ISE 453: Design of PLS Systems



Geometric Mean

 How many people can be crammed into a car?

— Certainly more than one and less than 100: the average (50) seems to
be too high, but the geometric mean (10) is reasonable

Geometric Mean: X = \/LBxUB =+/1x100 =10

e Often itis difficult to directly estimate input parameter X, but
is easy to estimate reasonable lower and upper bounds
(LB and UB) for the parameter

— Since the guessed LB and UB are usually orders of magnitude apart,
use of the arithmetic mean would give too much weight to UB

— Geometric mean gives a more reasonable estimate because it is a
logarithmic average of LB and UB



Fermi Problems

* |nvolves “reasonable” (i.e., +/— 10%) guesstimation of input

parameters needed and back-of-the-envelope type
approximations

— Goal is to have an answer that is within an order of magnitude of the
correct answer (or what is termed a zeroth-order approximation)

— Works because over- and under-estimations of each parameter tend
to cancel each other out as long as there is no consistent bias

* How many McDonald’s restaurants in U.S.? (actual 2013: 14,267)

Parameter LB UB Estimate
Annual per capita demand 1 1 order/person-day x 350day/yr= 350 18.71 (order/person-yr)
U.S. population 300,000,000 (person)
Operating hours per day 16 (hr/day)
Orders per store per minute (in-store + drive-thru) 1 (order/store-min)

Analysis

Annual U.S. demand (person) x (order/person-yr) = 5,612,486,080 (order/yr)
Daily U.S. demand (order/yr)/365 day/yr = 15,376,674 (order/day)
Daily demand per store (hrs/day) x 60 min/hr x (order/store-min) = 960 (order/store-day)
Est. number of U.S. stores (order/day) / (order/store-day) = 16,017 (store)




System Performance Estimation

e Often easy to estimate performance of a new system
if can assume either perfect (LB) or no (UB) control

 Example: estimate waiting time for a bus
— 8 min. avg. time (aka “headway”) between buses
— Customers arrive at random

e assuming no web-based bus tracking
— Perfect control (LB): wait time = half of headway
— No control (practical UB): wait time = headway

e assuming buses arrive at random (Poisson process)

Estimated wait time = \/ LBxUB =, /% x8 =5.67 min

— Bad control can result in higher values than no control



http://www.nextbuzz.gatech.edu/

[ [ SELF-COORDINATING BUSES
= REDUCEBUNCHING

HOME  THEIDEA  PROOF OF CONCEPT

A BUS-HEADWAY CONTROLLER

HOW IT WORKS

CONTRIBUTORS

A software system to codrdinate buses on a route, based on an idea by John J. Bartholdi lll and Donald D. Eisenstein. The current version of the
software was designed and largely written by Loren K. Platzman. Implementation has been led by Russ Clark, Jin Lee, and David Williamson.

THE IDEA

Delaying buses briefly at certain
checkpoints equalizes headways

Fead more

=

PROOF OF CONCEPT

Coordinating trolleys on Georgia Tech's
busiest route

Read more

%

HOW IT WORKS

Tablets, GPS, cellular networks, and
web-based control

Read more



Ex 1: Geometric Mean

If, during the morning rush, there are three buses operating
on Wolfline Route 13 and it takes them 45 minutes, on
average, to complete one circuit of the route, what is the
estimated waiting time for a student who does not use
TransLoc for real-time bus tracking?

Answer :

1P ircui :
Frequency (TH) = i = 3 bu.s/c1r-cu1t. = L bus/min, Headway =
CT 45 min/circuit 15 Freq.

=15 min/bus

Estimated wait time =+ LBxUB = 175 x15=10.61 min



Ex 2: Fermi Problem

Estimate the average amount spent per trip to a grocery store.
Total U.S. supermarket sales were recently determined to be
$649,087,000,000, but it is not clear whether this number

refers to annual sales, or monthly, or weekly sales.

Answer : $63°5§11 ~ $2,000/ person-yr, LB =1 trips/wk, UB =17 trips/wk
e
= J1(7) x52 = 2x52 =100 trips/yr = 52,000 =$20 / person-trip

Supermarket | Grocery Store Statistics

Total number of grocery store employees 3,400,000

Total supermarket sales in 2015 5649,087,000,000
Total supermarket sales in 2012 $602,609,000,000
Total number of grocery stores / supermarkets 37.053

Median weekly sales per supermarket store 384,911

Average grocery store transaction amount 527.30

Average number of grocery store trips per week a consumers

22
makas

Average number of items carried in a supermarket 38,718



Levels of Modeling

0. Guesstimation (order of magnitude)

1. Mean value analysis (linear, £20%)

2. Nonlinear models (incl. variance, +5%)

3. Simulation models (complex interactions)
4. Prototypes/pilot studies

5. Build/do and then tweak it
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Taxonomy of Location Problems

Minimize System Costs

Minimize Sum of Costs

Sum of Costs =SC=TC +LC

TC>LC

Transport Costs = TC = PC + DC

PC>DC
Procurement Costs = PC

“Weight-losing” activities

Location Decision

Cooperative
Location

A

Competitive
Location

Minisum Location

A

“Nonlinear”
Location

Transport Oriented
Location

A

Local-Input Oriented
Location

Resource Oriented
Location

Market Oriented
Location

Minimize Individual Costs

Minimax Cost
Maximin Cost
Center of Gravity

LC>TC

Local Input Costs = LC = labor
costs, ubiquitous input costs, etc.

DC > PC
Distribution Costs = DC

“Weight-gaining” activities



Hotelling's Law

11




1-D Cooperative Location

Durham US-70 (Glenwood Ave.) Raleigh
@ @
0 30
W1 = 1 Wy — 2
Min 7C = > w; d; a =0, a,=30
TC = Widizz wl-(x—a,- ?
MinTC:ZWidiz Z Z )
dTC
:2Zwl-(x—al-) =0=
Min 7C = Y w; df dx
xz w; = ZWZ‘ a; =

. D Wi _lo+260) _,

D> w 1+2

Squared-Euclidean Distance = Center of Gravity: x




“Nonlinear” Location

N

TC:ZWidl'k

= X x =

AN =~ =

TC

Normalized

55

50

45

40

35

30




Minimax and Maximin Location

Minimax 0O ©
®
— Min max distance
— Set covering problem
®
®
Maximin OO ®
— Max min distance ©
— AKA obnoxious
facility location o
®

14



2-EF Minisum Location

w;, 1fx>x;

TC(x) =Y widy = fi(x—x) + o (x—x2), whereﬂ,:{

—w;, 1fx<yx;
TC25) =w(25-10)+(—w» )(25-30)
=5(15)+(-3)(-5)=90



Median Location: 1-D 4 EFs

Median location: For each dimension x of X

1. Order EFs so that |x|<|x|<--- <|x

|

J m
2. Locate x-dimension of NF at the first EFj where Z w; = %, where W = Z Wy
i=1

i=1

TC Minimum at point where
TC curve slope switches
from (-) to (+)

+14

14

+2
M A\ A D
® ® ® @ >
5 3 2 4 Wi
_ )
N N N N Y

-5-3-2-4=-14 | +5-3-2-4=-4 | +5+3-2-4=+4+2 | +5+3+2-4=+6 | +5+3+2+4 =+14
—>» 5<W/2  5+3=8>W/2
4+2+3=9>W/2  4+2=6<W/2 4<W/2 €—



Median Location: 1-D 7 EFs

Median location: For each dimension x of X

1. Order EFs so that |x|<|x|<--- <|x

|

J m
2. Locate x-dimension of NF at the first EFj where Z w; = %, where W = Z Wy
i=1

i=1

T T A —— T ... ... ... | I L
365 E N
Winston-Salem  Greensboro
® ) Durham
36 190 220 e - 1
Statesville 270 ° Raleigh
. ’ 295
Asheville 150
°
355F 50 N
35F
345F-.
34F
1 1 1 1
-83 -82 -81 -80
w, 6 4 3 2 1 3 5
A - @ . - - C— = -
J W 6<12 10<12 13>12
sz‘ S?- 14>12 11<12 9<12 8<12 5<12

*



Median Location: 2-D Rectilinear Distance 8 EFs

Median location: For each dimension x of X

1. Order EFs so that |x|<|x|<--- <|x

|

J m
2. Locate x-dimension of NF at the first EFj where Z w; = %, where W = Z Wy
i=1

i=1

9 | 53 dl(Pl,Pz)=|x1—x2|+|y1—y2|

6Zl > 29 @&—
'm
q

29

e LAy S
d,(R,P) :\/(xl —x2)2 +(n —y2)2

X
A
N = 19 ‘ ‘ ‘
QS © 70p-------- -y e oo
* 3 Beor - St o D
@ | |
1 ! I
S 1 Optimal location |
N ] anywhere along line
© | |
1l I
* 8825--”””*”@8*2*@ **************** oo o
% % 15 - = = = = = — — - - : 7777777777777777777 /\%9 77777777777777777777
N | |
B | |
© I |
i i J 1 1
5 15 60 70 90 X
? 101 50 48 53 6 W
—» 101<129 151>129
157 > 129 107<129 59<129 6<129 4—

*



Ex 3: 2D Loc with Rect Approx to GC Dist

* |tis expected that 25, 42, 24, 10, 24, and 11 truckloads will be shipped
each year from your DC to six customers located in Raleigh, NC (36N,79W),
Atlanta, GA (34N,84W), Louisville, KY (38N,86W), Greenville, SC (35N,
82W), Richmond, VA (38N,77W), and Savannah, GA (32N,81W). Assuming
that all distances are rectilinear, where should the DC be located in order
to minimize outbound transportation costs?

T T I
| | | | \
JFoulevil \ | | L | \
Richmond . |24 : : : : ‘24
= 48 38 @ | =T T @
| | | | \
| | | | \
| | | 95 |
| | | \
Greenvil * 88<68 25 36‘____|_____|____‘_T____d)____\_____
| | 110 | | \
63<68 10 as | [ @10 | | |
. | | T | \
Atlanta ¢ 42
| | | \
53<68 42 34____I____@____I___\___—I_____\_____
| | | | \
| | L | \
Sav: I I I 111 | [
11<68 11 45| __ L ____I____ I R I IR
82 -80 -78 : : : @ : }
/4 | | L | |
W:ZWl:136, _:68 | | | L | |
2 86 84 82 81 79 77
Answer : Optimal location (36N,82W) 24 42 o 12 24
24<68 66<68 76>68
*

(65 mi from opt great-circle location)



Logistics Network for a Plant

Tier Two Suppliers Customers
Tier One Plant DCs
Suppliers
D
&
gect %
B=D+E A
- I\
®
(7]
o}
=
Q
®
< A=B+C «
FFFF A
c6e°
C=F+G A
downstream _
< upstream
N A J
g g
Assembly Network VS. Distribution Network
Procurement VS. Distribution
Inbound Logistics VS. Outbound Logistics
Raw Materials VS. Finished Goods

1)IeN



Basic Production System

ubiquitous
inputs

* 1 ton
finished

raw
CSuPplier\ materta Production\ go0cs DCCustomer)
System J 3 ton

J 4 ton
+ 2 ton

scrap
title transfer title transfer
‘ FOB Origin FOB Destination ‘
5 you pay 5 5 you pay 5
= > = >
[} . . > (O} .. )
n FOB Destination oM n FOB Origin o
supplier pays 1 1 customer pays
title transfer title transfer
N J N J
2 NV
Outbound

Inbound

FOB (free on board)

21



FOB and Location

* Choice of FOB terms (who directly pays for transport) usually
does not impact location decisions:

Procurement _ Landed cost N Inbound transport

cost ~ at supplier cost
Production _ Procurement Local resource

cost B cost cost (labor, etc.)

Total delivered _  Production N Outbound transport

cost B cost cost
Transport cost _  Inbound transport Outbound transport

= +
(TCO) cost cost

— Purchase price from supplier and sale price to customer
adjusted to reflect who is paying transport cost

— Usually determined by who can provide the transport at the
lowest cost

e Savings in lower transport cost allocated (bargained) between parties



Monetary vs. Physical Weight

minTCOX) = S w d(X, B) =3 fi1 d(X,P)

i=1 i=1
where  T'C = total transport cost ($/yr)

w; = monetary weight ($/mi-yr)

f; = physical weight rate (ton/yr)

7; = transport rate ($/ton-mi)

d(X,P) =distance between NF at X and EF; at P (mi)

NF = new facility to be located
EF = existing facility

m = number of EFs

(Montetary) Weight Gaining: 2wy, < 2wy
Physically Weight Losing:  2fi, > 2/




Minisum Location: TCvs. TD

* Assuming local input costs are
— same at every location or
— insignificant as compared to transport costs,

the minisum transport-oriented single-facility location
problem is to locate NF to minimize TC

e Can minimize total distance (TD) if transport rate is same:

min TD(X) =fw,-d(X,B)=iﬁnd(X,B~)

i=1 i=1
where I'D = total transport distance (mi/yr)
w; = monetary weight (trip/yr)
f; = trips per year (trip/yr)
v; = transport rate = 1

d(X,P) = per-trip distance between NF and EF; (mi/trip)



36.5F

35.5F

3450

s6p o

35

34t

-83 -82 -81 -80 -79 -78

Ex 4: Single Suppller and Customer Location

T
. raw finished
Winston-Salem  Greensboro i material goods
250 > Durham | Asheville Product A
Statesville 270 ™\ Raleigh 2 ton 1 ton

" Asheville 295
e 150 1 ton
50

scrap

2 ubiquitous
Z N inputs
%

3 2 ton
420 raw finished
material goods - -
| Wilmington Product B Winston
Salem

The cost per ton-mile (i.e., the cost to ship one ton, one mile) for both raw
materials and finished goods is the same (e.g., S0.10).

1. Where should the plant for each product be located?

2. How would location decision change if customers paid for distribution costs
(FOB Origin) instead of the producer (FOB Destination)?

* In particular, what would be the impact if there were competitors located along I-40
producing the same product?

3.  Which product is weight gaining and which is weight losing?

If both products were produced in a single
shared plant, why is it now necessary to TC(X) = Zf nd(X,R)

know each product’s annual demand (f))? =1 wl
25



Ex 5: 1-D Location with Procurement and Distribution Costs

AS

o®
) w0 b < Statesville
unit of e ﬂjﬁﬂ

finished
good

AD

Winston-
Salem

Assume: all scrap is disposed of locally

A product is to be produced in a plant that will be located along 1-40. Two tons of raw
materials from a supplier in Ashville and a half ton of a raw material from a supplier in
Durham are used to produce each ton of finished product that is shipped to customers
in Statesville, Winston-Salem, and Wilmington. The annual demand of these
customers is 10, 20, and 30 tons, respectively, and it costs $0.33 per ton-mile to ship
raw materials to the plant and $1.00 per ton-mile to ship finished goods from the
plant. Determine where the plant should be located so that procurement and
distribution costs (i.e., transportation costs to and from the plant) are minimized, and
whether the plant is weight gaining or weight losing.

