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Three decision levels

" — long-term, design oriented —
e.g., facility location, equipment
selection, distribution network design

= Planning —intermediate-term — e.g.,
aggregate planning, resource
requirements planning

. — short-term — e.g., daily
work-force scheduling



Three decision levels
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Simulation (Evaluative)

OR based
heuristics
(Generative)

Operational

Traditional view



Three decision levels

MILP and
Queuing

- o

Intelligent
agents
(Generative)

Operational

Modern view



Examples

= Balancing Supply and Demand at Boston Coach —a midsize
limousine operator (Forrester, 2005)

= Three levels of models developed by IBM Research and BCS
(On-Demand Innovation Services)

= Optimization algorithms developed for crew scheduling
= Mid level analysis using stochastic models

= Real-time assignment of drivers and limos to reservation
requests using wireless technologies

= Results
= Sales 110%
* Productivity +20%

= On-time pick up rating 99%
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Design & Operational
Criteria for Layout Evaluation

Unit Layout
Criteria Cost 1.0 3% 1,9 e 1.4 L5
WIP (Planning) 5 29.67 17.87 24.16  20.91 17.88  25.71
MH (Design) 2 30.65 RIS H IS TR I 30 20.35
Lateness 10 8.09 a3t 2.58 0.05 WSave? 4.49
Overall Cost 200 I HIMI BN ST SIS T DI 2104542
Unit Layout
S Cost {2010 L1 L2 I3 1.4 L5
WIP 1 29.67 LI PRI IES A O S 88 2 25 % L
MH 10 30.65 cezeseioseles el sCuleielletul 30 2035
Lateness 1 8.09 vieiel 2.58 0.05 0.12 4.49

Overall Cost SESEIM MIAOMLEON 1 D OLH > S 6020 318 233.7



WH Design Prior work
(sample)

= WH aisle conftiguration - Gue
and Meller (2009)

" WH Design - Heragu et al. (2004)

= Design conceptualization
(Malmborg et al., 2008)



Automated \Warehouse



AS/RS

x Has been around for >
40 years

x Efficient for stable,
high throughput
environments

= Rigid design

= Not inexpensive




x Relatively new
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Modular

x |Jses a combination of

ifts and vehicles for S/R



Flow 1 (Cross Docking

Flow 2 (Pallet loads

RESERVE
I
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Warenouse Design
Heragu et al: {2004)



Modeling Approaches

x Queuing Network Models
x Open Queuing Network Models
x Closed Queuing Network Models
x Semi-Open Queuing Network Models

x Real-Time Decision Models



MILP Model for W/H Design
- Assumptions

Available total storage space is known

Expected time a product spends on the shelves is known
(referred to as the dwell time)

Cost of handling each product in each flow is known
Dwell time and storage cost have a linear relationship
Annual product demand rates are known

Storage policies and material handling equipment are
known and these affect the unit handling and storage
costs



MILP Model

= Minimize storage and handling costs
= Subject to
= Each storage space can only have one item

x Assign each item to one of three areas so that
space required does not exceed space available

x Lower and upper bound on space constraints In
each area - reserve, forward and crossdock
must not be violated



number of prc
type of matenal flow, j=1, 2, 3, 4,
annual demand rate of product 7 in unit loads,
order cost for product i,
price per unit load of product i,
average percentage of time a unit load of product i spends in reserve
area if product 1s assigned to maternal flow 3,
when product 7 1s assigned to matenal flow j=1, 2 or 4; [d/]+ 1
when product 71s assigned to flow j=3, where d; 1s the ratio of the
size of the unit load i reserve area to that in forward area and [d]]
1s the largest integer greater than or equal to d,,
levels of space available in the vertical dimension in each functional
area, a = cross-docking, b =reserve and ¢ = forward,
inventory carrymg cost rate,
cost of handling a unit load of product i in matenal flow j,
cost of storing a unit load of product 7 in material flow j per year,
space required for storing a unit load of product i,
total available storage space,
order quantity for product 7 (in unit loads),
dwell time (years) per unit load of product 7,
LL¢p, ULep  lower and upper storage space imit for the cross-docking area,
LLg, ULg lower and upper storage space hmit for the forward area,
LLg, ULpg lower and upper storage space mit for the reserve area.

