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Abstract

We introduce how a generic multi-period optimization based decision support system (DSS)
can be used for strategic and operational planning in a company with five fundamental
elements, namely, Materials, Facilities, Activities, Times and Storage-Areas. This DSS which
optimizes the company's activities over multiple-time horizon, having a multi-material, multi-
facility, multi-activity system, requires little or no managerial knowledge of optimization
techniques. We discuss the issues of interface design, data reporting and updating,
production and profit planning. We also compare the performance of two different types of

database structures with respect to optimization,



1. Introduction

This work started as a project to design a decision support system (DSS) for
strategic planning for steel companies of North America. As the project was supported by
AISI (American Iron and Steel Institute), the DSS was a generic one. An earlier
publication (Fourer, 1997) discusses various aspects of database structures for
mathematical programming models. While this work discusses the Aeﬂvation of
fundamental principles of database construction for the specific case of large-scale
mathematical programming, it was only a single period model. Major steel makers in the
USA could not use this generic DSS as it could not be applied to dynamic or multi-period
cases. In this paper, we extend the work of Fourer (1997) in multi-period case. We
introduce how a generic multi-period optimization based decision support system (DSS)
can be used for strategic and operational planning in a company with five fundamental
elements, namely, Matenals, Facilities, Activities, Times and Storage-Areas.

In this paper we also discuss the following points in implementation:
1. What are difficulties of implementation of a multi-period DSS?
2. What are the features of multi-period DSS?
3. What are ways the indexing can be done in a multi-period database?
4. How many ways the optimal result can be represented in a multi-period DSS?
5. Why an update mode is difficult in a multi-period database?

6. What are the different possible combinations of data-structures for the multi-period
mathematical programming model and how does the performance of different
combinations vary with respect to data storage, data retrieval and optimization.



In section 2 of this paper, we discuss the design issues related to the database. We
introduce the various elements of the DSS in this section and then discuss the
implementation of the DSS. We also discuss the correspondences of the various files in the
DSS and the various variables in the linear program. In section 3, we discuss the various
steps of optimization: constraints generation, variable generation, matrix generation
(writing of an LP file), solving of an LP file and reading of the optimal values by the
database. We also discuss how we take care of the soft capacities with the help of an
artificial variable. In section 4, we discuss the various features of the DSS and how the
DSS can be useful for the strategic and operational planning of a process industry. Section
5 discusses the various features for reporting and updating of the data. In section 6, we
compare two different variation of the database design (one with primarily hierarchical and

another with primarily relational concept) with respect to optimization.

2. Database Design Issues for Multi-Period Models
The formulation of the mathematical programming model is discussed in the Appendix. In

this section we discuss the various implementation issues. The single period formulation is

discussed in a previous publication (Fourer, 1997).

2.1 Definitions

In this subsection, we define five fundamental elements of the model:

Times: These are the periods of the planning horizon, represented by discrete numbers
(1,2,3...).

Materials: Any product in the steel company in any stage of production (input,
intermediate, output) is considered to be a Material. Materials are indexed by subscript in

the formulation.



Facilities: A facility is a collection of machines that produces some materals from others.
For example, a Hot Mill that produces sheets from slabs is a facility.

Activities: At any time, each facility houses one or more activities, which use and produce
material in certain proportions. In each activity at each time, we have one or more input
materials being transformed to various output materials. Production of hot metal,
production of billets, pickling, and galvanizing are examples as activities.

Storage-Areas: These are the warehouses where raw materials, intermediate products, and

finished products are stored.

2.2 Implementation of DSS

The formulations described in the Appendix-1 are implemented in 4th Dimension,
a database management system and development environment. The name of the structure
of the database is STEEL-TIME, which is shown in Figure 1. Files of Materials,
Facilities and Activities, Storage-Areas and Times are also indicated. Because of inherent
advantages of hierarchical database in ease of use, data storage and data retrieval, we
retain the hierarchical structure for Materials and Facilities; however, other parts of the
structure of the database are relational. The [Times] file is related to various time
dependent parameters in the [Materials], [Facilities], [Activities], and [Storage-Areas]

files.