26



Ex 5: 1-D Location with Procurement and Distribution Costs

Statesville
Winston-
Salem

TC = Z w;, X di
($/yr) ($/mi-yr)  (mi)

unit of
finished

; .
goo monetary  physical

weight weight
—— ——

wi = fi X 5
($/mi-yr)  (ton/yr) ($/ton-mi)

Assume: all scrap is disposed of locally

r, = $0.33/ton-mi oyt = $1.00/ton-mi

e fé:lo’ W3:f3r0ut:10
N4 f3=20, wy = farp =20
e f5 = 30’ Ws :fSFOut =30

fi = BOM,Y fou =2(60)=120, wy = fir, =40 (1)

fo=BOM> fou =0.5(60)=30, w, = foria =10 (2)

Asheville Statesville ~ Winston-Salem Durham Wilmington
w, . 40 10 20 10 30
. - ® ® ® ® —p
J W 40<55 50<55 70>55
2 S 5 60>55 40<55 30<55
i=1
*

(Montetary) Weight Gaining: Xw;, =50 < Zwy,, =60
Physically Weight Losing: ~f;, =150 > Xf, = 60 57



Metric Distances

1
General /p: dp(H,Pg)=Dx1—xz‘p+‘y1—y2‘p}p, p=1

Rec(tililglear o di(PL,P)= \xl — X3 \ + ‘yl - yz‘
J

Buclidean: da(R.P) = (3 —x2)" + (31 =32’
i

Chebychev: d.(B.P)= max{‘xl -1 [, —» ‘}

(p—=2)

T — = _. 1; II
o N
mgﬁi
. et
| /’/; ‘ ’ !Ik
T 4 . _-

28



Great Circle Distances

North Pole (902N lat)

\.
\.

North Pole

\.

~.
N -

e

Longitude (x)

I
I
»\ .

Latitude ; ()

(140°W, 24°N): .

(lon, lat) = (x, y). + e 7 ’ VR (Parallel)
= (—140°, 24°)

L

-
o
2

Equator (02 lat)

International Dateline (1802 lon)

-
Greenwich (Prime)
Meridian (02 lon)

South Pole (909S lat)
(lom,lat,)=(xi, ), (lomy,laty)=(x2, 1)

Adrgqd = ( great circle distance in radians of a sphere)

-1r - .
= COS [sm V5 SIN J +COS V5 COS Py cos(x1 - X )]

R = (radius of earth at equator) — (bulge from north pole to equator)

—3.963.34—13.35 sin y12y2 mi, =6,378.388—21.476sin &23’2 km

dsc = distance (x1,)1) to (x2,12) =|draq - R pp+ ML S g N
o 60 3,600
deg —
_DD_QQ%— 55 , ifWorS

60 3,600 29

2



Circuity Factor

d

road;
d GC;

Circuity Factor: g = Z ,  where usually 1.15< g <1.5

droad = &-dgc (B, Py), estimated road distance from A to B

From High Point to Goldsboro: Road = 143 mi, Great Circle = 121 mi, Circuity = 1.19

' High Point.

Goldsboro =~ ™.~




2-D Euclidean Distance

31




Minisum Distance Location

O

0 A

w

Q \’
,\f), < .
273 L X

J

120°

o4
2

1

Fermat’s Problem (1629):
Given three points, find fourth (Steiner point) such that sum to others is minimized
(Solution: Optimal location corresponds to all angles = 120°) 32

P-=

EENE

1
1
5

d;(x) =\/(x1 —Pi,1)2 +(X2 —Pi,2)2

| D)= di(x)
i=1

X =argmin 7D(X)

TD =TD(x)



Minisum Weighted-Distance Location

e Solution for 2-D+ and
non-rectangular distances: m = number of EFs

— Majority Theorem: LocatemNF at
EFjif w; > %, where W = Zwl-

i=1 * . TC
— Mechanical (Varigon frame) x =argmin7C(x)

TC(X) = i Widl‘ (X)
i=1

— 2-D rectangular approximation TC" =TC(x)
— Numerical: nonlinear
unconstrained optimization

* Analytical/estimated derivative fefi@
(quasi-Newton, fminunc) | g 0 é
* Direct, derivative-free (Nelder-

Mead, fminsearch) .
Varignon Frame



Convex vs Nonconvex Optimization

X
<SS
<SS
S
S
\8\“:\‘\ X

N !
R

N 2

AR T,
N anrpsrst s,
Wttt

27
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Multiple Single-Facility Location

35



Best Retail Warehouse Locations

Number of Average Transit
Locations Time (days) Warehouse Location

1 2.20 Bloomington, IN

2 1.48 Ashland, KY Palmdale, CA

3 1.29 Allentown, PA Palmdale, CA McKenzie, TN

4 1.20 Edison, NJ Palmdale; CA Chicago, IL
Meridian, MS

5 1.13 Madison, NJ Palmdale, CA Chicago, IL
Dallas, TX Macon, GA

6 1.08 Madison, NJ Pasadena, CA Chicago, IL
Dallas, TX Macon, GA Tacoma, WA

7 1.07 Madison, NJ Pasadena, CA Chicago, IL
Dallas, TX Gainesville, GA Tacoma, WA
Lakeland, FL

8 1.05 Madison, NJ Pasadena, CA Chicago, IL
Dallas, TX Gaimesville, GA Tacoma, WA
Lakeland, FL Denver, CO

9 1.04 Madison, NJ Alhambra, CA Chicago, IL
Dallas, TX Gamesville, GA Tacoma, WA
Lakeland. FL Denver, CO Oakland, CA

10 1.04 Newark, NJ Alhambra, CA Rockford, IL
Palistine, TX Gainesville, GA Tacoma, WA
Lakeland, FL Denver, CO Oakland. CA

Mansfield, OH




TC

Optimal Number of NFs

Number of NFs

37



Total Production Cost ($/yr)

TPC
min

Fixed Cost and Economies of Scale

How to estimate facility fixed cost?

— Cost data from existing facilities can be

used to fit linear estimate
* y-intercept is fixed cost, &k

— Economies of scale in production
= k>0and f<1

rc 5 07
act

a
TPC
est

Actual EF cost
___APC
act

fmin ‘fMES f(] fmzlx

Production Rate (ton/yr)

Average Production Cost ($/ton)

r B
TPC, = max < TPCy,, TPC (—j

S <Jmax 0
(0.62, Hand tool mfg.
B 0.48, Construction
~10.41, Chemical processing
10.23, Medical centers

TPCeSt :k+Cpf

TPCoi TPCy ,p
= 7 f

APCy = f
0

APCGS‘[ :£+Cp
f

k = fixed cost
¢, = constant unit production cost
fmin/ fmax = min/max feasible scale
fumes = Minimum Efficient Scale
TPCy/ fy = base cost/rate



LP:

MILP:
ILP:

BLP:

max c¢'x
s.t. Ax<b
x>0

some X; integer
X Integer
X € {0, 1}

MILP

max 6x; +8x,
S.t. 2)C1 + 3X2

2X1

X1, X2 >0

<11
<7




Branch and Bound

max 6x; +8x, c= [6 8] 0 UB=312,LB=0
3
s.t. 2x;+3x, <11
1T _ ; (3) b=| X >4
2x <7 ’ 7
! UB = 311, LB=0 Fathomed,
A X1,x >0 infeasible
44 X1, X, Integer
Incumbent e =31, LB =26
UB=31%,LB:26
o) Fathomed,
UB = 305, LB =26 0 infeasible
Xy < 2
Incumbent e e Incumbent
2 2
UB=30§,LB=28 UB:30§,LB=30
| | } — 2_
5 5 gap—303 30<1=STOP

40



MILP Formulation of UFL
min Zkiyi+Zch-]-xU

ieN ieN jeM
s.t. Zx,-jzl, jeM
ieN
yizXxj, 1eN,jeM
O0<x;<1, ieN,jeM

iE{O,l}, ie N

where
k; = fixed cost of NF at site i € N ={L,...,n}

c; = variable cost from i to serve EF j e M = {1,...,m}

o I, 1f NF established at site i
Yi= 0, otherwise

x; = fraction of EF j demand served from NF at site i.



MILP Formulation of p-Median
min ZZC,-J-X,-]-

ieN jeM
S.t. Zyl = p
ieN
Zx,-j = 1, ] eM
ieN

yizxj, 1e€N,jeM
0<x;<1, ieN,jeM
y,-e{O,l}, ie N

where
p =number of NF to establish

c; = variable cost from i to serve EF j e M = {1,...,m}

L if NF established at site 7
< 0, otherwise

x; = fraction of EF j demand served from NF at site 7.



Computational Tools

Data

@

Calculator |Spreadsheet| &

o =

c (70}
‘»
7
@
3]

- o Hybrid o

o Lsacr:-;p::;ge (toolbox, ?EL

addon) S

Structured Unstructured



Logistics Software Stack

Data Report
(csv,Excel,etc.) (GUl,web,etc.)

User Library
(in script language)
Commercial

) Software
MIP Solver Standard Library | (Lamasoft,etc.)
: (Gurobi,Cplex,etc.) (in compiled C,Java)

New Julia (1.0) scripting language
— (almost?) as fast as C and Java (but not FORTRAN)
— does not require compiled standard library for speed
— uses multiple dispatch to make type-specific versions of functions

Scripting
(Python,Matlab,etc.)

44



PharmaCo Case Study

Exhibit A: Map of PharmaCo DC locations

IIIII

2. Last year's P&L showed distribution operating costs of $109.3 million annually, subdivided into

fixed DC operating, variable DC operating, and freight.

Exhibit B: Supply Chain Cost Profile

Supply Chain Costs (millions)

Fixed Operating |Variable Operating| Transport-ation | Inventory Carrying| Total Supply Chain

$34.9 $42.0 56.7 $25.7 $109.3




Logistics Engineering Design Constants

Circuity Factor: 1.2 (g)
— 1.2 x GC distance ~ actual road distance

Local vs. Intercity Transport:
—  Local: < 50 mi = use actual road distances
— Intercity: > 50 mi = can estimate road distances
. 50-250 mi = return possible (11 HOS)
. > 250 mi = always one-way transport
. > 500-750 mi = intermodal rail possible
Inventory Carrying Cost (/) = funds + storage + obsolescence

—  16% average (no product information, per U.S. Total Logistics Costs)
. (16% =~ 5% funds + 6% storage + 5% obsolescence)

—  5-10% low-value product (construction)

—  25-30% general durable manufactured goods
—  50% computer equipment

—  >>100% perishable goods (produce)



Logistics Engineering Design Constants

5. TL Weight Capacity: 25 tons (K, )

Val
alue >1: S1ft°~

$2,620 Shanghai-LA/LB shipping cost

Transport Cost

(40 ton max per regulation) —
(15 ton tare for tractor-trailer)
= 25 ton max payload

Weight capacity = 100% of physical capacity

6. TL Cube Capacity: 2,750 ft* (K, )

Trailer physical capacity = 3,332 ft3

Treat Pail
beta para €

2,400 ft>40’ 1SO container capacity

$1

Y USA|

Blue - M-HU1020

JHINLT

Destributed by/Destribusde por
Wal-Mart Stores, inc, Bentonwille, AR 777%
MADE IN USAWECHD EN 4

Walmart zom

Effective capacity =

3,332 x 0.80 ~ 2’750 ft3 Truck Trailer

Cube = 3,332 - 3,968 CFT
Max Gross Vehicle Wt = 80,000 Ibs = 40 tons
Max Payload Wt = 50,000 Ibs = 25 tons

Cube capacity = 80% of

Max Height:
13'6" = 162"

physical capacity ‘

Length: 48' - 53' single trailer, 28' double trailer

A

|

47

Interior Height:

(86" - 92" = 102" - 110")



Logistics Engineering Design Constants

7. TL Revenue per Loaded Truck-Mile: $2/mi in 2004 ( r)

—  TLrevenue for the carrier is your TL cost as a shipper

Raleigh Gainesville
532 mi

VO O
ot L N v
< 27N 1720

Greensboro Jacksonville

15%, average deadhead travel

$1.60, cost per mile in 2004

1.60
> =5$1.88, cost perloaded-mile
1-0.15
6.35%, average operating margin for trucking
$1.88

~$2.00, revenue perloaded-mile

1-0.0635



One-Time vs Periodic Shipments

* One-Time Shipments (operational decision): know
shipment size ¢

— Know when and how much to ship, need to determine if TL
and/or LTL to be used

— Must contact carrier or have agreement to know charge
* Can/should estimate charge before contacting carrier

* Periodic Shipments (tactical decision): know demand
rate f, must determine size g
— Need to determine how often and how much to ship

— Analytical transport charge formula allow “optimal” size
(and shipment frequency) to be estimated

* U.S. Bureau of Labor Statistic's Producer Price Index (PPI) for TL
and LTL used to estimate transport charges



Truck Shipment Example

Product shipped in cartons from = . o 5 v
Raleigh, NC (27606) to

Gainesville, FL (32606)
Each identical unit weighs 401b =
and occupies 9 ft3 (its cube) < g
— Don’t know linear dimensions of
each unit for TL and LTL

Units can be stacked on top of
each other in a trailer ©

Additional info/data is
presented only when it is

needed to determine answer o /f’
Gainesville, FL 32606%‘:65 0




Truck Shipment Example: One-Time

1. Assuming that the product is to be shipped P2P TL, what is
the maximum payload for each trailer used for the
shipment?

qg;x =K, =25 ton
K, =2750 ft*

40 Ib/unit

= = 4.4444 1b/ft°
t™ /unit

S

cu K
Kcu — Qmax — qrﬂ/lax — \Y cu
2000

(20S00j

K
max — min g;x 5 r(;?ax = min Kw ,S—cu
q {q q } t 2000

4.4444(2750)
2000

:min{ZS, }:6.1111t0n



Truck Shipment Example: One-Time

2. OnlJan 10, 2018, 320 units of the product were shipped.
How many truckloads were required for this shipment?

q= 320i = 6.4 ton, 9 | { 04 —‘ = 2 truckloads
2000 Gmax 6.1111

3. Before contacting the carrier (and using Jan 2018 PPl ), what
is the estimated TL transport charge for this shipment?

d =532 mi
Pp[yan2018 PPl .
rrp = PP]%£04 XT2004 = 007 ><$200/m1
_131.0

x$2.00/ mi =$2.5511/mi
102.7

e =| -4 rTLd:{ 04 W(2.5511)(532):$2,714.39
o 6.1111



Truck Shipment Example: One-Time

(,:,' UNITED STATES DEPARTMENT OF LABOR

* BUREAU OF LABOR STATISTICS

Home »  Subjects v QECRLLIER S Publications ¥  Economic Releases Students v Beta ~

Databases, Tables & Calculators by Subject

Change Output Options: From: 2008 ¥ Too | 2018 ¥

include graphs include annual averages
Data extracted on: September 5, 2018 (4:22:19 PM)

PPl Industry Data

Series Id: PCU4B41214534121

Series Title: PPI industry data for General freight trucking, long-distance TL, not seasonally adjusted
Industry: General freight trucking, long-distance TL

Product: General freight trucking, long-distance TL

Base Date: 288312

Download: ] xlsx

Year | Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNowv Dec

2008 116.0| 115.9| 116.5 11/.8 120.5 123.0 124.0| 124.0| 121.8| 121.3| 1178| 1151
2009 113.2| 11z2.1| 1104 109.7 109.8 110.1 111.4| 111.0| 111.7| 110.8| 111.5| 110.9
2010 i110.8| 111.0| 1118 112.2 113.2 113.5 113.4| 113.7| 113.8| 1144 1158| 116.1
2011 116.5| 117.4| 119.3 121.0 121.7 121.4 1213 121.2| 1220 122.0| 1232 1233
2012 124.0| 124.6| 126.2 126.7 127.0 125.8 125.6| 1268 1274 127.2| 1269 127.0
2013 126.7| 127.2| 128.0 127.5 127.8 127.6 127.6| 127.6| 127.1| 127.2| 127.6| 1274
2014 127.9| 128.2| 128.7 129.5 130.6 130.8 1303 130.4| 130.4| 129.7| 1298| 1289
2015 126.7| 126.0| 126.0 126.2 126.3 127.1 1269 126.2| 125.9| 1255 1258 1248
2016 124.6| 123.4| 123.2 123.6 122.8 122.7 123.0| 123.0| 123.3| 124.1| 1241 124.2
2017 124.4| 124.7| 1242 124.3 124.0 124.2 1242 | 125.9| 126.6| 126.6| 128.5| 130.3

2018 131.0| 132.0| 132.0 132.6(P) 133.6(P) 135.9(P) 138.6(P)
P : Preliminary. All indexes are subject to revision four months after original publication.



