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Abstract

The objective of this study is mainly related to design aspects of Multi-aisle S/R machine
system (MASS) which can substantially reduce high initial investment cost of Automated
Storage/Retrieval System. Firstly, the average travel time of the S/R machine is determined
under single and dual commands, from which the average performance of 8/R machine is
evaluated. Secondly, a design model is developed and the system parameters, such as length
and height of the system, and the number of S/R machines, traversers and aisles are deter-
mined which provide minimum initial investment and operating costs. Also, through experi-
ments, sensitivity analysis is made for the throughput and storage volume.

1. Introduction

The automated storage and retrieval systems (AS/RS) are revolutionizing the design and
operation of conventional warehousing facilities. These systems consist of storage racks,
storage/retrieval (S/R) machines, and input/output (I/O) stations. There are many benefits
to these systems:labor cost saving, increased space utilization, improved material flow and
inventory control, and a fower incidence of misplacement or theft.

However, only a limited number of manufacturing firms are enjoying these benefits mainly
due to high initial investment cost, for instance, a S/R machine alone costs approximately
$70,000. A measure to reduce the initial cost is utilization of multi-aisle S/R machine
system(MASS). In typical AS/RS, a S/R machine operates in a single aisle and services
storage racks on both sides of the aisle. In MASS, a 8/R machine serves storage racks in
more than one aisle through a transfer device called traverser. The $/R machine is placed on
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the traverser and can be transferred to adjacent aisles without interrupting its ascending or
descending function as illustrated in Fegure 1. The cost of a traverser is estimated approx-
imately to be a half of that of a /R machine.

Many questions regarding the operation and design aspects of MASS naturally arise such as
1) average travel time of the S/R machine from which the performance of MASS can be
evaluated and 2) optimal design for MASS with minimum cost. This paper presents mathema-
tical models to answer the aforementioned questions.

conveyor
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Figure 1. MASS structure.

2. Statistical analysis for travel time

A study for travel time model in AS/RS was firstly made by Hausman ¢t at.(1976), Graves
et al.(1977) and Schwarz et al.{1978) for randomized, turnover—based and class-based storage
assignment rules, assuming that the rack is square in time. Later, Bozer and White(1984)
presented the travel time expressions relaxing the restriction of Graves, Hausman and
Schwarz (GHS). In this section, we derive expected travel times of the S/R machines in
MASS under single and dual commands, with randomized storage assignment rule.

— 100



Under a single command the S/R machine is only capable of visiting a single storage
location between successive returns 1o the 1/0O point. On the other hand, dual command
system makes the S/R machine visit up to two storage locations between successive returns to
the I/O point. After completing a given storage location for the next retrieval without
returning to the 1/0 point.

In the randomized storage assignment rule, any pallet is equally likely to be stored in any
of the rack storage locations.

To analyze the expected travel times in MASS, the following assumptions are introduced:
. Each pallet can hold only one item.

2. All rack openings are of the same size, as are the pallets themselves. Therefore all storage
locations are candidates for storing a pallet load.

3. The 1/0O point is located at the lower left-hand corner of the rack face in the leftmost
aisle.

4. The S/R machine operates on either single or dual command.

5. The rack length and height, as well as the $/R machine speed in the horizontal and
vertical directions, are known.

6. The time to transfer the S/R machine through traverser to adjacent aisles is known.

7. Pick-up and deposit times associated with load handling are constant and equal.

8. The S/R machine can travel simultaneously in the horizontal and vertical directions while
being transferred to adjacent aisles.

9. A randomized storage assignment rule is used.

Also, the following notations are introduced:
M=number of aisles in which a S/R machine operates,
d=width of pallet,
Xi=length of rack,
Xu=height of rack,
W(i)=width from 1/O point to the center of the I" aisle, i.e.,W(i)=3d(i-1},
Vi.=velocity of S/R machine in the direction of X,
Viu=velocity of $/R machine in the direction of Xu,
Vw=velocity of S/R machine in the direction of W(i).

Let b,c and a(i) represent the travel times required to go to the farthest point in the
direction of Xu, X, and W(i). respectively. Then b=Xu/Vs, ¢=X./Vi and a (D) =w(i)/ Vw.