The [Constraints] and [Variables] files are similar to those of the single period
model reported in Fourer (1997). However, we have an additional field to indicate the
time dimension of each variable and each constraint. Moreover, we have the additional
fields of [Constraints]Dual in the [Constraints] file and [Variables]Optimal in the
[Variables] file. These fields are helpful for our implementation, and are essential to

conduct some experiments as discussed in section 6.

In section 6, we will discuss two different variations of this database called STEEL-
TIME1 and STEEL-TIME2. The single period model described by Fourer (1997) and its
database structure will be referred to as STEEL (Figure 2).



Data Management

The first decision we had to make was the choice of the database software with
which our system would be implemented. As per the single period model we decided to
retain the 4th Dimension relational database management software running on Apple
Macintosh. Its selection was mainly based on its powerful interface features and appealing
menus. Another important point is its portability. At present, 4th Dimension (version 3.5)
is also available for Windows 95 and Windows 3.1. In contrast to the first version of 4th
Dimension that supported purely hierarchical structures, the later versions have more
relational structures.

Another important factor in designing the data structure for the multi-period
model is identifying the parameters which are functions of time and making a separate
subfile for time dependent variables and parameters. We will briefly discuss the
implementation of each file where the data is stored.

Time File

The [Times] file (Figure 3) which has [Time]TimeID and [Time]TimeName fields.
TimeName has the time identification field, the name of the time period. The user will
decide whether he or she would like to plan daily, monthly, quarterly or yearly and

indicate the name of the month or quarter in the field [Time]TimeName accordingly. This
is the one file which is related to different time-dependent fields or subfileds of [Materials],

[Facilities], [Activities] or [Storage-Areas] file.
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Time Input

1/3

Pyapi gy

Delete

TimelD I

TimeNeme I.JAN

FIGURE 3 TIME INPUT FILE




Materials File

The Materials data (Figures 4 and 5) is stored in a hierarchical way. In Table 1, we show
the one to one correspondence between the parameters of the LP model and the fields on
the[Materials] file. In this file the material name([Materials]MatName) and material
identification string ({Materials]MatTag) are unique. [Materials]MatTag is required for
data entry in the subfiles of the [Materials] file as discussed in Chapter 8 in detail. In the
[Materials] file, »BuyMax, BuyMin, SellMax, SellMin, BuyPrice, SellPrice, BuyOpt,
SellOpt, InvMax, InvMin, InvOpt, InvCCost, CostIn and CostOut are the time-dependent
subfields in the [Materials]MatTime subfile. Since the model is multi-period, the dual
variables (MatDual) are also considered as a function of time and are put in the MatTime
subfile. MatName, MatUnits and MatType are the main fields of the file. MatTimelD is
the indexed subfield of the Materials[MatTime] subfile. For each material, there is a
record of the [Materials]MatTime subfile corresponding to each record of the Time file;
the data in each [Material]MatTimeMattimeID subfile field is the same as the value in the

corresponding [ Time] TimelD field.

The subfile Conversions is the second subfile of [Materials] file. This subfile is
indexed by two subfields : Conversion time (ConvTime) and Conversion Material
(ConvTo). In addition, it has conversion cost (ConvCost) and conversion yield
(ConvYield) as additional subfields. The [Materials]Conversions subfile is similar to the
analogous subfile in the single period model in STEEL (Figure 2) except that it has the
additional subfield [Materials]Conversions'ConvTime and is indexed over times as well as
materials.

The Materials file has a third subfile called [Materials]Compositions. In this
subfile, we have [Materials]Compositions.'CompName and
[Materials]Compositions'CompTime. [Materials]Compositions'CompName is the time-
dependent subfield of the subfile. The maximum and minimum composition of each
element or compound are the two additional subfields. These subfields are required for
the Cost Allocation Model that we do not discuss in this paper.