Truck Shipment Example: One-Time

4. Using the Jan 2018 PPI LTL rate estimate, what was the
transport charge to ship the fractional portion of the
shipment LTL (i.e., the last partially full truckload portion)?

Gfiac =G — Gmax = 6.4—6.1111=0.2889 ton

rer, = PPl

2
S

—+14
8

[

1 15

qd..d* —;j(Sz +25+14)

4.44°

+14

=177.4

Crrr = 1L1L Y9frac d= 38014(02889)(532) = $58423

[0.2889753229 —2)(4.442 +2(4.44) +14)

1 15

7

=$3.8014 / ton-mi



Truck Shipment Example: One-Time

5. What is the change in total charge associated with the
combining TL and LTL as compared to just using TL?

Ac=cr — (CTL—1 +CrL )

={ 1 —‘ l”TLd—@ 1 JI’TLdJH’LTLerac dj
Qmax Qmax

=$772.96




Truck Shipment Example: One-Time

6. What would the fractional portion have to be so that the TL
and LTL charges are equal?

Indifference Point between TL and LTL

1400 L

CTL(q):|7qq —‘FTLd 1200 |

2
S

—+14
8

800 |

600 |

Transport Charge ($)

400 |

200 |

rr(q) = PPl 115 .
(6/ d2 —Zj(s2 +25+14)

I I I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

crr(q) =rm(q)qd C Shpmentsie(on)
q; = argmin (‘CTL (q9)—cirL (Q)D
q

=(0.7960 ton



Truck Shipment Example: One-Time

7. What are the TL and LTL minimum charges?

Indifference Point between MC and LTL

MCyy = (’%Lj 45 = $57.40

28
PPI 19

MCLTL = LTL (45+ d J
104.2 1625

Transport Charge ($)

28 20 | e
19 -7 e
_[(1774 (45+532 ]:$87.51 -
104.2 1625 T S e

Shipment Size (ton)

e Why do these charges not depend on the size of the
shipment?

e Why does only the LTL minimum charge depend of the
distance of the shipment?



Truck Shipment Example: One-Time

* Independent Transport Charge (S):

¢o(g) = min {max {CTL (9), MCry, } , Max {CLTL (@), MCrL }}

Independent shipment charge: Class 200 from 27606 to 32606

2500 L

2000 L

1500 |

1000 |

Transport Charge ($)

500 L




Truck Shipment Example: One-Time

Using the same LTL shipment, find online one-time (spot) LTL
rate quotes using the FedEx LTL website
Grac = 0.2889 ton

=0.2889(2000) = 578 Ib Class-Density Relationship

Load Density (Ib/ft*) Max Physical Max Effective

no. O . 2 8 8 9 ( 2 OOO) Class Mmimmum Average  Weight (tons) Cube (ft})
= =15 cartons 3500 - 0.52 0.72 2.750
units 40 400 1 1.49 2.06 2,750
300 2 2.49 3.43 2,750
: : . 250 3 3.49 4.80 2,750
* Most likely freight class: o ) T i v
) 175 5 5.49 7.55 2,750
_ 40 Ib/unit — 4 4444 1b/ft> 150 6 6.49 8.92 2,750
§= L t 125 7 7.49 10.30 2,750
O ft” /unit 110 g 8.49 11.67 2750
100 9 9.72 3.37 2,750
92.5 10.5 11.22 15.43 2,750
= Class 200 85 12 12.72 17.49 2,750
° 1 77.5 13.5 14.22 19.55 2.750
What is the rate quote for Z 5. 14,22 1933 2
the reverse trip from A I B
. . 55 35 39.68 25 1.260
Gainesville (32606) to " " s - .

Raleigh (27606)?



Truck Shipment Example: One-Time

 The National Motor Freight Classification (NMFC) can be used
to determine the product class

* Based on: I N

Abietic Acid Abietic Acid, in drums 55 42605 =
1 Loa d d e n S Ity Accordions Accordions, in boxes 125 138820 -
Acetonitrile Acetonitrile, in boxes or drums. See item 60000 for class dependent 85 42645 =

upon released value

. S DECia I h a n d I | n g Acetylene in steel cylinders 70 85520 -

Acid Fish Scrap Fish Scrap, NOI, dry, not ground, pulverized nor screened, or Acid Fish 77.5 69980 -

Scrap, in bags

3 Stowa bi I it Aircraft Parts metal, struts, skins, panels 200 11790 01
. y Aluminum Channel U channel 60 13340 -

Aluminum Table Set aluminum table SU 200 82105 01
. el Ambulance Stretcher stretcher 200 56920 06

. Lla b I I Ity Arches Support Iron Steel 60 52460 -
Architectural Details 6- 8 Ibs per cubic foot 125 56290 05
Architectural Details 2 - 4 |bs per cubic ft 250 56290 03
Assembled Furniture Bathroom cabinet set up 300 39220 01
Assembled Furniture Highboys, dressers, wooden set up 125 80120 01
Assembled Furniture Wood furniture 4-6 Lbs per cu ft 150 82270 04
Assembled Furniture Chairs wooden setup w/out upholstery 300 80770 01
(¢ M“’Fc Assembled Furniture Chairs wooden setup w/out upholstery KD 125 80770 03
e Assembled Furniture Couch w/ back & arms put together 175 80865 03
Na ﬂOl‘lal' Assembled Furniture Chairs put together w/ upholstery 200 79255 01
Motor Fre"ght Assembled Furniture Metal cabinets in boxes 110 39270 06

. Assembled Furniture 18 gauge steel cabinet 70 39340 =

C,_as{“f_f?‘:’ tfﬂ_ﬂ Assembled Furniture Benches, cabinets, tables for workstations 125 23410 -

F Assembled Furniture Buffets, china cabinets put together 125 80080 =

Assembled Furniture Cabinets of metal or plastic for storage 92.5 39235 -

Assembled Furniture Tanning bed 150 109050 -

Assembled Furniture Mattresses, in packages or boxes 200 79550 -

Athletic / Sporting Goods Gym equipment, playground, sports items. Density Item
Attachments: Backhoe NOI: Attachments, backhoe (Backhoes), tractor or truck, on lift truck 175 114217 01
skids or pallets:

Attachments: Backhoe Attachments, backhoe (Backhoes), tractor or truck, on lift truck skids 100 114217 02

or pallets: Each shipped with all components secured to a single
pallet, platform or skid, weighing 1100 pounds or more and having a
density of 8 pounds or greater per cubic foot

60



Truck Shipment Example: One-Time

e (Czarlite tariff table for O-D pair 27606-32606
100 1

= ton
2000 20

cwt = hundredweight =100 Ib =

Tariff (in $/cwt) from Raleigh, NC (27606) to Gainesville, FL (32606)
(532 mi, CzarLite DEMOCZ02 04-01-2000, minimum charge = $95.23)

Freight Rate Breaks (i)

Class 1 2 3 4 5 6 7 8 9&10

500 34142 31414 24580 20148 15860 11237 5566 5566 5566

400 27388 25199 197.19 16161 12722 91.12 4510 4510 45.10 -

300 20634 18985 14856 12176 9585 6947 3443 3443 3443 |

250 17256 15877 12423 10183 80.15 5803 2879 2879 2879

200 13878 12769 9992 81.89 6447 47.19 2340 2340 2340

175 12137 11168 8739 71.62 5638 4127 2039 2039 2039

150 10449 9613 7522 61.66 4853 3596 1775 17.75 1775 1638 |

125 87.59 80.60 63.07 5169 4069 3024 1500 1500 15.00

110 7757 7137 5585 4577 3604 2861 1440 1440 1440 o |

100 7123 6555 5129 4204 33.09 2758 1403 1080 9.90

92 6648 61.18 4788 3924 3089 2575 1368 1052 9.66

85 6174 5680 4445 13643 2868 2391 1320 1015 932 638

77 5699 5244 4104 3363 2648 2207 1260 968 889

70 5277 4855 3799 31.14 2451 2043 1200 923 847

65 5007 4608 3605 2956 23.04 1939 1187 9.14 839

60 4744 4364 3415 2800 2182 1837 1176 9.04 830

55 4475 4117 3222 2640 2059 1732 1164 896 822

50 41.57 3826 2994 2454 19.12 16.10 1152 885 814 | TC. W0 Break
Tons (¢°) 025 05 1 25 5 10 15 20 o —

1 1 1 1 1

0.25 0.5 1 25 5

ton



Truck Shipment Example: One-Time

9. Using the same LTL shipment, what is the transport cost

found using the undiscounted CzarlLite tariff?

g =0.2889,

disc=0, MC=9523

= are g

B
2

ey

-

B

951§q<%‘8}

¢’ <q<qf}

0.25<0.2889 < 0.5} =2

class =200

Freight Rate Breaks (i)

Class 1 2 3 4 5 6 7 8 9&10
500 34142 31414 24580 20148 15860 11237 5566 5566 5566
400 273.88 25199 197.19 16161 12722 91.12 45.10 45.10 45.10
300 206.34 18985 14856 121.76 9585 69.47 3443 3443 3443
250 17256 15877 12423 10183 80.15 5803 2879 28.79 2879
200 138.78 12769 9992 81.89 6447 47.19 2340 2340 2340
175 12137 11168 8739 71.62 5638 41.27 2039 20.39 2039
50 ‘ 4157 3826 2994 2454 1912 1610 1152 885 8.14

Tons (gf) 0.25 0.5 1 2.5 5 10 15 20 0

Crariff = (1 — disc) max {MC, min {OD(ClaSS, i)20q, OD(class,i+1)20q/ }}

= (1-0) max {95.23, min { OD(200, 2) 20(0.2889), 0D(200,3)20(0.5)}}

= max {95.23, min {(127.69) 20(0.2889), (99.92)20(0.5)}}

= max {95.23,min {737.76,999.20}} = $737.76



Truck Shipment Example: One-Time

10. What is the implied discount of the estimated charge from
the Czarlite tariff cost?

Ctarifft — CLTL

disc =
Ctariff 4719 |
| 737.76-58423
737,76

1638 L

=20.81%

 What is the weight
break between
the rate breaks?

OD(class,i+1
gl = OO 5

w» 999 L

(o]

38 L

OD(class,i)

99.92
127.69

(0.5)=0.3913 ton



Truck Shipment Example: One-Time

* PX: Package Express cpx = R(Wictrg, z0ne)

(Undiscounted) charge cp, based Wlcheg = ’VmaX{WtactaWtdim}—‘ (Ib)
rate tables, R, for each service (2-

day ground, overnight, etc.) Wi, = actual weight (1 to 150 Ib)
Ratg determined by on chargeable Ixwxd (in®)
weight, wt ., and zone Widim = (Ib)

All PX carriers (FedEX, UPS, USPS, sf (1n3/lb)
DHL) use dimensional weight, wty,., [, w,d = length, width, depth (in)
Wty > 150 |b is prorated per-lb rate
Actual weight 1-70 |b (UPS, FedEx
home), 1-150 Ib (FedEx commercial)  sf = shipping factor (in>/Ib)
Carrier sets a shipping factor, which
is min cubic volume per pound
Zone usually determined by O-D =139 FedEx (2019)
distance of shipment
Supplemental charges for home
delivery, excess declared value, etc. —194 USPS — s =8.9 [b/ft’

[ >w, [xwxd >actual cube

=12° / s, nverse of density

— 5 =12.43 Ib/ft’ (Class 85)



Truck Shipment Example: One-Time

* (Undisc.) charge to ship a FedEx Standard List Rates (eff. Jan. 7, 2019)
Service

single carton via FedEx?
Commitment 1-5 days based on distance to destination

Wi, =40 1b, cu =9 ft°

N © | 3 | ¢ | 5 | s | 7 | 8
0-150 | 151-300 | 301-600 |601-1,000 |1,001-1400(1401-1.800| 1,801-plus
miles miles miles miles miles miles miles

d =532 mi = zone=4 " 1b. |$ 785|8 823 $ 8% $ 93 |$ 968 S 980 |8 9%

ﬂ 2 |bs. 9.48 1015 | 1037 10.82 11.24 1143

carton = Ixwxd = actual cube = £ 3 88 9 1070 1.4 1159 11.98 1257

; 4 9.13 11.75 12.08 1287 1347

3 .3 = 5 9.37 Note: No Zone 1 13.46 14.22

[xwxd =9x12°=15,552 in°=32x27x18 ' ¢ ¢© 268 ' _ 1081|1448

z 7 023 | (usually <50 milocal) | 1518

B ‘H]"E II.L! | - 8 ool T2 IQ.E] ]E.EB

Whi = Ixwxd — 159552 =111.9 lb 9 10,59 11.40 1248 1339 14.04 15.21 1657

dim : 10 1084 1151 1260 1376 14.33 16.10 1762
sf 139

111 59.41 5969 | 6426 | 6720 7520 | @2E0 | 9225

wt chrg = lrmaX {Wf act » wt dim }—| 112 B0.62 B1.13 B4.27 B7.21 75.84 83.31 92.36

113 068 | 6118 | 6498 | 6783 | 7652 | 8400 9404

114 61.32 6245 B633 | 6315 | 7781 85.41 94 65

— (max {40,1 1 19}—| =112 1b 115 6199 | 6316 | 6624 | 6933 | 7782 | 8547 | 9466

146 8251 8498 | 8895 8915 9804 | 10596 11885

Cpy = R (Wtchrg ,zZone ) 147 83.66 85.00 8966 89.86 9374 | 106B9 | 119566

148 B4GE | 8563 9061 9062 | 10020 | 10740 12046

149 8484 | 8638 | 9126 9128 | 10042 | 10808 | 12181

=R (1 129 4) - $642 7 1502 gags | 8706 | 9276 9433 10095 | 10883 122560

65



Truck Shipment Example: Periodic

11. Continuing with the example: assuming a constant annual
demand for the product of 20 tons, what is the number of
full truckloads per year?

f =20 ton/yr
qd =qmax =06.1111ton/ TL (full truckload = ¢ = gax )
f 20 :
n=-—= =3.2727 TL/yr, average shipment frequency

g 6.1111

 Why should this number not be rounded to an integer
value?