2.1 Under a single command

We first consider the average travel time under a single command. Suppose that a storage{or
retrieval) command occurs in the ith aisle. Let the storage point be represented by (x.y} in
time as in Figure 2 where x is the horizontal travel time, i.e. the horizontal travel time from
the 1/0 point to the center of the ith aisle plus the horizontal travel time to the storage
location, 0 <a(i)<x<a(i)+c¢, and y is the vertical travel time, 0<y<b. Travel time t(x.y) from
I/O point to (x,y) equals Max(x.y). Now let G(z) denote the probability that 1(x.y) is less
than or equal to z. Assuming that the two coordinates are independent, G{z) can be expresscd
as
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G(z)=Pr(x§z)Pr(y§z) ..................................................................................... o))

a(i) a(i)+¢

Figure 2. Stroage locations in time unit of the rack face in the i* aisle.

For randomized storage assignment rule, it is assumed that the locations of x and y are
uniformly distributed. Thus

¢ {z—a(i)i /¢ For a(i)<z<a(i)+c

Coy= | P e A R e
Prixsz)= | 7 for z>a(i)+c @)
and, Z'b for 0<z<b _
Pr(yéz): i ; or Zzb. ...................................................... (3)

Since G(z) depends on the relationships among b, a(i) and a(i) +c, we introduce Gx(z) which
denotes the distribution function of G(z) under the k® condition, k=1,2,3, as described
below. :

condition 1: bZafi).

condition 2: a(i)<b<a(i)+c,
Coﬂditioﬂ 3: b2a(1)+c. R LR e CREEELELCECL LA A A A (4)

With the first condition,

_ (lemalt/e fora(iSz<a(te e,
Gz)= [ 1 for z>a(i)+c )

The probability density function, g:(z), becomes

()= l 1/c for a(iy<z<a(i)+c
& 0 elsewhere.

Letting Ex(SC) be the expected travel time corresponding to the condtion k with the single
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command, we have

atip
a

E{SC):ZJ ‘HHZ/C dzm=2a(i)H.  roovrreer e 7

In similar ways, E:SC) and E:(S5C) can be obtained and

EZ(SC):% ........................................................................................ (8)
and Ex(SC)= 3a(i)*+3a(i)c+¢ b,

3b

Since the probability that a storage (or tetrieval) command occurs in the i* aisle is 1/M, the
expected travel time under the single command, E(SC}), becomes, '

E(SC):":'][_E::, E J(i}(SC)- .................................................................................... (9)

Where & (1)=k if the relationship in the i" aisle fits condition k.

2.2.2 Under a dual command

Each dual command involves two random points, one representing the storage point(x:, y1)
and the other the retrieval point(x:, ;). Notice that the expected travel time from the 1/0
point to either one is one half of E(SC) in equation(9). Now let F(z) denote the probability
that the time required to travel between (x:, y1) and (X, y:) is less than or equal to z. Then we
have

F(z):Pr( 1X]—-x3 !Sz)Pr( |}'1_y3 |SZ), ................................................................ (10)
If those two points are located in the same aisle, the expected travel time between the points,

E(TB.), is given by Bozer and White(1984) and

ki k; Kk
E(T]_:;I),_T_}_m__wki ............................................................................. (11)

Where ki=max(b,c} and k:=min(b,c).

Thus, we are interested in the case where the aisle numbers of those two points are different
each other. Suppose (x:, yi) is in the i" aisle and (x, y:) in the j* aisle, j=£1.
Then

2z Z
S for 05z<b
Pl’( |yl—}’1|£2): h B OT O N (12)
1

for zzb.
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Let A(i,j)= la(i)—a(j) |. The probability distribution of Ix: — x| is equivalent to that of x, '+
x;+A(i.j) where x’=x,—a(i)and x;=x;—a(j). Thus

-~ A .,.
—"% 2 for A(i,j)<z<A(i,))+¢
2 A .|‘ 3 .. - .
Pr( lxi—xt<z)= (?-l- SQJ) z—izg; for A(i,j)FHcCz<A(i,)F2c- e (13)
L i for zzA(i,j)+2¢c

Here, F(z) can be specified under each of the following conditions.

condition 1 b<A(LD,

condition 2 :A(Lj)<b<A(i,j)+c,

condition 3 :A(i,j)+c<b<A(,j)+2c,

condition 4 bzA(l,])+2C .............................................................................. (14)