10



Table 1

Correspondence of [Materials]File and the LP Model

riay

inv
Jt

Jt

asqny

[Materials]Mat Time BuyMin
[Materials]MatTime BuyMax
[Materials]MatTimeBuyPrice
[Materials]MatTime'SellMin
[Materials]MatTime'SellMax
[Materials]MatTime'SellPrice
[Materials]MatTime'InvMin

[Materials]MatTime'TnvMax

[Materials]MattimeMatInvCCOST

[Materials]MatInvZero

[Materials]Conversion'ConvYield

[Materials]Conversion'ConvCost

o

Compjr.I;atx [Materials]Compositions'CompMax

Comp;:itn [Materials]Compositions' CompMin
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Custom

MAT-TAG MATERIAL UNITS MATERIAL TYPE
101 CC BILLET ' TONS Inter mediote
102 SINTER TONS Input

105 SLAG TONS I nter mediate
106 HOT METAL TONS Intermediate
110 ORE TONS Input

201 COAL TONS Input

202 COKE TONS Inter mediate
213 NEW MAT TONS {nput

401 CRUDE STEEL TONS Input

402 STEEL for CC TONS Inter mediate
501 HEAYY MELTING SCRAP TONS Inter mediate
503 STEEL SCRAP TONS | Inter mediate
503 LIGHT MELTING SCRAP TONS inter mediste
S04 MILL SCRAP TONS I nter mediate
60t BILLET TONS Inter mediate
602 BLOOM TONS Inter mediate
e o1 ape ™mae Intar madiate

FIGURE 4 OUTPUT LAYOUT OF MATERIALS FILE
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ey

Materials Input MetVeg [105
Neme  [SLAG Units
Frows |
319 Type [iIntarmediate Initial Inventory | 1400
Nent Casversiens
Conv. Material Time Yiaeld Cost
HEAVY MELTING SCRAP 1 0812 %0
HEAVY MELTING SCRAP 2 08 &2
| Cancel | Tiove
Time | BugMax |SellHax invMax BuyPrics |SellPrica
) o 200000 200000 121 124
2 0 30900 2000 123 124
Loampositisos
Time Neame Mirimum |(Maximum
t|c 1.2 13| b
1 st 0.69 0.7s | &

FIGURE 5 INPUT LAYOUT OF MATERIALS FILE
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Facilities File

In the Facilities file (Figures 6 and 7), for time dependent parameters we retain
structure similar to that of the [Materials] file. In Table 4.2, we show the one to one
correspondence between the parameters of the LP model and the fields [Facilities] file.
We define[Facilities]FacTime as a subfile where the CapMax, CapMin, CapOPT and
CapDual subfields are the time dependent maximum, minimum, and optimal production
level of the facility, and the time dependent dual value of the facility capacity. The
VendorCost is the cost of vendoring (outsourcing) an additional unit capacity of the
facility at that time.

There are two indexed subfields in [Facility]Inputs, which is a subfile of the
Facilities file. The first one is the input material, which is related to the [Materials] file.
The other is [Facility]InputsInTime which is the time dependent field of the
[Facilities]Input File and is related to the Time file. The subfile [Facilities)Outputs subfile
is entirely analogous.

Facilities Input
Namae [BASIC OXYGEN FURNACE FacTag  [0003
3 FacType |PRODUCT-MIX Units ~ [TONS
{ Nent ] Inpuis
4 Matartal Input Time ritaimam Maximam
Previous HOT METAL k1 0 9999993
HOT METAL 2 0 999999
Juiputs
taterial Output Time Minimam Maximam
CRUDE STEEL 3 o 9999999
(Activities) | [SRUOESTERL 2 - 0 9999999
soRTTime) | T72e
Time CepiMtin
SORT MATL
1 0
2 (1]

FIGURE 6 INPUT LAYOUT OF FACILITIES FILE
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FACILITY NAHE FAC TAB FAC TYPE CAPACITY UNITS
BLAST. FURNACE 0001 PROOUCT -MIX TONS
COKE OVENS 0002 PRODUCT -MIX TONS
BASIC OXYGEN FURNACE 0003 PRODUCT -MIX TONS
CONTINUOUS CASTER o004 PRODUCT-MIX TONS
ROLLING MILL NO 1 0005 PRODUCT-MIX HOURS
MERCHANT MILL NO. 1 0006 PRODUCT-MIX TONS
SBB.MiLL 1 0007 PRODUCT-MIX TONS