Truck Shipment Example: Periodic

12. What is the shipment interval?

_1_g _61111

nof

* How many days are there between shipments?

=0.3056 yr/TL, average shipment interval

365.25 day/yr
365.25

n

tx365.25 =

=111.6042 day/TL



Truck Shipment Example: Periodic

13. What is the annual full-truckload transport cost?

d=532mi, ry =%$2.5511/mi

rrr, _25511
G 6.1111

=$0.4175/ ton-mi

VerL, =

TCrr = frerd =nrd (= wd, w=monetary weight in $/mi)

=3.2727(2.5511)532 = $4,441.73/yr

 What would be the cost if the shipments were to be made
at least every three months?

1
fmax = % yi/TL = nppn=——=4TL/yr = g¢g= /

tmax max {na Nmin }

'
TCFTL = max {I’l, Nmin } I”TLd

=max {3.2727,4}2.5511(532) = $5,428.78/yr



Truck Shipment Example: Periodic

* Independent and allocated full-truckload charges:

qd < Gmax = [UB, LB] — [CO(Q)a quTLd]

Transport Charge for a Shipment

|
3TL
4072}
~ 2 TL

2714} S

1357 AN
&
2 .
S
4]
~
O
=
o
o
2
S
|_

MC

87.51

| | | |
150/2000 0.7960 6.11 12.22

Shipment Size (tons)



Truck Shipment Example: Periodic

Total Logistics Cost (TLC) includes all costs that could change
as a result of a logistics-related decision

TLC =TC+IC+ PC

T'C = transport cost

IC =inventory cost
= ICeyete + ICpipetine + 1Csatety

PC = purchase cost

Cycle inventory: held to allow cheaper large shipments
Pipeline inventory: goods in transit or awaiting transshipment
Safety stock: held due to transport uncertainty

Purchase cost: can be different for different suppliers



Truck Shipment Example: Periodic

Same units of inventory can serve multiple roles at each
position in a production process

Raw Material Work in Process Finished Goods

Working Stock

Economic Stock

Safety Stock

Working stock: held as part of production process
* (in-process, pipeline, in-transit, presentation)

Economic stock: held to allow cheaper production
* (cycle, anticipation)

Safety stock: held to buffer effects of uncertainty
* (decoupling, MRO (maintenance, repair, and operations))

71



Truck Shipment Example: Periodic

14. Since demand is constant throughout the year, one half of a
shipment is stored at the destination, on average. Assuming
that the production rate is also constant, one half of a
shipment will also be stored at the origin, on average.
Assuming each ton of the product is valued at $25,000, what
is a “reasonable estimate” for the total annual cost for this
cycle inventory?

[C¢yc1e = (annual cost of holding one ton)(average annual inventory level)
= (vh)(aq)
v = unit value of shipment ($/ton)
h = inventory carrying rate, the cost per dollar of inventory per year (1/yr)
a = average inter-shipment inventory fraction at Origin and Destination

g = shipment size (ton)



Truck Shipment Example: Periodic

Inv. Carrying Rate (h) = interest + warehousing + obsolescence
Interest: 5% per Total U.S. Logistics Costs
Warehousing: 6% per Total U.S. Logistics Costs

Obsolescence: default rate (yr) 4 = 0.3 = h = 0.2 (mfg product)
— Low FGl cost (yr): h=hy, + hyy, + hgps
— High FGI cost (hr): h = h,,, can ignore interest & warehousing
 (hythy,)/H = (0.05+0.06)/2000 = 0.000055 (H = oper. hr/yr)

— Estimate /4, using “percent-reduction interval” method: given time ¢,
when product loses x,-percent of its original value v, find 4

|II

X X
hobsthv = XpV = hobsth =X, = hobs Z—h R and fh Z—h

Ih hobs
— Example: If a product loses 80% of its value after 2 hours 40 minutes:

b =2+ T r= =98 o3
60 t, 2.67

— Important: ¢, should be in same time units as production time, 7.,




Truck Shipment Example: Periodic

* Avg. annual cycle inventory level =%+

q 1 1
Iy lg=Ng=>a=1
5 (2 zjq (Dg

>

* Note: Cycle inventory is FGI at Origin and RMI at Destination



Truck Shipment Example: Periodic

* Inter-shipment inventory fraction alternatives: a=ap+ap

Constant Constant
Production Consumption
o = 5 — =1
~0 /

Batch Constant
Production Consumption
a = 0 — = —

2

2

................... ~0
Constant Immediate
Production Consumption
a = — + 0 = —
=0 ~0
Batch Immediate
Production Consumption
a = 0 + 0 =0



Truck Shipment Example: Periodic

“Reasonable estimate” for the total annual cost for the
cycle inventory:

[Coyele = Vhq
=(1)(25,000)(0.3)6.1111
=$45,833.33/ yr

where

1 .. L.
o= Eat Origin + Eat Destination =1

v =$25,000 = unit value of shipment ($/ton)
h = 0.3 = estimated carrying rate for manufactured products (1/yr)

g = Gmax = 0.111=FTL shipment size (ton)



Truck Shipment Example: Periodic

15. What is the annual total logistics cost (TLC) for these
(necessarily P2P) full-truckload TL shipments?

TLCprp =TCrrp + 1Coyie
=nryd+avhg
=3.2727(2.5511)532+(1)(25,000)(0.3)6.1111
= 4,441.73+45,833.33
=$50,275.06/ yr
* Problem: FTL may not minimize TLC

—> Can assume, for any periodic shipment, ¢ < q,....
— Assuming P2P TL, what to find ¢, ¢*, that minimizes TLC

= CTL(Q):{ 1

Qmax

—I rTLd = VTLd



Truck Shipment Example: Periodic

16. What is minimum possible annual total logistics cost for P2P
TL shipments, where the shipment size can now be less than
a full truckload?

TLCr(q)=TCr (q)+1C(q)= §CTL(Q) +avhg = g’”d +avhq

dTLCri(q) _ 0=gr = ‘/frTLhd . \/20(2'5511)532 =1.9024 ton
av

(1)25000(0.3)

TLCTL (q;L) = ]: I"TLCZ + thq;L
qrL

= 2 (2.5511)532+(1)25000(0.3)1.8553

1.8553
=14,268.12+14,268.12

= $28,536.25/ yr



Truck Shipment Example: Periodic

* Including the minimum charge and maximum payload
restrictions:

L \/fmaX{VTLd,MCTL} N /fVTLd
drr = min sQmax [~
avh avh

 What is the TLC if this size shipment could be made as a
(not-necessarily P2P) allocated full-truckload?

* * * 14 *
TLC siiocrr (qrr) = ]: (QTLVFTLd ) +avhqr, = f L avhqry
qrr ¢ max
=20 2??1 1 532 +(1)25000(0.3)1.9024

=4,441.73+14,268.12
=$18,709.85/yr (vs. $28,536.25 as independent P2P TL)



Truck Shipment Example: Periodic

17. What is the optimal LTL shipment size?

TLCr(q)=TCrr(q)+1C(q) = gCLTL (q) +avhg

quL =argminTLC;7;(q) =0.7622 ton
q

* Must be careful in picking starting point for optimization
since LTL formula only valid for limited range of values:

- 2 1 (37<d <3354 (dist)

8+14 150 ng10,000

2,000 2,000
20002 < 650 ft* (cube)
L S

(wt)

N

2 S

150 _ /< min{lo,ooo 650s

< , = 0.075<g<1.44
2000 2,000 2000



Truck Shipment Example: Periodic

18. Should the product be shipped TL or LTL?

TLCy71(q1r) =TCrr(qrr) +1C(qrm) = 34,349.19+5,716.40 = $40,065.59 / yr

40066 |-

28536 |-

$ per

Shipment weight (tons)

81



Truck Shipment Example: Periodic

19. If the value of the product increased to $85,000 per ton,
should the product be shipped TL or LTL?

40066 |

28536 |

$ per year
$ per year

52618 |
47801 B

0.76 1.90 0.27 1.03

Shipment weight (tons) Shipment weight (tons)
(a) $25000 value per ton (b) $85000 value per ton

82



Truck Shipment Example: Periodic

* Better to pick from separate optimal TL and LTL because
independent charge has two local minima:

qo = argmin {TLCr;(q),TLC111(q)) qo =arg mqin {5 co(q)+ avhq}
q

10.9 . . . . . . 11.05

10.7

105 L

103 L




Truck Shipment Example: Periodic

20. What is optimal independent shipment size to ship 80 tons
per year of a Class 60 product valued at S5000 per ton, with

the same inventory fraction and carrying rate, between
Raleigh and Gainesville?

s =32.16 Ib/ft>

qg = arg min{TLCTL (q),TLCy 1y (q)} =8.5079 ton
q

TLCr;(qo) =$25,523.60/ yr < TLC17,(qo)



Truck Shipment Example: Periodic

21. What is the optimal shipment size if both shipments will
always be shipped together on the same truck (with same
shipment interval)?

dy=dy, hgg=h=h, O=01=
fage = fi + f>=20+80=100 ton

regate weight, in lb N
Sagg=(agg S ) Jw 100 =14.31 Ib/ft°

(aggregate cube, in ft3) A +f2 20 n 80
S1 A\p) 4.44 32.16

Vagg :LVI + f2 %) =£85,000+%5000=$21,000/t0n

fagg félgg 100

=4.6414 ton

* félgngLd _ 100(25511)532
I (1)21000(0.3)

QlaggVagg Magg



Truck Shipment Example: Periodic

 Summary of results:

f 5 v a3
1: 20 4.44 85,000 e.11
2: 80 32.16 5,000 25.00

1+2:
Aggregate: 100 14.31 21,000 19.68

86



Ex 6: FTL vs Interval Constraint

* On average, 200 tons of components are shipped 750 miles from your fabrication
plant to your assembly plant each year. The components are produced and
consumed at a constant rate throughout the year. Currently, full truckloads of the
material are shipped. What would be the impact on total annual logistics costs if TL
shipments were made every two weeks? The revenue per loaded truck-mile is $2.00;
a truck’s cubic and weight capacities are 3,000 ft3 and 24 tons, respectively; each ton
of the material is valued at $5,000 and has a density of 10 Ib per ft3; the material
loses 30% of its value after 18 months; and in-transit inventory costs can be ignored.

f =200, d=750, a:%+%:l, =2, K. =3000, K, =24, v=5000, s=10

Xy 0.3 . SKcu

hops =—=—-=02=h=0.05+0.06+0.2=0.31, = Qmax =MIN K,,,,——+ =15

T 1S arm =4 { t 2000}

= J =13.33, TLCrr; = nprprpd + avhqer, = 43,250, 2-wk TL = LTL not considered

qFTL
27 f

max = = Apin = 26.09, gy =——=7.67, TLC,yw = nmin?rrd + avhq,w =51,016

365.25 Ainin

ATLC =TLCyw —TLCrrp = 87,766 per year increase with two-week interval constraint



Ex 7: FTL Location

e Where should a DC be located in order to minimize

transportation COStS’ given: 3650 ..-.”::_ . .......................... . PP—
1. FTLs containing mix of products — *[= s~
A and B shipped P2P from DCto s =
customers in Winston-Salem, i
Durham, and Wilmington sl

2. Each customer receives 20, 30, sl
and 50% of total demand 8 e e 50

100 tons/yr of A shipped FTL P2P to DC from supplier in Asheville
380 tons/yr of B shipped FTL P2P to DC from Statesville
Each carton of A weighs 30 |b, and occupies 10 ft3

Each carton of B weighs 120 Ib, and occupies 4 ft3
Revenue per loaded truck-mile is $2

© N O U kW

Each truck’s cubic and weight capacity is 2,750 ft3 and 25 tons,
respectively



Ex 7: FTL Location

Tsz w, X d,

(8/yr) ($/mi-yr)  (mi)
w, = X Ieri = N X L
($/mi-yr)  (ton/yr) ($/ton-mi) (TL/yr) ($/TL-mi)
r S
TerL,i = , N=——
($/ton-mi)  Gmax Gmax

_ : _ _ _ ~ Jagg 480 3 B 10.4348(2750| _

F=$2/TL-mi, fig =f1+f5=100+380=480 ton/yr, S,p = 7o 100 3% = 104348 I/, gy =125, 2 =14.3478
30 3 . 3(2750) sa s 330

=" =316/, G = 25, =4.1251

" 0 1 mm{ } on 3 =0.20 figg =96, 1y = — 0 — 6.69, wy = 6.69(2) =13.38
o (3) 14.3478
100
£=100, m = ——— = 24.24, w, = 24.24(2) = 48.48 0307 — 144 n 144 _ B B
=0.30 fop, =144, 1y = =10.04, w; =10.04(2) = 20.07
4.125 - o—>(4) Ja Jage 4= 113473 4 (2)

120 ; e 30(2750)|

$2 === = 301/, Gmax = mln{ZS, 2000 }‘ 25 ton (5 £ -050 fuge = 240, 15 = 290 16,73, w5 =16.73(2) = 3345
14.3478
380
f2=380,m === =15.2,w, =15.2(2) =304
w46, V73 Vie% -— o . Y >
2 48<73 78>73

(Montetary) Weight Losing: 2wy, =79 > Zwy, =67 (Znin =39>Ynyy = 33)

Physically Weight Unchanging (DC): Xf;, =480 =ZXf,, =480
89



Ex 7: FTL Location

* Include monthly outbound frequency constraint:
— OQOutbound shipments must occur at least once each month
— Implicit means of including inventory costs in location decision