Decision variables:
X; 1if product i 1s assigned to flow type j: 0 otherwise,
a, B,y proportion of available space assigned to each functional area,
a =cross-docking, f=reserve and y =forward.

Parameters and Vvariables



Moaodel 1:
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Y (1 =p)QiSiXa/2)+ ) (QiSiXia/2) < ey TS
=1 =l

a+pf+y=1
LLep <ax TS < ULep
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MILP. Model (cont.)




WH Operations Prior work
(sample)

" Planning
= Storage assignment - Graves et al. (1976)

= Travel time models - Bozer and White
(1984)

" Routing - de Koster and Roodbergen
(2001)

= Operational policy analysis -
Krishnamurthy et al. (2008)

" Order Oriented Slotting Policy - Schuur et
al. (2009)



Modeling Approaches

x Sample MILP Model

x Closed Queuing Network Models
x Semi-Open Queuing Network Models

x Real-Time Decision Models



Open Queuing Network

x Jackson Network = Exponential service times
Jackson (1 957) ar,ml = Known routing probabilities
(1963) x [Nree step approach:

x - Solve:

x Product form solution

exists for: SR el yse%t‘\/lpl\/l/m
quelies
» Poisson arrivals J » Combine results




Approximate analysis of
more general open Networks

Seminal paper by Whitt (1983)

Two limiting Assumptions: ECES; infinite queue size,
but ...

All we need to know about inter-arrival and service
times are the first two moments!

Reasonably accurate results, FAST!
How does Whitt’s Queuing Network Analyzer work?

We simply solve two sets of equations simultaneously!



Comprehensive Model

x First two moments of external arrival rate for each
product

x FKirst two moments of service time for each processing
operation

x Set-up Times
x Batch Size - Process as well as Transfer
» Machine/Material Handling Device Failures

= Empty Travel of Material Handling Device



Approx. Analysis of Open
NEIele

x Set up equations to " Spllttlng
determine scv of <+
aggregate arrival at each

station x Departures:

c2=1+(1-p*)e2 ~D)+ = (c
AN m

Merging:




2 _ 0 v -1 2
Car =max{0.7, —1§+ 7,65

batch/bu

Batch/Burst: The 4th
Network Operation



Parametrlc Deoomposﬂmn:
With Batching
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Modeling Approaches

x Sample MILP Model
x Queuing Network Models
x Open Queuing Network Models

x Semi-Open Queuing Network Models

x Real-Time Decision Models



Closed Queuing Networks

x Gordon-Newell networks (1967)

x Product form solution exists for closed network with
finite population

x Buzen’s algorithm (1973) to compute normalization
constant in above product form solution

x BCMP Networks (Baskett et al. 1975)

x Product form solution exists for special cases of more
general network



Closed Queuing Network

= Mean Value Analysis

x Based on arrival theorem (the distr. seen by an
arriving job is the same as that seen by an observer
seeing the same system with this job removed)

x [terative approach




Modeling Approaches

x Sample MILP Model

x Queuing Network Models
x Open Queuing Network Models
x Closed Queuing Network Models

x Real-Time Decision Models



Semi-Open Queuing
Network (SOQN)

Synchro-

nlzatlon Station 1 Station M

===l OO =[O ==l O —

External Buffer Buffer

Job Queue |
Pallet |~ _ _  _ _  _NPallets =
Pool

x Stability condition (Dallery 1990, Buitenhek et al.,
2000) — arrival rate < max. throughput rate of the
network




Why SOQN?