FIGURE 7 OUTPUT LAYOUT OF FACILITIES FILE

15




Table 2
Correspondence of [Facilities] File and the LP Model

1;‘])11 [Facilities]Inputs'InMin

ulll

it [Facilities]Inputs'InMax

! g’f’ [Facilities]Outputs'OutMin

u [Facilities]Outputs'OutMax

C );e"d [Facilities]FacTime'Vendor Cost
[cap [Facilities]JFacTime'CapMin

u$AP  [Facilities]FacTime'CapMax

Activities File
[Activities] is defined (Figure 8 and 9) as a separate file. (In STEEL-TIME2, we

consider [Activities] as a subfile of the [Facilities] File.) There is a field of
[Activities]ActTime which is the indexed field of time in the [Activities] file and related to
the [Times] file. In Table 4.4, we show one to one correspondence between the
parameters of the LP model and the [Activies] file. In each activity there is a field,
ActFacNamethat specifies which facility it belongs to. This is required so that the user can
search for the activity through the facility. The [Activities] file can be indexed over
[Activities]Act Name or [Activities]ActTag (identification string). Two activities may
have the same ActName (like PRODUCTION OF BILLET), but if they have a different
ActTime, they will have different a ActTag. In other words every record of [Activities] file
will be identified by an unique [Activities]ActTag.

16



While defining the activity inputs (ActInMat) or activity outputs (ActOutMat), we
have to consider the fact that ActInMat (or ActOutMat) should have only those materials
which are in Facility Inputs (or Qutputs) and also at the time where ActTime is equal to
[Facilities]Inputs'IntTime ([Facilities]Outputs'OutTime). The other important field is
ActTag, the unique identification. For example, let us assume that the BLOOM, BILLET
and SLAB are available as [Facilities]Inputs at Time =1 in [Facilities]FacName
=ROLLING MILL, but BLOOM and SLAB are only available as [Facilities]Inputs at
Time =2 in the same facility. In the [Activities]File at Time=1 the possible choices
available in the subfield Activities]ActInPuts'ActInmat are BLOOM, BILLET and SLAB,
but only SLABand BLOOM are available as [Activities]ActInputs'ActinMat at Time =2

in the same facility.

Table 3
Correspondence Of [Activities] File And The LP Model

1961 [Activities]ActMin

udct [Activities]ActMax

udd’ [Activities]ActCost

r,‘ﬁ’ [Activities]ActCapUsed

a% [Activities]ActInputs'ActInMat

agyt [Activities] ActOutPuts'ActOutMat

17



Activities Teg 009

AL

Nems  [CC STEEL PROON Units [TONS

me [_3

FaciHity [BASIC OXYGEN FURNACE |
Hinimum | ol Maxtmum IOOC_)OB
Use/Unit Facllity Capecity 651

lopuls
ActinMet ActinRete

HOT METAL 1
STEEL SCRAP 0.05

Cost 120

Ouiputs
ActOutMat ActOutRate
CRUDE STEEL 1

FIGURE 8 INPUT LAYOUT OF ACTIVITIES FILE
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Activity Heme Time [Minimem |Meximum | Cest ActTag
BLLET PRODN AT SBEM 3 o 67000 120 024
BLLET PRODN AT SBEM 2 o 95000 67| 023
BLLET PRODM AT SBBM 1 0 40000 43| 022
VRE RODS PRODN 3 o 30000 43| 021
WRE RODS PRODN 2 o 20000 34) 020
¥IRE RODS PRODN 1 o 30000 23| 019
PRODN OF BLOOM 3 o 98000 231018
PRODN OF BLOOM 2 0 52000 te| at?
PROON OF BLOOM 1 0 100000 43| 016
CC BLLLET PRODN 3 0 S0000 123 015
CC BLLET PRODN 2 o 60000 89| 0t4
CC BLLET PROON 1 o S0000 67| 013
CRUDE STEEL PRODN 3 o] 9999999 123|012
CC STEEL PRODN 3 o 100000 1ot
CRUDE STEEL PRODN 2 0 9999999 1221 010
CC STEEL PRODN 2 o 100008 120| 009
CRUDE STEEL PRODN 1 a 9999999 12| 008
CC STEEL PRODN 1 1] 120000 10{ 007
PRODN OF COKE 3 0 9999999 120| 006
PROON OF COKE 2 0 9999999 56( 005
PRODN OF COKE t o 9999999 45| 004

FIGURE 9 OUTPUT LAYOUT OF ACTIVITIES FILE

Storage-Areas File

In the {Storage-Areas] file (Figures 10 and 11) we have the name of the Storage-
Area and the time at which the materials are stored. In addition, we have the capacity
constraint of the storages giving the maximum and the minimum capacities of the storage-
areas. The structure of the [Storage-Areas] file is similar to that of the [Activities]File.
[Storage Areas]StoreTag is the field which uniquely identifies the records of the file. In
the[Storage-Areas] file, we have a subfile called [Storage-Areas]StoreMatList which lists

all the materials that can be listed.