1 1
tax == YTL = iy =— =12 TLiyr

max

TClpy = max {n, nyn } rd
{
{
{

ns =max416.73, 12} =16.73,ws =16.73(2) =33.45

1 = max {6.69, 12} =12, w; =12(2) = 24

ny = max 110.04, 12} =12,wy =12(2) =24

W = — w; . 48 30 24 24 33
= 160, ) =80 i < ° PN P - @ |
48 <80 78 <80

(Montetary) Weight Gaining:  Zwj, =79 < Zwgy =81  (Znin =39 < Zngy =41)
Physically Weight Unchanging (DC): Xf;, =480 =2Xf,,; =480



Location and Transport Costs

 Monetary weights w used for location are, in general, a
function of the location of a NF

— Distance d appears in optimal TL size formula
— TC & IC functions of location = Need to minimize TLC instead of TC

— FTL (since size is fixed at max payload) results in only constant weights
for location = Need to only minimize TC since IC is constant in TLC

TLCr (X) = i (X)d;(X) + avhg(X) = Z rd;(x)+ avhqg;(x)
i—1 i-1 4i\X
:i: ff;’(x) rd(x)+avh f’”d(x Z,/frd(x (F J
avh

TLCrr(x) =) /i rd(X) + aVh Guax = Y Widi(X) + @Vh quax = TCrry (X) + constant

i=1 ¢ max i=1




Transshipment

* Direct: P2P shipments from Suppliers to Customers

D
D

Suppliers

Customers
Suppliers
D \p
Customers

* Transshipment: use DC to consolidate outbound
shipments

— Uncoordinated: determine separately each optimal
inbound and outbound shipment = hold inventory at DC

— (Perfect) Cross-dock: use single shipment interval for all

inbound and outbound shipments = no inventory at DC
(usually only cross-dock a selected subset of shipments)



Uncoordinated Inventory

* Average pipeline inventory level at DC:
a=ap+0ap

1 .
(945 +5, inbound

Suppliers
Customers

0+ap, outbound

| 491ddng
A

Z J9anddng
—

Customer 3

Customer 4

NN
X
X
X
X
X
X
\4

93



TLC with Transshipment

e Uncoordinated: TLC; = TLC of supplier/customer i
g: =argmin TLC;(q)
q

TLC" =3 TLC: (g7 )

_ _q : :
o Cross—docklng: t—f, shipment interval

TLC;(t) = Cot(t) +avhft ch. TLC;(q) = ico (q)+ avhq}
q

co(t) = independent transport charge as function of 7

B {aO +0, inbound

0+ap, outbound

{ = iny TLC,(t
arg mtlnz (?)

TLC" =>'1LC (1)



Economic Analysis

* Two aspects of economic analysis are important in
production system design:

1. Costing: determine the unit cost of a production activity
(e.g., S2 per mile for TL shipments (actually $1.60/mi))
 Termed “should-cost” analysis when used to guide procurement

negotiations with suppliers

2. Project justification: formal means of evaluating alternate
projects that involve significant capital expenditures



Costing

* Capital recovery cost used to make one-time investment costs
and salvage values commensurate with per-period operating
costs via discounting

Effective cost: V" = IV—SV(I—H’)_N

Capital recovery cost: K =Jy°t ; =(1V -8V ; + SV i
b Y L—(m’)N} ( )L—(m‘)N

] eff p f
Average Cost: AC:K+OC¢ V=" + PV of OC

q Nq
where
1V =1nitial one-time investment cost o f SVs T
SV = one-time salvage value at time N Veffl - *1 *z ¢3 +4 *5

OC = operating cost per period

. . IV
g = units per period v
96



Project Justification

If cash flows are uniform, can use simple formulas; otherwise,
need to use spreadsheet to discount each period’s cash flows

In practice, the payback period is used to evaluate most small
projects:

Payback period = [OL;’ for OP >0

where
Vo =1Vpew —SVeurrent» Net Intital investment expenditure at time 0 for project
1V,ew = 1nitial investment cost at time 0 for (new) project
SVeurrent = salvage value of current project (if any) at time 0

OP — OR-0C, uniform operating profit per period from project
" | OCysrent — OChew, net uniform operating cost savings per period

OR = uniform operating revenue per period from project

OC = uniform operating cost per period of project



Discounting

NPV and NAV equivalent methods for evaluating projects
Project accepted if NPV >0 or NAV 20

Weighted Average Cost of Capital: i = (% debt) igene + (% equity) iequity
=(0.5)0.06+(0.5)0.30=0.18

NPV = PV of OP -V

Net Present Value: 1-(1+ z')_N
= 0P — et 20

i

Net Annual (Periodic) Value: NAV = OP—-K



Project with Uniform Cash Flows

il

-—
«—
«—

0 ch
v,

ls 0 i "2 '3 "4 5
)
N
Payback

v, Period
(a) Actual cash flows. (b) Payback method.
A
PV of OP
NPV
A A A A AA
I oP : : : N TTNAV T1 Tf Tf ﬁ‘
vlo . "2 '3 "4 "5 Eo K Vi v, \B AP Vs
E fVeﬁc IVeff :
7, EY \ 4
v

(c) Net present value (NPV).

(d) Net annual value (NAV).
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Cost Reduction Example

Common

Cost of Capital
Economic Life
Annual Demand
Sale Price

Project

Investment Cost
Salvage Percentage
Salvage Value

Eff. Investment Cost
Cost Cap Recowery

Oper Cost per Unit
Operating Cost

Operating Revenue
Operating Profit (OR - OC)

Analysis

Payback Period (/V/OP)
PV of OP

NPV (PV of OP - [v°)
NAV (OP - K)

Average Cost (K + OC)/q)

(i)
(N, yr)
(q/yr)
($/q)

(v, 9)

(SV, 9)
(/Veff, $)
(K, $/yr)

($/9)
(OC, $/yr)
(OR, $/yr)
(OP, $/yr)

(yr)

($)

($)
($/yr)
($/q)

8%
15
500,000

Current
2,000,000
25%
500,000
1,842,379
215,244

1.25

625,000

0
(625,000)

(5,349,674)

(7,192,053)

(840,244)
1.68

8%
15
500,000

New
5,000,000
25%
1,250,000
4,605,948
538,111

0.50

250,000

0
(250,000)

(2,139,870)

(6,745,818)

(788,111)
1.58

Net
3,000,000

750,000

2,763,569
322,866

(0.75)

(375,000)
0
375,000

8.00
3,209,805
446,236
52,134



(Linear) Break-Even and Cost Indifference Pts.

Rewvelent Range of Ouiputs

A

1 i .
N )
1= .
s | : :
77 S N B
TR = TC ouptuantity - J I'G =1GC,
P-g=F+V-q h+hi-q=F+V:-q
(P-V)g=F R-F=(-")q
F . . H-F
Brealk-Even Point: g = ——— CGSfIHd@foF’QHCQ Point: dri&2 = ! =
P-V V=1

ocC

If output ¢ 1s 1n units produced, then /' =K and V = —.

q 101




Facility Layout

 Two levels of layout problems:

— Machine: determine assignment of machines to (fixed) sites

— Departmental: determine space requirements of each department (or
room) and its shape and relation of other departments

'y

Storage
Racks

Finishing

002

- g pp—3 A
Line Conveyors |

Office

n=FA

0s

Receiving Area Shipping Area

- 100 -
- ! ! 300" »
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Machine Layout

* Arouting is the sequence of W/S (or M/C) that work visits
during its production

— Dedicated M/C = single routing = single flow of material = layout
only involves choice of straight-line or U-shaped layout

— Shared M/C = multiple routings = multiple flows of material =
layout involves complex problem of finding assignment of M/C to Sites
corresponding to the dominate flow

Machine Machine Machine Machine
1 2 3 4
[A] 20, 29, 26, >® - [A] 20, 20)
B
(8] B 2 ———0 - D= é
T
TF——0 26, >~
[c] 26 —©®
—//__/_
[ I
T—+——>0 ~O——>




S¢'9 SL'8 SL6 11

S¢'T SL'E

0

(M)

1

Example: Kitchen Layout

Site Locations

Appliances

?"‘é] 1 T/K Trash/Sink
Stove
Microwave

Refrigerator

Worksurface/
Dishwasher

Pantry

Cupboard/
Coffeemaker
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Example: Kitchen Layout

Table 1. Site-to-Site Distances Table 3. Meals Prepared During Each Week

Site 1 ) 3 1 5 6 7 Meal Freq. Sequence
1 0.0 25 50 103 104 86 71 guack 25  R.M
2 25 00 25 87 92 94 87 43
3 50 25 00 76 86 107 106 .
4 103 87 76 00 18 88 111 Drnk 10 (;-—F;?V—T
5 1104 92 86 18 00 75 101 (74571
6 86 94 107 88 75 00 34 Breakfast 7 C-T-CR-CK
7 71 87 106 11.1 101 34 0.0 (7-1-7-4-7-1)
Lunch 2 R-W-M-W-R-S-T
(4-5-3-5-4-2-1)
Table 2. Distance from Location (0,0) to Sites .
. Dinner 6 P-W-R-K-W-S-M-W-T
Site ‘ 1 2 3 4 5 6 7 (6-5-4—1-5-2-3-5-1)

00) | 3.8 63 88 132 129 88 6.0 Cleampp 8 K-D-K.RKD

(1-5-1-4-1-5)




From/To Chart

Machine Machine Machine Machine
1 2 3 4
1trip/br [Al—20 > >(3) > >
2 trip/hr [B] >(2) —®
L
[ E—
TFH—>0 20, >
3 trip/hr @ >0 j,@
L
[ E—
o= 50 20 =
To To
From\ 1 2 3 4 From\ 1 2
1 — | 1+243 1 — 6
2 — 1+2 2+3 2 —
3 — 143 3
4 2+3 — 4 5

106



Total Cost of Material Flow

P
Equivalent Flow Volume : Wy = Z Sixhz  (machine-to-machine)
=1

where Jijx = moves between machines i and j for item &
h;x = equivalance factor for moves between machines i and j for item k
M M
Total Cost of Material Flow: 7C,; = Z Z Waa, dij
i=1 j=1
where a; = machine assigned to site i
d;; = distance between sites i and j (site-to-site)

M =number of sites and machines



* Problem: Cost of move of item k£ from site i toj (/4

Equivalent Factors

depends on layout

— equivalent factor used to represent likely “cost” differences due to,
e.g., item volume

All by = 1= [ wy | =

S O O~

oS O~ O

S O 3O

hn O O O

S~ O O

S N 3N O

S O O
S O W o

ok O

[ fiz]=

NN O OO

[his]=2

S O O

S O N O

S O oo

[ fie ]=

[hie]=1

w o O O

S O O W

S O OO

ik

) usually

Ltrip/hr [A—>0 20 20, 20, B
2trip/hr [B} 20, /_i@
I —
I —
G" (o) »(3) >
20! >() B
3trip/hr E 20, j@
[
[ —
G” (o) o(?) >
20, 20, >
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SDPI Heuristic

Interchange |1 2 3 4 {2 3 4] TC
ii g;ij a4 31 4 25680
’ a; |1 3 4 25660
bz 0! ay, |4 1 3 214930
ol S s 1 1 og a, |2 1 4 34020
A A a, [3 4 1 24180
4z T -, as |3 2 4 14320
as |3 1 2 45350

ar 2 1 4 34020

a, |1 2 4 33630

ay, |4 1 2 34450

au |3 1 4 25680

ag |2 4 1 35520

ap |2 3 4 14640

an |2 1 3 44170

a, 1 2 4 33630

a, |2 1 4 34020

R £ o 32142135300

L2 e st as |3 2 4 114320

S A as |1 4 2 34330

s * - ¢ & a; |1 3 2 25660

a, |1 2 3 43830
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SDPI Heuristic



(35,90)

@

(33,80)

(x.y)

@

(45,76)

(a) Open space.

ot

1
x 0

50

(b) Rectangular grid.

33 80
45 76
56 80
k2 90
35 20
o
12.6491
23.0000
21.4705
10.1980

40
40
40

90

130
90 80
130 40

12.6491

o
11.7047
15.6525
17.2047

40
130

50
90

23.0000
11.7047

o
10.7703
23.2594
90 130
80 40
50 S50
o 40
40 o

Layout Distances: Metric

21.4709
15.6525
10.7703

0
17.0000

10.1980
17.2047
23.2594
17.0000

o
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Layout Distances: Network

IJD

(&) (&)

< .
12

16

5 ol

(¢) Circulating conveyor.

IJD

(d) General network.

N o Wk

63
45
29
17

A A o

52
54
55
79

Hom e Wk

o

54
38
26

52

30
95
55

18
16
12
17

27
18

56
44

52
54
L1
30
25
40

54
30

65
25

43
34
16

60

55
55
65

40

55
46
28
12

79
55
25
40



Dijkstra Shortest Path Procedure

2,1 423
10,4

Path: 1< 3¢ 24« 5«6: 13
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General Network Distances

DAN 407

Intersection Nodes

O

Site Locations

[]
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General Network Distances

 Only need 10 x 10 distances between site locations, can throw
away distances between intersection nodes

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

13 0 13 46 28 26 35 44 54 44 6 12 21 30 39 28 37 26
26 13 0 53 26 29 38 47 57 31 19 15 24 33 42 35 44 13
33 46 53 0 37 25 16 7 10 40 40 38 30 21 25 18 9 50
29 28 26 37 0 12 21 30 40 31 22 16 7 16 25 36 28 13
27 26 29 25 12 0 9 28 35 38 20 14 5 14 23 25 16 25
31 35 38 16 21 9 0 23 26 47 29 23 14 23 32 16 7 34
40 44 47 7 30 28 23 0 17 38 38 32 23 14 23 25 16 43
43 54 57 10 40 35 26 17 0 30 48 42 33 24 15 28 19 48

19 40 22 20 29 38 48 48 0 6 15 24 33 22 31 32
13 12 15 38 16 14 23 32 42 42 6 0 9 18 27 20 29 28
22 21 24 30 7 5 14 23 33 33 15 9 0 9 18 29 21 20
31 30 33 21 16 14 23 14 24 24 24 18 9 0 9 38 30 29
40 39 42 25 25 23 32 23 15 15 33 27 18 9 0 43 34 33
15 28 35 18 36 25 16 25 28 58 22 20 29 38 43 0 9 48
24 37 44 9 28 16 7 16 19 49 31 29 21 30 34 9 0 41
39 26 13 50 13 25 34 43 48 18 32 28 20 29 33 48 41 0

[ N N W WS U U WS N RN

PV RN afo®©®NO AN =
\l
o




Warehousing

Warehousing are the activities involved in the design and
operation of warehouses

A warehouse is the point in the supply chain where raw
materials, work-in-process (WIP), or finished goods are
stored for varying lengths of time.

Warehouses can be used to add value to a supply chain
in two basic ways:

1. Storage. Allows product to be available where and when
its needed.

2. Transport Economies. Allows product to be collected,
sorted, and distributed efficiently.

A public warehouse is a business that rents storage space to
other firms on a month-to-month basis. They are often used
by firms to supplement their own private warehouses.