Let Fuz) represent the distribution function corresponding to condition k. With the first
condition,

[ _AG)z | 7 e AL
& 52 for A(i,j)<z<A(l.j)*c
2 Al 2
Fi{z)= l— 13) >a for A(i,j)+c< Z<A(l,])+2€ ............................... (15)
| 1 for zZ A(ij)+2¢

Therefore, the probability density function, fi(z) becomes

A i, Z .. ..
(CZJ) += for A(i,j)<z<A(l.j)tc
A ‘\. i 11
fi(z)= (%-i-—(clz]))—% cofor AGLFeCZCA) T 20w mmrmememevininnee (16)
L 0 else\ﬁhere.

Letting Ex(TB:)be the expected travel time corresponding to the k* condition, we obtain

E,(TBJ) = f’“"”x ZE(Z)AZ= AL DA oo (17

AfL])

In similar ways, E«(TB:), E«(TB:) and E«(TB:) can be found and
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TAG.))Y + TAG) Al
00 T 13be T 62
bﬁ 3
+(1— )A(l,})+c+ 60 =,
?A(l,])5 . g
20b2c2 ' (2b2c 12bc2 JAG])
14
+(b2 T 6(:2 —DA(L}Y
7 .
T+ DAGSY
b T 1 N
+(55= s 2b’ ——*+2)A(1,])
R
067 6b T3 Tee g0 (18)

E:(TB:) =

EJ(TB:) =

and

19A(,5) 7c e s
E«(TB)=——%+(—— B ~5 ALY
10¢ 33c- 25¢ b

+(== e )A(l )+—+?

Now, the expected travel time between two randomly selected points, E(TB), is found and
[ M .
E(TB)"Mn = E Eows (TB) +ME (TB‘)] s (10)
i=1(ij) j=1
Where & (i,j)=k if the relationship in aisles (i,j) satisfies condition k.
In conclusion, expected travel time, E(DC), in the dual command becomes
E(DC)=E(SC)+E(TB). ctceeorerrrrrrrrrtrrmtiiaitinr e (20)

So far, we have derived the the expected travel times under single and dual commands in
MASS. Now, the performance of S/R machine in MASS will be analyzed.

If the ratio, r, of the number of dual commands to that of total storage/retrieval commands
can be specified, the average travel time executing either storage or retrieval task, AT., can
be represented as

ATF=% E(DC)_'_(I_r)E(SC). .j ..................................................................... (21)

Hence, the performance of the /R machine, PF(M.1r), in MASS whose aisle size is M,
becomes
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2 % (Total operating time/unit period)

PF(M,I)= rE(DC)+2(l -r)E(SC)+2Tu ............................................... (22)

Where To is pick-up (or deposit) time of S/R machine.
In other words, PF(M,r) is the number of commands MASS can carry out per unit time.

Example 1 : Suppose that specifications for rack dimensions and S/R machine speed are as
follows: X.=348 ft, Xa=88 ft, V.=356ft/min and V+=100 ft/min. (the above specifications
are the same as the example of [5].) In addition, pick-up(or deposit) time, Ts, pallet width,
d, and S/R machine speed, Vw, associated with d, are 0.6min, 4.29 ft and 50 ft/min,
respectively. Also, total operating time is 8 hours per day.

Table 1 tabulates expected travel times and PF(M,r) of example 1 for up to five aisles.

Table 1. Results of example 1.

. PF(M,1)
-3 isles E(SC) E(TB) E(DC) =035 =05 1=0.75
1 1.2416 0.4341 1.6757 275.8 2927 311.9
2 1.4435 0.8549 2.2984 243.7 253.1 263.3
3 1.6849 1.0521 2.7370 217.6 225.7 234.4
4 1.9509 1.2041 3.1841 216.8 202.4 210.4
S 2.2285 1.3811 3.6006 176.3 183.4 191.2

As expected, as M increases, expected travel times are also increasing and as either r
increases or M decreases, PF{M,r) increases.