VIRRAM SARABHAY LIBRARY
NI}t AN INSTITUTE OF MANAGEMEN?
VASIRAPUR. AHMEDABAD- 30058

19



Storage—-Areas Input

Neme IRAW MATERIAL STORE
Tag | 10002
2/3 tnits lrons
(Nemt )| Time I |
CapHin l 0
Predlous /|l rapMax | 45000
| Cancel |
HMaterisl Name Misimam Maximum
COAL 0 4560
BILLET 0 27000

FIGURE 10 INPUT LAYOUT OF STORAGE-AREAS FILE

Table 4

Correspondence Of [Storages-Areas],File and the LP Model

Is " [Storage-Areas]StoreMin

U, [Storage-Areas]StoreMax

20



el Cus tom

SterageNeme StereTag |StereTime StereUnits |CapiMia CapMax

FINISHED GOOD STORE 10001 1 TONS 0 27000
RAW MATERIAL STORE 10002 1 TONS 0 45000
STORE AT OPEN SPACE 10004 3 TONS 0 80000

FIGURE 11 OUTPUT LAYOUT OF STORAGE-AREAS FILE
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Variables File

In the [Vanables] file (Figure 12) we have fields Number, Type (Material Bought,
Material Sold, Material Inventoried, Activity at Facility), Identification Number 1 (ID1),
Identification No 2 (ID2), Objective, Upper bound and Lower bound as in the single period
model. However, we have also an Identification Number 3 (ID3) field which indicates the
time of the variable. [ Variables]Optimal refers to the most recent optimal value of the
variable. The variables file has a subfile known as [Variables]Coeffs which has a subfield
called {Variables]Coeffs'Constr and this constraint is related to the [Constraints]Number of

the [Constraints] file.

Variables
Number 104
Type [Materia) Sold LoBound 0
ID1 h:c BILLET UpBound [ 99999
1D2 |
103/Time | 1 Optimal 0

Objective 5,000.00

02

Row| Valwe Time Type Y]
34 1 1 |Material Balance CCBLLET

FIGURE 12 INPUT LAYOUT OF VARIABLES FILE
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Constraints File

In addition to [Constraints[Number, the [Constraints] file (Figure No.13) has a
field for Type (Material Balance, Facility Input, Facility Output and Facility Capacity,
Storage Capacity or Storage Total, which They refer to the equation numbers 3-8
respectively in Appendix). The Identification Number 1 ([Constraints]ID1) indicates the
Material Name for the Material Balance equation and Facility Name for the other three
types of constraints. The Identification Number 2 ([Constraints ID2) refers to the
material for the Facility Input and Output respectively. As in the [Variables] file, ID3
refers to the time of the variable. [Constraints]Dual refers to the dual variable
corresponding to the most recent optimal solution.

23



Constraints

Type
ID1

ib2

Number | 127

[Faciiity Capacity

|CONTINUOUS CASTER

ID3/Time 1

LoRHS
UpRHS

Dual

| 0

. 50000

L o

24

FIGURE 13 LAYOUT OF CONSTRAINTS FILE




3. Optimization Steps

Once the data of the five files and their respective subfiles are entered, they are
validated by a set of diagnostics which will be explained in section 4.4. This subsection
describes how the optimization routine is performed.

The principal steps (Figure 14) are:

1. The data describing the production scenario at different time periods are
collected and stored in the database as explained above.

2. The constraints associated with the linear program are generated. The
constraint related data values, LoORHS (lowest value of Right Hand Side) and
HiRHS (highest value of Right Hand Side), are extracted from the database
and stored in the [Constraints] file.