Types of Warehouses

Supplier
A

SUpglier _{ - E[

Consolidation
Warehouse

o>

Supplier W

C

Supplier
A

Supplier
B

Supplier
C

Supplier
A

Cross-Dock
Warehouse

Customer

Customer

Customer

Customer

Break-Bulk
Warehouse

8 c
Customer
P
IHI“! Customer
4

Customer




Warehouse Design Process

* The objectives for warehouse design can include:

— maximizing cube utilization

— minimizing total storage costs (including building,
equipment, and labor costs)

— achieving the required storage throughput
— enabling efficient order picking

* |In planning a storage layout: either a storage layout is
required to fit into an existing facility, or the facility
will be designed to accommodate the storage layout.



Warehouse Design Elements

 The design of a new warehouse includes the
following elements:

1. Determining the layout of the storage locations (i.e., the
warehouse layout).

2. Determining the number and location of the
input/output (I/0) ports (e.g., the shipping/receiving
docks).

3. Assigning items (stock-keeping units or SKUs) to storage
locations (slots).
 Atypical objective in warehouse design is to
minimize the overall storage cost while providing
the required levels of service.



Design Trade-Off

 Warehouse design involves the trade-off between
building and handling costs:

min Building Costs vs. min Handling Costs
g )

max Cube Utilization vs. max Material Accessibility

120



Shape Trade-Off

W=D D

I/0
@

W

Square shape minimizes
perimeter length for a
given area, thus minimizing

building costs

VS.

W=2D D

/10
®

w

Aspect ratio of 2 (W = 2D)
min. expected distance
from I/O port to slots,
thus minimizing handling
costs

121



Storage Trade-Off

B|C|E 5 Honeycomb
loss
A|lBI|D VS. A|lB]|C
AlBI|cC A|B|C|D|E
Maximizes cube utilization, Making at least one unit of
but minimizes material each item accessible

accessibility decreases cube utilization
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Storage Policies

e A storage policy determines how the slots in a
storage region are assigned to the different SKUs to
the stored in the region.

* The differences between storage polices illustrate the
trade-off between minimizing building cost and
minimizing handling cost.

* Type of policies:

— Dedicated
— Randomized
— Class-based



Dedicated Storage

Each SKU has a
predetermined number of
slots assigned to it.

Total capacity of the slots
assigned to each SKU must
equal the storage space
corresponding to the
maximum inventory level
of each individual SKU.

Minimizes handling cost.
Maximizes building cost.
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Randomized Storage

e Each SKU can be stored in
any available slot.

* Total capacity of all the
slots must equal the
5 storage space
ABC corrgsponding to the
; maximum aggregate
inventory level of all of the
110 SKUs.

* Maximizes handling cost.

* Minimizes building cost.
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Class-based Storage

e Combination of dedicated

and randomized storage,
where each SKU is
assigned to one of several
different storage classes.

Randomized storage is
used for each SKU within a
class, and dedicated
storage is used between
classes.

Building and handling
costs between dedicated
and randomized.
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Individual vs Aggregate SKUs

Class-Based

Random

Dedicated

BC

AC

AB

ABC

A

Time

10

Aiojuanu|

Time
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Cube Utilization

Cube utilization is percentage of the total space (or “cube”)
required for storage actually occupied by items being stored.

There is usually a trade-off between cube utilization and
material accessibility.

Bulk storage using block stacking can result in the minimum
cost of storage, but material accessibility is low since only the
top of the front stack is accessible.

Storage racks are used when support and/or material
accessibility is required.



Honeycomb Loss

 Honeycomb loss, the price paid for accessibility, is the
unusable empty storage space in a lane or stack due to
the storage of only a single SKU in each lane or stack

%

‘ Height of 5 Levels (

Horizontal Honeycomb Loss
of 2 Stacks of 5 Loads Each
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Estimating Cube Utilization

* The (3-D) cube utilization for dedicated and randomized
storage can estimated as follows:

e item space item space
Cube utilization = = _
total space 4. space+ honeycomb N down aisle
loss space
( N
Mt Zi:l M dedicated where
CU3-D) =+ IS(D) x = lane/unit-load width
x-v-z-M . .
y— , randoml Zed y= unit-load depth
T5(D) z = unit-load height
( Z N | M, M; = maximum number of units of SKU i
x . . .
Y i H : M= maximum number of units of all SKUs
TA(D) » dedicated N ber of different SKU
= number of differen s
CU(2-D) =+
x_y.{M—l D = number of rows
H randomized TS(D) = total 3-D space (given D rows of storage).
L TA(D) TA(D) = total 2-D area (given D rows of storage).




Unit Load

* Unit load: single unit of an item, or multiple units
restricted to maintain their integrity

 Linear dimensions of a unit load:

Stringer

Deckboards A\
Notch

Depth (stringer length) x Width (deckboard length)

Y XX

e Pallet height (5in.) + load height givesz: yxxxz



Cube Utilization for Dedicated Storage

Item Total Cube
Storage Area at Different Lane Depths Space Lanes Space Util.
D=1 A A A B B B B B
12 12 24 50%
A2 =1
A B B c
D=2
A B B B c c 12 7 21 57%
A2 =1
B c
D=3 B B c
12 5 20 60%
A B B c
A2 =1 {
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Total Space/Area
* The total space required, as a function of lane depth D:

Total space (3-D): TS(D)=X- (Y+§J L = XL(D)'()/D+§J'ZH

%f_/
Eff. lane depth

H = number of levels.

S(D A
Total area (2-D): TA(D) = S(D) _ y.yer_ xL(D)- ( yD + Ej
< X =xL >
I R _§ 5 g c I where
U 3 X' = width of storage region (row length)
O ] Q
\—é A ;‘:; B B c T Y= depth of storage region (lane depth)
S~
F Al A B B c |. Z = height of storage region (stack height)
L‘T’ T A= down aisle width
1 SIS I J L(D) = number of lanes (given D rows of storage)

Storage Area on Opposite
Side of the Aisle
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Number of Lanes

* Given D, estimated total number of lanes in region:

N

i=1
Number of lanes:

|

2

M,
DH

dedicated

L(D) = {M+NH(D1J+N(H1

2 ﬂ, randomized (N > 1)

2
l DH
Estimated HCL: Il il bk
A
| | | | | doesn’t occur
D=3 < A A ! | ! | because slots are
B | | | used by another
| SKU
A A Al
_
S T R |
Probability: D D D
X X + X
Unit Honeycomb Loss: 0 (D-2) (D-1)

1

Expected Loss:%[(D—2)+(D—l)] :B(1+2) :%é_li :%((D_I)D) _ =1
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Optimal Lane Depth

* Solving for D in dTS(D)/dD =0 results in:

Space

A(2M-N) 1

. . . %
Optimal lane depth for randomized storage (in rows): D = 5 + 5
70,000
60,000 .\\
o \.\._‘/o—/‘/././/’
40,000
30,000 >‘\\
A \t A & & & & & & A
10,000 X ]
K .
/N > ﬁ'\\'/
0
1 2 3 4 5 6 7 8 9 10
—&— |tem Space 24,000 24,000 24,000 24,000 24,000 24,000 24,000 24,000 24,000 24,000
Honeycomb Loss 1,536 3,648 5,376 7,488 9,600 11,712 13,632 15,936 17,472 20,160
—— Aisle Space 38,304 20,736 14,688 11,808 10,080 8,928 8,064 7,488 6,912 6,624
—=&— Total Space 63,840 48,384 44,064 43,296 43,680 44,640 45,696 47,424 48,384 50,784

Lane Depth (in Rows)
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Chart1

		24000		1536		38304		63840

		24000		3648		20736		48384

		24000		5376		14688		44064

		24000		7488		11808		43296

		24000		9600		10080		43680

		24000		11712		8928		44640

		24000		13632		8064		45696

		24000		15936		7488		47424

		24000		17472		6912		48384

		24000		20160		6624		50784



Item Space

Honeycomb Loss

Aisle Space

Total Space

Lane Depth (in Rows)

Space



Sheet1

										No. Rows		No. Lanes		Item Space		Honeycomb Loss		Aisle Space		Total Space		Cube Utilization

										(D)		(L)								(TS)		(CU)

		Lane/slot width		(x)		4				1		133		24,000		1,536		38,304		63,840		37.59%		0

		Slot depth		(y)		4				2		72		24,000		3,648		20,736		48,384		49.60%		0

		Slot height		(z)		3				3		51		24,000		5,376		14,688		44,064		54.47%		0

		Max no. slots all items		(M)		500				4		41		24,000		7,488		11,808		43,296		55.43%		*

		No. different items		(N)		20				5		35		24,000		9,600		10,080		43,680		54.95%		0

		Down aisle width		(A)		12				6		31		24,000		11,712		8,928		44,640		53.76%		0

		No. levels for stacking		(H)		4				7		28		24,000		13,632		8,064		45,696		52.52%		0

										8		26		24,000		15,936		7,488		47,424		50.61%		0

		Approx. opt. lane depth		(D*)		4.29				9		24		24,000		17,472		6,912		48,384		49.60%		0

										10		23		24,000		20,160		6,624		50,784		47.26%		0

										11		22		24,000		22,464		6,336		52,800		45.45%		0

										12		21		24,000		24,384		6,048		54,432		44.09%		0

										13		20		24,000		25,920		5,760		55,680		43.10%		0

										14		19		24,000		27,072		5,472		56,544		42.44%		0

										15		19		24,000		30,720		5,472		60,192		39.87%		0

										16		18		24,000		31,296		5,184		60,480		39.68%		0

										17		18		24,000		34,752		5,184		63,936		37.54%		0

										18		17		24,000		34,752		4,896		63,648		37.71%		0

										19		17		24,000		38,016		4,896		66,912		35.87%		0

										20		17		24,000		41,280		4,896		70,176		34.20%		0

										21		16		24,000		40,512		4,608		69,120		34.72%		0

										22		16		24,000		43,584		4,608		72,192		33.24%		0

										23		16		24,000		46,656		4,608		75,264		31.89%		0

										24		16		24,000		49,728		4,608		78,336		30.64%		0

										25		15		24,000		48,000		4,320		76,320		31.45%		0

										26		15		24,000		50,880		4,320		79,200		30.30%		0

										27		15		24,000		53,760		4,320		82,080		29.24%		0

										28		15		24,000		56,640		4,320		84,960		28.25%		0

										29		15		24,000		59,520		4,320		87,840		27.32%		0

										30		15		24,000		62,400		4,320		90,720		26.46%		0






Max Aggregate Inventory Level

e Usually can determine max inventory level for each SKU:

— M, = maximum number of units of SKU i

e Since usually don’t know M directly, but can estimate it if
— SKUs’ inventory levels are uncorrelated
— Units of each item are either stored or retrieved at a constant

rate
NM, 1
M = - —
35

* (Can add include safety stock for each item, S,

— For example, if the order size of three SKUs is 50 units and 5 units of
each item are held as safety stock

N . — .
M {Z(Ml 53 +SS,)+1J{3(@+5)+1J:90
~\ 2 2 )2




1.

2.
3.
4.
5.

Steps to Determine Area Requirements

For randomized storage, assumed to know
N,H, x,v,2z A,and all M,

— Number of levels, H, depends on building clear height
(for block stacking) or shelf spacing

— Aisle width, 4, depends on type of lift trucks used
Estimate maximum aggregate inventory level, M
If D not fixed, estimate optimal land depth, D*
Estimate number of lanes required, L(D")

Determine total 2-D area, TA(D")



Aisle Width Design Parameter

e Typically, A (and sometimes H) is a parameter used to
evaluate different overall design alternatives

* Width depends on type of lift trucks used, a narrower
aisle truck

— reduces area requirements (building costs)

costs) ISR A

L Hh

«— 9-11ft ——>» <« 7-8ft —» <« 8-10ft —>»
Stand-Up CB NA Straddle NA Reach




Example 1: Area Requirements

Units of items A, B, and C are all received and stored as 42 x 36 x
36 in. (y x x x z) pallet loads in a storage region that is along one
side of a 10-foot-wide down aisle in the warehouse of a factory.
The shipment size received for each item is 31, 62, and 42
pallets, respectively. Pallets can be stored up to three deep and
four high in the region.

x:ﬁ:? M, =31 A=10"
12
z=3 Me =42 H =4

N=3



1.

CU@3) =

Example 1: Area Requirements

If a dedicated policy is used to store the items, what is the 2-
D cube utilization of this storage region?

L(D)=L(3) = Z[

TAQ3)=xL(D)- (yD +

item space

31

ey
£

DH

x-y-Zfil{

ke

M;
H

62
3(4)

RET

10
3.5(3) +—
(3) 5

—l 3-3.5-

42

=3+6+4=13 lanes
3(4)

= 605 ft?

31

{

4

62

il

4

42

il

4

...

TAQ3)

TAQ3)

605



Example 1: Area Requirements

If the shipments of each item are uncorrelated with each
other, no safety stock is carried for each item, and retrievals
to the factory floor will occur at a constant rate, what is an
estimate the maximum number of units of all items that

would ever occur?

Y M, 1
M=y ML :L31+62+42+1J:68
o 2 2 2 2




Example 1: Area Requirements

If a randomized policy is used to store the items, what is
total 2-D area needed for the storage region?

j‘

j’

D=3
i D—1 H-1
L(3)= M“VH( 2 jﬂv( 2
DH
[ 3-1 4—1
_ 68”(4)(2)”(2
3(4)

=& lanes

10

TA(3) = xL(D)- ( yD + gj =3(8)- (3.5(3) + 7} =372 ft?



Example 1: Area Requirements

4. What is the optimal lane depth for randomized storage?

5.

D*:NA(zM—N)+1'{\/10(2(68)—3)+1J:4
ONVH 2 23)35(4) 2

What is the change in total area associated with using the
optimal lane depth as opposed to storing the items three
deep?

68+ 3(4 (4_1j+N(4_1j_
D=4=L4)= (4) 2 2 =6 lanes

3(4)

= TA(4)=3(6)- (3.5(4) + %j =342 ft

D=3=TA3)=372 ft*



Example 2: Trailer Loading

How many identical 48 x 42 x 30 in. four-way containers can be
shipped in a full truckload? Each container load:
1. Weighs 600 |b
2. Can be stacked up to six high without causing damage from crushing
3. Can be rotated on the trucks with respect to their width and depth.