3. Optimal design for MASS

Concerning the design of AS/RS, considerable reserarches have been carried out. Zotlinger
(1974, 1982) developed a basis for estimating AS/RS investment costs by synthesizing in-
formation for more than 60 AS/RS installations. Karasawa, Nakayama and Dohi(1930)
applied a non-linear mixed-integer programming to a model of AS/RS. The resulting model
was solved by using Lagrangian multipliers and then choosing the best neighborhood integer
solution. Ashayeri, Geldrs and Wassenhove(1985) presented a microcomputer-based opti-
mization model to minimize investment and operating costs. Recently, Lee and Hwang(1988)
suggested an approach in the design of automated carousel storage systems of which the
characteristic is similar to that of AS/RS. Other studies(Koenig 1981, Emerson et al. 1981,
Ashayeri et al. 1983) utilized simulation model to develop and evaluate the automated
warehousing systems. We present a mathematical model for the design of MASS in which the
system parameters, such as widih, length and height of the system, and the number of S/R
machines, traversers and aisles are determined which provide a minimum injtial investment
and operating cost. Also, through experiments, sensitivity analysis is made for the throughput
and storage volume and the comparison of AS/RS is made with MASS.,

-106-



3.1 Development of the model

In this section, we present a design model which incorporates all the relevant cost figures
and constraints for installing MASS.

The cost components consist of initial investment costs and discounted operating costs as
follows:
1} $/R machine and traverser costs:The numbers of S/R machines and traversers depend on
the value of M. Since randommized storage assignment rule is used throughout this paper, the
total number of aisles can be divided into (N-1) M aisles and j aisles where N is the number of
S/R machines and j=1, 2,+-, M. Thus, the number of traversers equals (N-1} ¢ (M)+ ¢ ()
where o (]} is defined by

. f0if j=1
70)= [1 otherwise.
Suppose an automated warehousing system with 10 aisles. If M=3, N=4 and j=1, i.e., there
are three groups of aisles, each three aisles in size and being served by a S/R machine and a
traverser and a single aisle in which the 4® S/R machine operates. Thus, the number of
traversers becomes 3. If we assume that the cost of a traverser is a half of that of a S/R
machine, the cost of S/R machines and traversers can be expressed by

CI[N+.5 {(N_l)g(M)+ 6(])” ............................................................. (23)

where Ci=cost of a §/R machine.

2) Rack structure cost:25(aV+a:VNu+asVNi') -orreeererressmsmsmmsesesemsenes e (249

where Nea=height of rack in pallets,
V=storage volume(i.e., number of rack openings),
a:=0.92484 +0.025v + 0.000442w-w?/ 82500000,
2:=0.23328,
a:=—0.00476,
v=volume of a unit load,
w=weight of a unit load,

Note that this estimate is provided by Zollinger{1982).

3) Foundatlon and roof COSt(C2+ C1) SWSL ........................................................... (75)

where C.=foundation cost per square meter,
C.=roof cost per square meter,
Sw=system width,
Si=system length.

4) Wall cost:CiSu(SwH281) =rvemrmremrersmares et ey (26
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where Cs=wall cost per square meter,

5) CONVEYOT COSERCsSu  1vorerereerrsrosentsum ottt 27
where Cs=conveyor cost per meter.

6) Input/Qutput buffer costfCIN  +rorersimer (28)

Where Cs is the cost of one buffer position and /2 is the number of input or output
positions that are provided between each S/R machine and the conveyor loop. It is assumed
that f is equal to 5% of hourly throughput.

7) Land cost: C?SWSL .................. S (29)

where Crland cost per square meter.

8) Costs of computer and other supporting services (heating, lighting, springkler and fire
detection system, ets.):Ce

T
9) Discounted operating COSts: gl (pC|N+S)/(1+l)' .............................................. (30)

where i is discount rate and T is the planning horizon of MASS. S is the yearly salary cost
of the order pickers and pCiN means that the total maintenance cost of the system per year is
assumed to be approximately p% of the investment cost for S/R machines.

Next, the following constraints are introduced.
1) Site restrictions on the system:
Sum3T(dw )i dwy +oeerrm s e (31)
where dw=width of a pallet,
de=clearance of a rack opening,

ke=available site width.

(di+dc)Nu+2dish ifM=1

QL= [(dl+d‘)NL +2dL+3dLglL other‘;;,i‘sle‘ ........................................................... (32)
where Ni=length of rack in pallets,
di=length of a pallet,
lu=available site length.
Here, 2d. and 3d: are the conveyor and the traverser sites, respectively.
S“ - (dH+d(_‘.}NH = o memm oo e e (33)



where du=height of a pallet, _
In==legal restriction on the system height.