3. The vanables of the associated linear program are determined. The variables
related to data values are stored in a separate [Variables] file. This step
involves writing the non-zero coefficient in the [Variables]'Coeff subfile. In
this step, the user is given a choice of discounted or undiscounted
optimization. If the user is interested in discounted optimization, he or she has
to enter the interest rate (Figure 15) and all the cost, price, and revenue data
are then converted to their discounted values in the objective function of the

model.

4. The [Constraints] and [Varnables] files are scanned and all of the essential
information about the linear program is written to an ordinary textfile in a
compact format. This textfile is the input file to our solver.

25



OPTMEZATION STEPS

DATABASE
MATRIX
STEEL-TME - —1 STEELLP
GENERATOR
STEEL-TME.DAT

! !

READ OPTMAL
- STEELOPT S e—— XMP

Y RESULT SOLYER

FIGURE 14 OPTIMIZATION STEPS
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Interest Rate Data Entry

Please enter the interest rate between two time
unit in decimal number; for example if the interest

rate between two months is 1.5% enter 0.015

Interest Rate |0,0167|

FIGURE 15 INTEREST RATE DATA ENTRY
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5. The text file (steellp) is read by the XMP solver (Martsen, 1981), which
solves the indicated linear program , and then writes the optimal values of the

variables to a second text file.

6. The second text file is read and the optimal values are placed in appropriate
fields of the [Materials], [Facilities], {Activities], and [Storage-Areas] files.

3.1 Soft Capacities

If we have an infeasibilty in the "Facility Capacity” constraint, we can generate a
"Soft Capacity" variable, which is similar to an artificial variable. At the end of step 2, the
user will have an option to use a procedure, which generates this variable.

This procedure will generate leind (the soft capacity variable) in the Facility

Capacity (Constraint 6 of Appendix) and will also generate its related objective function
coefficients. The user needs to enter the value of [Facilities]JFacTime'VendorCost which is
the coefficient of the soft capacity variable in the objective functions. In case we do not
want the capacity constraint to be violated, we assign a very high value to these objective

function coefficients.

3.2 Dragnostics

The diagnostic routines are written to ensure that the linear program is complete
and free from many errors and infeasibilities. We use the various 4th Dimension file
procedures, layout procedures and global procedures to implement these routines.

The following generic diagnostics are applied to all files and subfiles or variables

or constraints, as appropriate:

Rule 1. For every variable the upper bound should not be less than the lower
bound. For every constraint the lower right hand side (LoRHS) should not be
more than the higher right hand side (HiRHS).

Rule 2. For every variable and every constraint, there should not be more than

one non-zero element.

28



Rule 3. For every subfile indexed over one time subfield, the number of
subrecords in the subfile should be same as the number of records in the

[Times] file.

Rule 4. For files and subfiles indexed over one time field and one non time
field, the number of records (or subrecords) should not be more than the
product of the number of records (or subrecords) in the [Times] file and the
number of records related to the non-time field.

Rule 5. If a record or sub-record is indexed over a time field or sub-field and
one non-time field or subfield, there will be only one record or subrecord
containing any particular combination of the time field and non-time field.

We assume that the linear program is complete with respect to all time period
data. If we do not have data for any period, a default value is taken. The default values of
all minimums are zero and of all maximums are infinity (implemented as 99999999). The
default value of yield is 100 % and of rolling rate is 1 tons/ hour.

4. Features of the DSS

We are interested in using this DSS for strategic and operational planning. We
will discuss various features of this DSS in this subsection.  ~

4.1 Strategic and Operational Planing
- In strategic planning, the DSS will be able to answer questions such as:

1. What is the effect of cost or price changes of raw materials and finished
products on the product-mix?

2. If we invest 20 million dollars to install a coal injection system in the blast
furnace this year, anticipating an increase of productivity of the blast furnace
by 5 percent in subsequent years, is the investment justified?

3. If the company is planning to diversify to different products, what products

should be chosen?

In operational planning the DSS will be able to help the steel company officials

29



with questions like these:

1. How does product-mix planning for the current month affect planning in the
subsequent months, and can this monthly plan be divided into four weekly
plans or even daily plans for 30 days?

2. In response to a shortage of liquid steel, which results in the partial
operation of the finishing mills in the downstream production line, which of the

finishing mills should go down?

3. Should external scrap be purchased as a substitute for hot metal and at what

price?