.5
-C ~
: x =N
Truck Trailer 1 Ty
5C ey
Cube = 3,332 - 3,968 CFT =l 2
Max Gross Vehicle Wt = 80,000 Ibs = 40 tons g - o
Max Payload Wt = 50,000 lbs = 25 tons T / g
< > AW T
Length: 48' - 53' single trailer, 28' double trailer @ @ a® ?49‘8‘\
= v &
X 98/12 = 8.166667 8.166667 ft
Y 53 53 ft
z 110/12 = 9.166667 9.166667 ft
X [48,42)/12 = 4 3.5 ft
y [42,48]/12 = 3.5 4 t
z 30/12 = 2.5 2.5 ft
L floor(X/x) = 2 2
D floor(Y/ly) = 15 13
H min(6,floor(2/z)) = 3 3
LDH L*D*H = <) 78 units
wt 600 600 Ib

unit/TL  min(LDH, floor(50000/wt)) = 83 78 Max of 83 units per TL



[image: ]Max of 83 units per TL
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image1.emf

X 98/12 = 8.166667 8.166667ft


Y 53 53ft


Z 110/12 = 9.166667 9.166667ft


x [48,42]/12 =  4 3.5ft


y [42,48]/12 = 3.5 4ft


z 30/12 = 2.5 2.5ft


L floor(X/x) = 2 2


D floor(Y/y) = 15 13


H min(6,floor(Z/z)) = 3 3


LDH L*D*H = 90 78units


wt 600 600lb


unit/TL min(LDH, floor(50000/wt)) = 83 78





Storage and Retrieval Cycle

* A storage and retrieval (S/R) cycle is one complete
roundtrip from an |/O port to slot(s) and back to the
/0

* Type of cycle depends on load carrying ability:

— Carrying one load at-a-time (load carried on a pallet):
* Single command

* Dual command

— Carrying multiple loads (order picking of
small items):

e Multiple command

145



Single-Command S/R Cycle

e Single-command (SC)
cycles:

— Storage: carry one load to
slot for storage and return
empty back to I/O port, or

— Retrieval: travel empty to

slot to retrieve load and
Expected time for each SC S/R cycle: return with it back to 1/0O
port

retrieve

dgc dgc
Lsc ——+fL + 1y _—+2tL/U
\% \%
where

dsc = expected distance per SC cycle
v = average travel speed (e.g.: 2 mph = 176 fpm walking; 7 mph = 616 fpm riding)
7 = loading time
ty = unloading time

tyv = loading/unloading time, if same value



Industrial Trucks: Walk vs. Ride

Walk (2 mph =176 fpm)

Ride (7 mph = 616 fpm)

Pallet Truck

Walkie Stacker

Sit-down Counterbalanced Lift Truck
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Dual-Command S/R Cycle

e Dual-command (DC):
* Combine storage with a

retrieval:
m_ _____________ .
| 7 emey ‘l — store load in slot 1, travel
110
| sttt [ siot empty to slot 2 to
T e — retrieve load
e Can reduce travel
Expected time for each SC S/R cycle: distance by d thil‘d, on
average

tDC :dﬂ-l—th +2tU :dﬂ+4tL/U
v v e Also termed task

“interleaving”



Multi-Command S/R Cycle

 Multi-command:
multiple loads can be
carried at the same
empty time

Y wee ___— * Usedin case and piece
order picking

e Picker routed to slots

— Simple VRP procedures
can be used



1-D Expected Distance

* Assumptions:
— All single-command cycles

1-D Storage Region

— Rectilinear distances

/00 3 6 9 X=12

A — Each slot is region used
= x=i with equal frequency

(i.e., randomized storage)

TDl—way:i z_ijZKi _£
ST RS TA * Expected distance is the
X

== L(L;Dj—;i(L) average distance from
XL+ X-X _XL /0 port to midpoint of
: . each slot
EDy g = Piver _ X
e 2 — e.g., [2(1.5) + 2(4.5) +

dsc = 2(EDy ) = X 2(6.5) +2(10.5)]/4 = 12



Off-set 1/0O Port

* |f the I/O port is off-set
from the storage region,
then 2 times the distance

Vo - o ° > %2 of the offset is added the

expected distance within
the slots

dSC = 2(doffset) +X



2-D Expected Distances

* Since dimensions X and Y are independent of each other for
rectilinear distances, the expected distance for a 2-D
rectangular region with the I/O port in a corner is just the sum
of the distancein XandinVY: d{&'=X+Y

e For atriangular region with the I/O port in the corner:

L L—i+l
X X Y
TDlwa E, §,|:£ __—j (]__—j:|: —+
TS IUL 2L L 2L

:£(2L2+3L+1) 1
0 sl
TDlway 2 X _2 D
EDlway L(L-I—l) g 3_L_§X’ as L —> oo 1
2 I ' I I




|/O-to-Side Configurations

Rectangular Triangular
I/O. I/O.
[
TA=X* Td=—-X
2
= X =14 = X =~/2T4 =~/2T4

dse = 2TA
= dsc :dsczg\/f\/ﬂzlﬂ%\/ﬂ
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|/O-at-Middle Configurations

Rectangular

_[ta 14
:X_\/z NG

= dge =2TA =1.414TA4

Triangular
X
TA/2 \
0. x
o
/10
EZLXZ
2 2
= X =T4

= dg = gx/TA —1.333JT4
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Example 3: Handling Requirements

Pallet loads will be unloaded at the receiving dock of a
warehouse and placed on the floor. From there, they will be
transported 500 feet using a dedicated pallet truck to the
in-floor induction conveyor of an AS/RS. Given

d.

b
C.
d.
e

It takes 30 sec to load each pallet at the dock

30 sec to unload it at the induction conveyor

There will be 80,000 loads per year on average

Operator rides on the truck (because a pallet truck)
Facility will operate 50 weeks per year, 40 hours per week

Receiving |
Dock | 500 ft
AS/RS




Example 3: Handling Requirements

Assuming that it will take 30 seconds to load each pallet at
the dock and 30 seconds to unload it at the induction
conveyor, what is the expected time required for each single-
command S/R cycle?

dsc = 2(500) = 1000 ft/mov

tSC = di + 2tL/U = 1000 ft/mOV +2 & min/mov
v 616 ft/min 60
=2.62 min/mov = & hr/mov

(616 fpm because operator rides on a pallet truck)



Example 3: Handling Requirements

Assuming that there will be 80,000 loads per year on
average and that the facility will operate for 50 weeks per
year, 40 hours per week, what is the minimum number of
trucks needed?

80,000 mov/yr

Vavg = =40 mov/hr
50(40) hr/yr

m = _ravgtSC + IJ

= 40(%}+1J=L1.75+1J

= 2 trucks



Example 3: Handling Requirements

How many trucks are needed to handle a peak expected
demand of 80 moves per hour?

Vpeak = 80 mov/hr

m = _rpeaktSC + IJ

= 80[ 292 )11 (=] 3.50+1
(60j JL J

= 4 trucks



Example 3: Handling Requirements

If, instead of unloading at the conveyor, the 3-foot-wide
loads are placed side-by-side in a staging area along one side
of 90-foot aisle that begins 30 feet from the dock, what is
the expected time required for each single-command S/R

cycle?

Receiving | | | | |
Dock N ,0 3 6

~

offset = 30 ft

dsc = 2d o)+ X =2(30)+90 =150 ft

dSC 150 ft/mov 30 .
tsc =——+ 2y = — + 2| — | min/mov
% 616 ft/min 60

=1.24 min/mov = % hr/mov




Estimating Handling Costs

Warehouse design involves the trade-off between building
and handling cost.

Maximizing the cube utilization of a storage region will help
minimize building costs.

Handling costs can be estimated by determining:

1. Expected time required for each move based on an average of the
time required to reach each slot in the region.

2. Number of vehicles needed to handle a target peak demand for
moves, e.g., moves per hour.

3. Operating costs per hour of vehicle operation, e.g., labor, fuel
(assuming the operators can perform other productive tasks when not
operating a truck)

4. Annual operating costs based on annual demand for moves.

5. Total handling costs as the sum of the annual capital recovery costs
for the vehicles and the annual operating costs.



Example 4: Estimating Handing Cost

TA = 20,000

@
/0

i
Add 20% Cross aisle:
TA=TA x1.2
=20,000 ft*
f

Total Storage Area:

D'=L(D)=TA

Expected Distance: dgc = \/5 NTA = \/5 20,000 =200 ft

, d
Expected Time:  fgc =——+2t; 1/
%

_ 2001t +2(0.5 min) = 2 min per move
200 fpm

Peak Demand:  rex =75 moves per hour

Annual Demand: 7y, =100,000 moves per year
Number of Trucks: m = [rpeak tg—g + IJ = L3.5J =3 trucks

) 4
Handling Cost: TChand = MK ruck + year % Clabor

=3(8$2,500/ tr-yr) + 100, 0006—20 ($10/ hr)

= $7,500+$33,333 = $40,833 per year



Dedicated Storage Assignment (DSAP)

* The assignment of items to slots is termed slotting
— With randomized storage, all items are assigned to all slots

DSAP (dedicated storage assignment problem):
— Assign N items to slots to minimize total cost of material flow

DSAP solution procedure:

1. Order Slots: Compute the expected cost for each slot and then
put into nondecreasing order

2. Order Items: Put the flow density (flow per unit of volume, the
reciprocal of which is the “cube per order index” or COl) for each
item i into nonincreasing order

Jm o S oS v
Mpspy Miz)82 M nysia

3. Assign Items to Slots: Fori=1, ..., N, assign item [i] to the first
slots with a total volume of at least M1



Flow
Density

EL 7.00
3

ﬁ =6.00
4

£=1.40

1-D Slotting Example

Max units M 4 3
Space/unit S 1 1
Flow f 24 21
Flow Density  f/(M x s) 6.00 7.00
Expected
1-D Slot Assignments Distance
c
1o 2(0)+3=3 x
3
Al A]| A]|A
[} 2(3)+4=10 x
0 4
B B B
e} 2(7)+5=19 x
0 5
c| A | A | A]|A B B B
1o
3 7 12

21

24

7

Total

Flow Distance

63

240

133

436
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1-D Slotting Example (cont)

BC

8

1

28
3.50

Total
Distance

436

460

466

468

Dedicated Random Class-Based
A B C ABC AB AC
Max units M 4 5 3 9 7 7
Space/unit s 1 1 1 1 1 1
Flow f 24 7 21 52 31 45
Flow Density f/(M xs) 6.00 1.40 7.00 5.78 4.43 6.43
1-D Slot Assignments
Dedicated c c c A A A A B B B B
(flow density) o
Dedicated A A A A c c c B B B B
(flow only) Vo
Class-based C C C AB AB AB AB AB AB AB
110
Randomized o ABC | ABC | ABC | ABC | ABC | ABC | ABC | ABC | ABC

Total
Space

12

12

10
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2-D Slotting Example

Max units M 4
Space/unit S 1
Flow f 24

Flow Density /(M x s) 6.00

Distance from 1/0 to Slot

c|C|B B|B|B
C|A|A|B]|B B|A|C|A]|B
A|lA|llO]B|B AlJC|llO]JC|A

Original Assignment (TD = 215) Optimal Assignment (TD = 177)
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DSAP Assumptions

1. All SCS/R moves

2. Foritem i, probability of move to/from each slot
assigned to item is the same
3. The factoring assumption:

a. Handling cost and distances (or times) for each slot are
identical for all items

b. Percent of S/R moves of item stored at slot j to/from 1/0O
port k is identical for all items

* Depending of which assumptions not valid, can
determine assignment using other procedures

K Af; .d j]xi,} DSAP c LAP c LP QéP (cimxiixia )
(i) TSP



Example 5: 1-D DSAP

* What is the change in the minimum expected total
distance traveled if dedicated, as compared to
randomized, block stacking is used, where

a. Slots located on one side of 10-foot-wide down aisle

All single-command S/R operations

Each lane is three-deep, four-high

40 x 36 in. two-way pallet used for all loads

Max inventory levels of SKUs A, B, C are 94, 64, and 50

Inventory levels are uncorrelated and retrievals occur at a
constant rate

Throughput requirements of A, B, C are 160, 140, 130
h. Single I/O port is located at the end of the aisle

s 0 a0 T

oa



Example 5: 1-D DSAP

* Randomized: ABC
1/10

- MA+MB+MC J L94+64+50 J_m
_|_
Lyona = M NH( j ( j
_104+34( j (4 j
= () 2 =11 lanes
3(4)
X =xL,4q =3(11)=331t
dec = X =331t

TDyana =(fa+ f5 + fc ) X =(160+140+130)33 =14,190 ft



Example 5: 1-D DSAP

Dedicated: c | B A

/0

0 15 33 57

Ja _ 160 1.7 /5 —14():2,19, Je :13022.6 = C>B>4

M, 9 My 64 Mc 50
el i e o s o 5w
Xe=xLe =3(5)=15, Xp =xLg =3(6) =18, X, = xL, = 3(8) = 24
dsc = Xc =3(5)=15ft
dec =2(Xc)+ X5 =2(15)+18 =48 ft
dic =2(Xc+Xp)+ X, =2(15+18)+24 =90 ft

TDoq = fadic + fadic + fedSc =160(90)+140(48) +130(15) = 23,070 ft



Warehouse Operations

I

‘ CTT T T T T ITTTTT pamstRack LI LI T T T T TTTT]

Replenish ‘ ‘ _
. . Block Stacking (20 lanes
Forward Pickin @ ]
Reserve orward Picking e PR EE
A-Frame Horizontal - - =
storage o - Dispenser Carousel by Bin Shelving and |
Order Picking 1] } } } } } } } } } } ; 2 pods) Storage Drawers |
— Double-Deep Pallet Racks @ @ @ E,
: : ] L]
§ Packing, Sorting mn @ ’ " N
E & Unltlzlng :: @ pre Iy Takeaway Conveyor (top IeVeI return)W_.Ah
2 - R RRRRRS AR ARRRARRREINNNA
H Miiinitinl
Shipping e =
- RN RN —— G
N D
| L 7 Nosd oo B B e | Packing
[ N I e N O O A E:Single@eep [ I A I
— Selective |11 11 11 [
O [0 [0 [O4 [[RalletRacks =7 =7 [
i e s Y e g s il 0= f
L e e e B i m e L] Unitizing Sortation
| - - 1 — ——%—— | ®C0nv or
u =
] Receiving Staging Area Shipping Staging Area
- (5 lanes) lanes)
— Secure
N Storage
L ﬁ Area
Receiving Dock Doors (5)
T
imiii i1 0 mm



Warehouse Management System

« WMS interfaces with a corporation’s enterprise resource

planning (ERP) and the control software of each MHS

Advance shipping notice (ASN) is a standard format used for communications

8 ERP R
Inventory Master File
Item Carrier | Customer On-Hand In-Transit
( \ M;ﬁier M:.';'t:r Mf_.';:er ( \ Item | Balance Qty. Locations
< — A 2 1 11,21
o Purchase ) Customer th B 4 0 12’22
9 Order Order £ . .
a I o Location Master File
Q_ whd
S 2 On-Hand | In-Transit
(70} .
asn [ WMS ) o Location | ltem | Balance Qty.
B ASN - 11 A 1 0
\ / Inventory P> Location \ / ;? i :13 EI)
Master Master
File |ag—] File 22 B 1 0
. J
I A 11@ A (mp2t
(Material Handling Systems) B|[B||[B]|12 22
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UNSPSC:
GPC:
GTIN:
UPC:
ISBN:
NDC:
EPC:

SSCC:

Logistics-related Codes

Commodity Code Item Code Unit Code
Level Category Class Instance
Description Grouping of Grouping of identical Unique
similar objects objects physical object
Function Product Inventory control Object
classification tracking
Names — Item number, Part number, Serial number,
SKU, SKU + Lot number License plate
Codes UNSPSC, GTIN, UPC, EPC,
GPC ISBN, NDC SSCC

United Nations Standard Products and Services Code

Global Product Catalogue

Global Trade Item Number (includes UPC, ISBN, and NDC)

Universal Product Code

International Standard Book Numbering

National Drug Code

Electronic Product Code (globally unique serial number for physical objects
identified using RFID tags)

Serial Shipping Container Code (globally unique serial number for
identifying movable units (carton, pallet, trailer, etc.))
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Identifying Storage Locations

C\\.
) = Q,Z,(\(%
NS 3

Location: 1-AAC-09-D -1 - B

\ \ \

\ \ \ \ \

A A S

/
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Receiving

Receive [» Putaway gf:far;: Replenish »C:OI;';I:;I‘CD’ ?D:C:;ir N SPOarct:lf‘ | Ship

* Basic steps:

1.
2.