Comparison with open and closed queuing models

w=12 w,=13 p,=15 u,=14 u,=13.5 N=15 (for SOQN)




Matrix Geometric Method

x Invented by Marcel F. Neuts, 1980

x Efforts abound on development and applications, e.g.,
Takahashi (1981), Latouche (1999). Alfa (2002)

= Follow a standard procedure to solve the generator
matrix



Matrix Geometrlc Method

(0,k) (1, Al (2,k) ---

o _U +\} U 15
where By = . . L, C=)M, A=
po —(p2+ A)

—(pg + A)
) —(py + po + A)
and B = )

p2 —(pm “i >+ A) (s *\)J
x Construct a generator matrix for the Markov
Process (often in the form of quasi-birth-death

process);

x [dentify repetitive structure

x The stationary probability vectors form a matrix
geometric series, for n > some K

x Solve for the stationary probabilities



Results

Table 1: Mean queue lengths in a five-station Markovian SOQN

Simulation 298 6.48 . . :‘
Our Met 31.90 | 6.48 0.67 _.94 2.7
% error 18 | 034
Bultenhek 39.12 6.06 0.68 2.97 2.7D
Y% error 1.23 | 0.3 0.34 | 0.73

0 error



ore Results

Table 3: A multi-class, general pallet SOOQN experiment

-

Simulation

Our Method
% error
Buitenhek's

% error

Buitenhek's

Y% error




Design Conceptualization

« What is 1t? x How is it done?
® Sizing x Rules of thumb
= Jechnology choice = Experience with past

x Configuration projects

x Simulation used to
verify one or two
designs



e [s the AVS/RS or AS/RS better for a given scenario?
e For a given warchouse application, how should the reserve area be configured? How many
aisles, columns and levels are required?

e How many autonomous devices (cranes, lifts and vehicles) are required to meet the require-

ments of throughput capacity, cycle times, and S/R device utilizations?

Sample Design Questions



e Should the high-bay area be an integrated entity, or should it be divided into zones (based on
alsles, columns or tiers)? If it is the latter, how should the automated devices be allocated to the
different zones?

e How many input/output (I/O) locations should a high bay area have and what are the optimal
locations for a given rack configuration and performance requirement?

e Should the high bay area have allowances for intermediate buffers, and if so, how large should
they be and where should they be located? What reductions in cycle times are obtained by intro-

ducing such buffers?

e Where should S/R devices idle after processing storage or retrieval transactions? Should they

dwell at the point of service completion, in the high-bay area for a storage, and at the I/O points

for retrievals?

More Design Questions




/i MainFramel.html - Microsoft Internet Explorer
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Conceptualization Tools for AVSR and AS/R Systems
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Online Design
Conceptualization Tool
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Modeling Approaches

x Sample MILP Model
x Queuing Network Models
x Open Queuing Network Models
x Closed Queuing Network Models
x Semi-Open Queuing Network Models



Real-time WH Operations
Prior work (sample)

- Kim et al.; (2002,2004, 2005)
= Graves et al.; (2008)



Holonic Modeling
Framework

= Holons behave partly as ‘wholes’ and wholly as *parts’ (Vamos,
1983)

x Holons make autonomous decisions
» Higher level controllers

x Guidelines and system wide constraints



Intelligent Agents

Intelligent agents representing
= Entities and resources
» Functioning cooperatively

= Accomplishing individual; cell-wide and system-wide
goals



Holonic Framework

Individual

M - Machine

H - Material Handling Device

P - Part




Decision Making Modules

Algorithm

Broadcast e

Media

Data

Negotiation

* Bidding

* Bid Evaluation

* Bid Selection

* Get Permission Module

Individual




Dynamic Conveyor Speed
Adjustment

Negotiation Protocol
()L vt o et my
Isit OK to you ?
(2) Everybody is OK

A
(1) Can conveyor : i
speed up(down) XA “

.. . ‘ .O'
S1(3)No I éah’
i EPLE C;at]é)) No problem ™.