2) Storage volume requirement:

ZJNHNLZV .................................................................................................... (34)
where J=number of aisles.

3) Throughput requirement:
U E(N_I)PF(Y‘M).FPF(I-J)* 2 D. ..................................................................... (35)

where U=utilization factor of a S/R machine.
D=total pallet demand per unit period.

3.2 Solving the model and numerical results

The model described can be reformuiated into a nonlinear integer programming problem
with decision variables Ni, Nu, J, N and M. Any existing optimization technique involves very
tedious and time consuming calculations to find an optimal solution. Thus, an enumeration
search procedure is utilized within a reduced set of feasible solutions. An interactive computer
program is developed in BASIC and implemented on an IBM PC/AT and the procedure is
Hlustrated in Figure 3.

To demonstrate the validity and efficiency of the design model, and example problem is
solved with the data given in Table 2 and the results are summarized in Table 3.

To show the use of the model further, sensitivity analysis is done on the throughput and
storage volume(see Figure 4 and 5). Throughput is varied from 200 to 1400 by increments of
200. Figure 5 shows that the total cost increases in steps and approaches that of AS/RS in
case of high throughput. Note that the total cost is constant in AS/RS. Thus, MASS is
suitable for automated warehousing system as long as the storage/retrieval demands are
relatively low. The effects of storage volume requirement is shown in Figure 5. We observe
that as the volume increases, the total cost becomes larger and is always smaller than that of
AS/RS.

4, Conclusion

In this study, we calculated expected travel time of the $/R machine from which the
performance of MASS is evaluated and proposed a design model with the objective of
minimizing initial investment cost and operating costs. Through an example, it was shown that
the total cost of automated warshousing systems can be substantially reduced by applying
MASS. Since this study is based on the microcomputer, cost configurations of MASS can be
obtained at a very little computational burden. We believe that the approach could be a
useful tool for producing a first—cut design of MASS.
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Figure 3. Porocedure for solving the model.
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Note that minimum and maximum values of Ni, Nu, and J are defined as follows:

_ ¢ [—3d)/(d:+de)] it M=1
MaxN.= [ [(IL—SCIL)/ (dL+ dc)] otherwise,
maxNu= [l H /(dH+ dc)] ,

maxJ = {lw/3(dw+dc)],

minN.= [V/(2XmaxNk X max))+1],

minN«= [V/(2X maxN. X maxJ)+1],

minJ = [V/(2XmaxN.XmaxNu)+1],

where [x] denotes the largest integer which does not exceed x.

Table 2. Input Data.

Item Value
Storage volume V=11000
Required throughput D=600pallets/day
Dimension of a pallet dw=12 m

d=12 m
Clearance of a rack opening dc=0.15 m
Maximum weight of a unit load w=1 ton
Site restriction k=25 m
1L.=120 m
Average pick—up(or deposit)time Te=0.1 min
Velocity of S/R machine Vw=30 m/min
Vu=30 m/min
V1.=150 m/min
Utilization factor of a S/R machine U=0.85
Discount rate i=0.2
Planning horizon T=20 years
S/R machine cost Ci=$§ 50000
Foundation cost G:=$% 110 /m?
Roof cost C:=$ 16 /m*
Wall cost C=$ 15 /m
Conveyor cost G=$ 2500 /m’
Buffer cost Ci=% 5000
Land cost G=$% 100 /m?
Computer and other costs C=§ 200000
Percentage of operating cost relative to the S/R machine | p=0.05
Salary cost of order pickers s=$ 2500000
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Table 3. Output.

Length of rack in pallets

Item Value
Total cost $ 1801967
Initial investment cost
S/R machine and traverser costs $ 125000
Rack structure cost $ 1108757
Roof and foundation costs $ 2041
Wall cost $ 89516
Conveyor cost $ 81000
Buffer cost $ 500
Land cost $ 182979
Operating cost $ 12174
Number of S/R machines 2
Number of traversers 2
Number of aisles 4
Height of rack in pallets 17
81
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Figure 4. Total cost vs. storage volume requirement.
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Figure 5. Total cost vs. throughput requirement.
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