3.

Unload material from trailer.

Identify supplier with ASN, and associate material with each
moveable unit listed in ASN.

Assign inventory attributes to movable unit from item
master file, possibly including repackaging and assigning
new serial number.

Inspect material, possibly including holding some or all of
the material for testing, and report any variances.

Stage units in preparation for putaway.

Update item balance in inventory master and assign units to
a receiving area in location master.

Create receipt confirmation record.
Add units to putaway queue



Receive P> Putaway »C';f;f;;’:} Replenish F°;\ihc'zrd Ol:i(:Er R S::c k& N

* A putaway algorithm is used in WMS to search for and
validate locations where each movable unit in the
putaway queue can be stored

* Inventory and location attributes used in the algorithm:
— Environment (refrigerated, caged area, etc.)
— Container type (pallet, case, or piece)

— Product processing type (e.g., floor, conveyable,
nonconveyable)

— Velocity (assign to A, B, C based on throughput of item)

— Preferred putaway zone (item should be stored in same
zone as related items in order to improve picking
efficiency)




Replenishment

. eserve . Forward Order Sort & .
Receive pr| Putaway {Storag} Replenish >< Pick } Pick > Pack » Ship

* Replenishment is the process of moving material from
reserve storage to a forward picking area so that it is
available to fill customer orders efficiently

* Other types of in-plant moves ‘ ‘ ﬁ‘
include: I‘3lc|nc|k Stacking (20 lanes)

— Consolidation: combining T
several partially filled storage mREw
locations of an item into a Double-Deep Pallet Racks
single location ﬁ

— Rewarehousing: moving items
to different storage locations
to improve handling efficiency

Ji=!

Reserve Storage Area
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Warehousing

Order Picking

Receive

>

Putaway

Storage

Reserve Replenish Forward
P Pick

Order
Pick

Sort &

Pack P

Ship

* Order picking is at the intersection of warehousing and

order processing

Order Processing

% Order

§ Preparation

(:D“.

]

-30 Order

3 Transmittal

@

>

«Q
Material Handling Order Entry

>

Receiving Putaway Storage Order Picking Shipping

Order Status
Reporting

Storage
15%

WH Operating Costs

Receiving
10%

Shipping
20%

Order Picking
55%
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Order Picking
Receive pr| Putaway ';f:f;;:)-» Replenish ,C:Ox:ir?’ Oprlii" N SPOarct: If‘ B Ship

Pallet and Case Picking Area

[ o =
N [y I I Ay A Ry O HED
Levels of Order Picking DE T : T :
| E E EE EE @Eﬁsmgl;geep EE %
. s L Selecti -
‘ Pallet Picking ’ I ‘ - O M O :;pafezgg:ks T
| [ ] N E 0 0 HHpH T
1 | — 0 o o T %:z
Case Picki
ase rieking L] (T T T I T T T I T T PaiotRack LI T T T T T T[T T T[]
; Al A-Frame Horizontal = o= e e
Piece Picking P Di 14 Bin Shelving and
P> o BE Carousel | []] |Storage Drawers| |
° 3 (2 pods) o ik A S Sl
» W
. % i T AT ATRTIRTTAT Ta keaway Co nveyo r
Forward Plece  § P
Picking Area % Carton Flow Rack
NARRRNANEENNE 178




Static Pallet Rack
for Reserve

Receive P

Putaway

Order Picking

Reserve Reblenish Forward Order N
Storage P Pick Pick

Sort &

Pack > Ship

Voice-Directed Piece and Case Picking

Storage and

Pallet Picking

Carton Flow
Racks for Piece

Picking

Pallet Flow Rack
for Case Picking

7 -

Pick-to-Belt

Voice Directed
Order Selection

Tote

I

|

Pick Takeaway
Conveyor Conveyor

Pick-to-Light Piece Picking

Increment/ Count Display Confirm
Decrement ! Button
Buttons | AW o
-AV D.-AVD.-AVD. AV
Pick 24 Pack 14
/
- RN~ osll-T Il
| mED CEO RO ceg |
o
2
23
- av[ |@ Av[ |@ av[ 1@
me0  me0  me0  mE0 °
v 0@ Av[ 1@ av[ 1@
am) 2w av[ @ Aav[ 1@
av[ @ Av[ 1@ av 1@ av( @ @
Carton Flow Rack

Picking Cart
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Order Picking

Receive pr| Putaway ';?:f;;:)-» Replenish ,C:Ox:irD’ (:‘rlii" N SPOar(t: If‘ B Ship
Methods of Order Picking
Discrete Zone
Pickers Orders .- e
c L;; E F G per per e[A3
Method Order Picker
Discrete Single  Single
Zone Multiple Single
Batch Single Multiple Picker 1 Picker 2
Picker 1
Zone-Batch Multiple Multiple Zone 1 Zone 2
Batch Zone-Batch
B C D E F D E E G
A3 A3
F2
D5
—o|G1
B4 0—‘ B4
Picker 1 Picker 1 L )

Zone 1 Zone 2180



Sortation and Packing

Wave zone-batch piece
picking, including

downstream tilt-tray-based

sortation

. Reserve . Forward Order Sort & .
Receive pr{ Putaway Storage)’ Replenish }C Pick } Pick L Pack » Ship
Zone 1 Zone 2
Merge Subsystem ( \ ( \ -
e
2
. 2
L] )
(e £
“ m
oo oo
Q) Q)
Downstream
v \4 Sortation
6P % 1
Takeaway Conveyor
) Inducti
S
Tilt
Order Tray

Consolidation l
Chutes

Station

Packing
Station
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Shipping

Receive Pp{ Putaway ';f:f;;:)-» Replenish

o

orward
Pick

Order Sort &
Pick Pack

> b Ship

Staging, verifying, and
loading orders to be
transported

— ASN for each order sent to
the customer

— Customer-specific shipping
instructions retrieved from
customer master file

— Carrier selection is made
using the rate schedules
contained in the carrier
master file

kil

Shipping Area
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Activity Profiling

Total Lines: total number of lines
for all items in all orders

Lines per Order: average number of
different items (lines/SKUs) in
order

Cube per Order: average total cubic
volume of all units (pieces) in order

Flow per Item: total number of S/R
operations performed for item

Lines per Item (popularity): total
number of lines for item in all
orders

Cube Movement: total unit
demand of item time x cubic
volume

Demand Correlation: percent of
orders in which both items appear

Customer
Orders
Order: 1
SKU | Oty
A 5
B 3
C 2
D 6
Order: 2
SKU | Oty
A 4
C 1
Order: 3
SKU | Qty
A 2
Order: 4
SKU | Qty
B 2
Order: 5
SKU | Qty
C 1
D 12
E 6

Item Master
KU |Length|Width|Depth|Cube |Weight
A 5 3 2 30 1.25
B 3 2 4 24 4.75
C 8 6 5 180 9.65
D 4 4 3 32 6.35
E 6 4 5 120 8.20
Total Lines = 11
Lines per Order =11/5 = 2.2
Cube per Order = 493.2
Flow per | Lines per Cube
SK Item Item Movement

A 11 3 330
B 5 2 120
C 4 3 720
D 18 2 576
E 6 1 720

Demand Correlation
Distibution

skul A[B|C|[D]|E
A 0.2|104/0.2(0.0
B 0.2(0.2(0.0
C 0.410.2
D 0.2
E
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Pallet Picking Equipment
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Forward Pick

Reserve Storage

Storage

Cube Movement

Case Picking

( Manual [ Automated )
- ( )
Push Back Pallet Flow
Rack Rack Flow
Delivery
L ) Lanes
> 3\
Single-Deep —<
Selective Rack Case
Dispensers
. D\

Lines per Item

Floor-level Pick

A

AN4

r

=

Replenish

Case Picking

Forward Pick Storage

Multi-level Pick

r

Case

Picking

Case
Picking

Case
Picking

Case
Picking

=\

Case Picking
Equipment
L ] B

Induct

1 induct
@ L - T

-
=
I

= —

Single-Deep
Selective
Racks

Zone-Batch Pick to Pallet

Floor- vs. Multi-level
Pick to Pallet

t

Sortation Conveyor

—

—

Unitizing
and
Shipping

185



t

Rack

ipmen

Pick Cart

Carousel

-

Dispenser

°
L IR LRI -
—f—
Q0 NURRIRN W
° amm
- P
c e Y Y )
0 N = —
S0 o
a 2|5
3 8o =
g 5 8
e s £ O <
a = b 5
) = 5
= |
(o] = O -
m WM
©
— 5
& ¥
(4
»Aa
# . A s

JUBWAON 3qND




[

Methods of Piece Picking

Piece Picking

Wave Zone-Batch Piece Picking

187

5 Y A Zone 2 Zone 3 Packing and
° . v A A N Shipping
o Discrete Zone ' o
S Q
8 2 T
é (Infrequently Used) | (Ex: Pick-and-Pass) 2
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Warehouse Automation

Historically, warehouse automation has been a craft industry,
resulting highly customized, one-off, high-cost solutions

To survive, need to

— adapt mass-market, consumer-oriented technologies in order to
realize to economies of scale

— replace mechanical complexity with software complexity

How much can be spent for automated equipment to replace
one material handler:

. =5
3545,432(1 ;'(())1177 ]:$45,432(4.75)=$216,019

— $45,432: median moving machine operator annual wage + benefits
— 1.7% average real interest rate 2005-2009 (real = nominal — inflation)

— 5-year service life with no salvage (service life for Custom Software)



KIVA Mobile-Robotic Fulfillment System

* Goods-to-man order picking and fulfillment system
* Multi-agent-based control
— Developed by Peter Wurman, former NCSU CSC professor

e Kiva now called Amazon Robotics
— purchased by Amazon in 2012 for $775 million




Public WH Design (Problem 24)

A public warehouse is a business that rents storage space to other
firms on a month-to-month basis. They are often used by firms to
supplement their own private warehouses.

Min cost = Avg move cost (S/move) + storage time cost (S/slot-yr)

ICsye  TCyyr
fmov/yr 2,000,000

lab fuel
T C'$/yr — mtrK $/tr-yr + (mtr + 12) C$/lab-yr + C$/hrf mov/yr Ihr/mov

= mtrK$/tr-yr + (mtr + 12) Céa}})ab_yr + 275(2,000,000) tmig/anov —

Imin/mov = IsC :di'l'ZtL/U :dﬂ'l'z(:;_sj: dSC :\/EVTA,
1% 616 60

Still need to determine: mtr,K$/tr_yr,cée}}’ab_yr,T A’



Public WH Design (Problem 24)

K $/yr

(b ) AC$/slot-yr =

slot

Demand assumed uncorrelated since it belongs to different customers =

Y (M;-SS, 1
M = Z(2+SS,)+2J

| =1

= 4,800(

250-0.06(250) | 5j+%J = 636,000 slots

IVo piag = SV vidg = Kgiyr =11V pidg = 0.05 1V} p1aq
IV vidg = $15.507TA' => TA' =1.15TA =

TA(D) = xL(D)-(yD+§j = %L(D)-(%D+%j =



Public WH Design (Problem 24)

(b, cont)

L(D)=

v 7|

2

H-1
2

636,000+ 4800H(

DH

D-1 H-1)]
_|_
) j 4800( , j _

j’

18

z

18
42 /12

DH

. \/A(ZM—N)
- 2NyH

|

7(2(636,000) - 4800)

2(4800)?3(5)

J = [—J =5 (building clear-height constraint)

1
4+ — | =
ZJ

1
+_
2




Public WH Design (Problem 24)

(b, cont)
= L =20,503=TA4=1,925,573=TA ' =2,214,409 =
= IVypiag = $15.50T4" =$15.50(2,214,409) = $34,323,346
= Kgjr =0.051V) 14, = $1,716,167 =

Ky
ACss10t-yr = M$/y =$2.70 per slot-yr

slot



Public WH Design (Problem 24)

(a,cont)
TA'=2,214,409 ft* =
dsc =2\TA' =+24/2,214,409 =2,104 =

Z‘min/movzdi‘F2 3_5 =4.58
616 60

H'=2(8)5(50) =4000 hr/yr (already using H)
Smoviyr 195 2,000,000

!

Fpeak =1.25 = 625 mov/hr

my =| Fate +1] = | Fpeatthmoy +1] = L625% + 1J =48 tr

v =1vy—SV (1+i) " =35,000—0.25(35,000)(1+0.05) "
= $29,628



Public WH Design (Problem 24)

(a,cont)

Kuye =1V —|=29,628 0.05 | =$3,837
1—(1+i) 1—(1+0.05)"

vy = 15.00H" = $60,000

TCyiyr = My Ksipar + (1 +12) by +2.75(2,000,000) tmig/gov

=48(3,837)+ (48 + 12) 60,000+ 2.75(2,000,000) %

=$4,204,286.27 =

TCsy:  4,204,286.27
fmov/yr Z,OOO,OOO

ACs/mov = =$2.10 per move



Public WH Design (Problem 24)

(c) What are other costs that should be added to each charge
to better reflect the true costs of each activity?

— most significant missing costs are the facility non-move-related
operating costs, which should be added to the slot-year charge

What about average unit cost of $46.75?

— only possible impact of unit cost would be for any insurance coverage
provided by the warehouse for items stored in the warehouse

Note: Number of slots of max inventory, M, used to determine
ACqqo1.y, INstead of the total slots in warehouse since unused
HCL slots would underestimate cost:

Total Slots =LxDx H =717,605
M =636,000
HCL =81,605
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