Characteristics of an |A
approacn

Flexibility and Reconfigurability

Robustness against External and Internal Disturbances
Scalability

Timeliness

Globally Optimized Solution

Predictability

Stability



Intelligent Agents

x A High Speed Automated Warehouse

x Warehouse: designed to handle more than 8000 product
types

x Gantry Picking Complex (GPC): 16 pick zones
x Storage Capacity: 437,760 SKUs

x Order characteristics: 65,000 orders (117,000 line
items)/day

x OAPS (Order Analysis and Planning System)
x FSS (Finite Scheduling System)



Replenish P 1 ¢ k Replenish

Sub-zone C {

Sub-zone D { :

Conveyor
Pick Zone Layout

‘/Gantry Robot Pick tote

Automated CD Picking
System



Gantry Robot Operations

®©0® GO®C

Locomotive Order train = 80 order trays

Order Picking




Work Load Balancing between order trains

SN TG RN I TP PN,
'\\"(’\\,\‘r\@\&'\:@w

140.0141.1142.1143.0144_1145.1More
Bir

|A vS Heterarchical System



Conveyor |Onginal |Bidding |Balanced |Balanced
interval Error Error Original |Bidding
Error Error

| os o o o 0o
| o75] 4 o o 0
| o70] 51 2o @ 9 0
| oes| s3] 367 91| 39

Conveyor Speed Vs. Error

Conveyor Interval(sec)

Throughput improvement in the system by balancing workload and
using bidding, 12.5 %/(0.10/0.80) easily seen



INIVERSITY of IOUISVILLE

dare to be great

PSR —
MaxTSP > 2% Jor each p (3) Maximum movement time
+1

1 ch i, 4 :
;-21&'5 e @ Arrival = Departure < 1

S ) Cycling prevention

;;l +1
2,&;: §Xm for each j, p (6)

k=j#1

N,
ZXPW:l for each p (7) Start from source
S=

ﬁ)ﬁmu =1 for each p (8) End at sink

+1
)E)Qg+M('l-an)zl Jor each i, p (9)

J=i

4 +1 - .- -
EX};.-—M(ZM(I for each i, p (10) Sub tour Elimination

J=it

Np#l
Xou = 3)@,—2,« for each i p (11)

J=i

Xoy = non negative integer (12)

Model in |A based Control
System




. Letter ina Slrmg compartment ID for each line item
» String length: number of line items in an order train
» Candidate Numbers for a letter: candidate compartments

* Objective Fitness Function: Max (movement time for 16 gantry robots)

10 2 [ W[ 0] e 07

* Initial Population: Random number from a candidate compartment list
» Next generation: 20% best fit remain, 78% mating, 2% mutation
* Implemented in C++

Embedded GA In |A system




Advanced Hierarchical vs. Heterarchical vs. Hybrid

Conveyor Feed Taterval | 066 s

_

Hier. Heter Hier. Heter.
PikEos | o s o o 1t 0
Mean Utlization (%)
-m
Gantry Robots B

Hier. Heter.

* The Models are implemented in G2 (Gensym Corporation), C++

Results with [A system



Problem of Current Practice
* Long cycle time (24 hrs)
* Need to fix orders for 2days

 Lack of responsiveness

Realization of a short cycle time (e.g. 2 hrs)

* Need efficient replenishment plan

» Responsiveness AND efficiency
Cycles per day 1 10 20

No. of repl. totes 1228 1748

Replenisnment Planning



56 604 14 04
700

Avg totes repl/day Picking gantry util. level (%)
Curmrent |New Current Logic New Logic
Logic Logic Avg. Stdev
6 1.
5 cycle / day 150 7
7 1.

94

0.0 0
10 cycles / day 122 159
7 te 70413

Short cycle time, but no loss
of proauctivity



Benefits of a real-time |A
Dased approach

x Intelligent agent based hybrid model for actual
industrial problem

= Hybrid model outperforms pure hierarchical
and heterarchical models

x» Hybrid Scheduling and Control System
Architecture for Robustness and Global
Optimization

x Guidelines for designing intelligent agent
based production/warehousing planning,
scheduling, and control systems



Heragu’s Ten Principles in WH

Design 3 Operations

= Variability of most kinds is
bad, especially the
controllable ones

= All are necessary
conditions, none are
suificient

x The Universe is a holonic
system

x Divide and conquer

x Always look for middle of
the road solutions

x Every decision has pros and

cons
Aim for a lot size of one

Just because you get better
at solving problems, don’t
make them more
complicated

Think long term

Work with reason, not
excuses



Questions &
Comments!



