.0 -
0,0
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height of the rack [m]
mm”a. 12: Screenshot of a small ARENA model with five levels and ten tote location: . thgmo 12: Cycle times teycte of a shuttle system with a rack length of 100 m achieved by
cachside ofa level [6] #ilytical calculation and by simulation
The simulation starts with an empty rack that has to be filled by the shuttles up to i bl g ; e e

degree of 50%. After that a random number generator defines the positions of the

be retrieved as well as the positions of the totes to be stored. w0 _

For the calculation of the cycle time the simulation model is set to an operating ti.
10000 scconds. During this time the number of output totes nies is counted. 0.0 —

5
)
/

Figire 13 and 14 show cycle times and throughput achieved by simulation an.'
analytical caleulation. There is a very good compliance between analytical calculatin
wlation. The maximum difference between analytical calculation and simulat  «
about 10%. That can be seen as a proof for the correctness of both methods.

Wi 6

. emeee 100 m length double cycle M/G/1

O €1 . = » <100 m length double cycle simulation [

o | ~ | | |

0 5 10 15 20 25 30
heigth of the rack [m]

1V Throughputs of a shuttle system with a rack length of 100 m achieved by
i#l calculation and by simulation




6 Comparison between shuttle throughput and AS/RS throughput

M_an ﬂ exhibits a comparison of the performance measures of AS/RS and shuui
ystems both having the same rack geometry. Kinematic data are defined by

I

o

+vech will be extended to the influence of the dwell point position, the /O location and

avoided by intelligent control rules or by single command operation. Further

uber of buffers on the system performance.

vi=6m/s  v,=3m/s
a=4m/s?  a,= 4 m/s? wuferences
tload =3 seC  tuntoad =3 seC fleptner (2011): Shuttles unter der Lupe, DHF, 5/2011

MMWMMMMM data >w\Wm. achieve a throughput of 85 totes/hour. For the rack mcunws
ere, the maximum throughput of shuttle systems lies between 450 and &

mﬁmﬂ%oﬁ (Figure 14). So the throughput of shuttle systems is about five to six L
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Figure 14: Throughput of shuttle system and AS/RS
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Conclusion

...:_

itoy, Krishnamurty, Heragu, Malmborg (2012): performance analysis and trade-
olfs in warehouses with autonomous vehicle technology IIIE Transactions 44(12),
§045 - 1060

This o ;

owﬂsqwmoﬂmar 1s aimed to develop analytical methods to model throughput and cycle v

S %o:oao:w mg.:zn storage system with single buffers between lifts and
ation results verify the correctness of the calculations. A further valuable resul
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