For example, in the experience with the Indian steel company (Sinha et. al.,
1995, Dutta et. al, 1994) the marginal profit of an extra megawatt of electrical power was
found to be several million dollars. This study justified the investment of installing diesel-
generating sets. Similar studies can be done using our DSS also.

4.2 User Friendliness

This is the most important point of this research. We have been able to
demonstrate that multi-period, multi-product, multi-facility process industry planning can
be done with little or no knowledge of linear programming. All the user has to do is click
the appropriate buttons to run the linear programs.

_ The DSS can be used in three modes: Data, Optimal and Update. In the Data
mode, the user enters data in the five different files. The Optimal mode is for display of
optimal values and dual prices. The DSS takes a much longer time (92 minutes) to
generate the [Variables] file and the [Constraints] file than to solve the problem (3
minutes). If there is no addition or deletion of records in the [Materials], [Facilities] and
[Activities] file, any change in the parameters of these files can be reflected in
corresponding changes to the [Variables] and [Constraints] file (without procedures of
variable and constraint generation). This is accomplished in the Update mode resulting in

saving of user time.

As a user-friendly tool for strategic planners, the dual prices for "Facility
Capacity" constraints for each facility are displayed to indicate the profit improvement
potential. The details of the dual prices are explained in the Chapter 5.
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4.3 Multi-Period Model
The multi-period structure of our DSS has the following advantages:

1. The model can show how the cash flow of the company changes with
different interest rates. The user is allowed to enter the interest rate. The user
also has the option to optimize over nominal or discounted financial

parameters.

2. The importance of inventories is considered in this model. Using this DSS
we will be able to make decisions like whether it is more profitable to produce
at the current time period and hold inventory or to produce in the future.

3. The user can see the effect of changing the parameters in one time pertod
on the optimal decisions for other time pertods.

4 4 Generality and Flexibility

The model is sufficiently generic so that it can be used by any process industry that
transforms materials in different facilities. When the company decides to make any new
product, a record can be added to their materials database. Similarly when a new facility is
installed the user can enter an appropriate record. For any linear programming model done
in AMPL or GAMS, the user does not have the advantage of route flexibility. In this DSS,
any route of the product can be added or deleted by addition and deletion of appropriate
material, facility and activity. If another industry wants to use this software, they only
need to change the relevant data entry files for their company.

5. Reporting and Updating the Data

In this section, we consider the different files and discuss the time dependent
layouts where the time dependent parameters are entered as subfields.

5.1 Layouts with Time as a Subfield

First, let us consider the [Materials] File. In this file, no time dependent
parameters are in the file level except for MatInvZero. This field is required to initialize
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the linear programming model. [Materials]MatTime is a subfile which is indexed over
time, so we have designed a layout that displays all the time-dependent parameters that are
in the subfields in this subfile (Figure 16). These fields will be the same in Data or
Optimal layouts. In order to see the optimal value of the material COIL bought at Time =
2, the user has to select the optimal mode in the Examine menu of the main menu and
select Materials. Then a list of Materials will be displayed. Then the user has to select the
material COIL and a layout called Materials Optimal (Figure 17) will be displayed. In this
layout these will be an included layout that lists the data of all time dependent parameters
of the materials COIL. Once the user selects Time=2 a list of parameters is displayed in a
layout for Time=2 and one of them is BuyOPT which shows the optimal value of Material
bought in Time= 2. Similarly, if the user wants to get the Buyprice of material called
SCRAP at Time =3, he or she has to go through steps similar to all these.

We now discuss two different types of searches. We want to compare the
searching process of an activity and an input material in the same [Facilities] file. Let us
assume that [Facilities]JFacName= BASIC OXYGEN FURNACE. The user selects
Facilities and Optimal in the Examine menu of main menu and gets a listing of all facilities
and selects the facility = BASIC OXYGEN FURNACE.

32



Materials Optimum

Mame |wiRe RODS
. Untts frons
1871
Type [output
initial laventory 1200
Canvers/ons
Time Converted To Cest CoavOPT avYiold
] Cance! |
Time
P rime BuydPT |SeNOPT DAL 1svOPT
1 0 12009 9000 o
2 100000 [ 9090 100000
3 0 100000 10000 0

FIGURE 16 MATERIALS OPTIMAL
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Mat Time Optimal

HatTime [ 1]
Buy Sel} Inv
S | o | 0
Max | 100000 |__tocooo 100000
Price | 9000 | 9000
Optimal 0 12009
e L tme W

DUAL 9g¢00

FIGURE 17 MATTIME OPTIMAL

and goes to the Facilities Optimal screen. This is common to both the searches. In the
first search, he or she clicks at the Activities button and goes to the next page of the
Facilities Optimal Screen. This screen layout lists all the activities in this facility as an
included layout. If the user wants to find the values of rate for the output material STEEL
" for the Activity = CRUDE STEEL PRODUCTION at Time=2 of this facility, then he or
she looks at the list of activities and searches for Activity = CRUDE STEEL
PRODUCTION and Time=2. This leads to an Activity Optimal Screen which list the
output materials. Then this list gives the value of output rate for the output material
=STEEL. In this case, to get a required value, we first search (on the [Activities] file)
with a combination of two fields, and then look for a subfile or subfield. In the second
search, to get the maximum value of input material STEEL SCRAP that can be
accommodated in this facility at Time=2, the user looks at the facilities Optimal Screen
and looks at the included layout of Inputs. This included layout lists all the input materials
at all times. The user then searches for Material = STEEL SCRAP and Time=2. In this
case the search is performed with two searches at the subfile level.
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5.2 Included Layouts and Graphs in the Time File

Suppose we have a question from a user. At Time =1, what is the optimal value
of material sold for SINTER, and HIGH CARBON BILLET? In the Examine menu, the
user can select Materials and Optimal, and this will lead to a list of Materials. The User
can double click at SINTER and this will lead to the Materials Optimal screen of SINTER.
In this screen there will be a list of Times and the user can find the optimal value of
material sold at Time = 1 in this list. Then he or she has to return to the list of Materials
and double click here again at HIGH CARBON BILLET. Then he or she gets another
Materials Optimal Screen of HIGH CARBON BILLET. Then he or she can look again at
the Time Layout and see the material bought at Time = 1. This is a cumbersome
procedure. At Time=1, the user can not go from one material to another. This can be
overcome by making an included layout of the [Materials] file in the [Times] file.

In the 4th Dimension database management system, we have the advantages of
using an included layout. In an included layout, the layout, of one file can be included in
another file. So we can see the [Materials] file or the {Facilities] file as an included layout
in the [Times] File. In this case, the user Selects Time-Material at the Examine menu.

This leads to a list of times. The user selects at Time=1 and he or she is supplied with a list
of [Materials] at Time=1. This is displayed in Figure 18 and 19 In this case the user can
switch from one material to another at the same time (Time=1).-

Similar arrangements can be made for the [Facilities] file and similar advantages
can be achieved out by making the [Facilities] file as an included layout of the [Times]
File. This is displayed in Figures 20 and 21.

In discussing the optimal layouts, we also consider the case of graphs. We can
display the graphs of the different variables, such as the materials bought, and materials
sold. We have tried two different types of graphs, the line graph and the bar graph. In a
similar way, we can display graphs of the material inventory (Figure 22). Other than that
we can display the maximum, minimum, and the optimal values from the [Facilities] Inputs

or [Facilities]Outputs subfile.
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Time Material
TimelD | !
"3 TimeName  [JAN 1997
P{itatorial Mome Tupe Units
BILLET TONS | nter medfate
RUDE STEEL TONS Input
INTER TONS Input
RE TONS Input
EEL SCRAP TONS Inter mediote
LABS TGRS {nter madiate
1RE RODS TONS Output

FIGURE 18 MATERIALS LIST IN TIME LAYOUT
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Material at JAN 1997

/19

1K

Neme ISINTER Type |Input

Units trons InvZero | 10000
Buy Sell Inventory

Mintmum | 00 | 00 | 0.0

Optimal | 00 | 100000 | 0.0

Maximum | 999990 | 999990 | 9999

Price | 22000 | 22000 | 15.0

sensttivity [ Buy? | ((sen? |  (Tiav7 )

Dual Price 2200.0

FIGURE 19 MATERIAL INPUT IN TIME LAYOUT
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Time Facilities

2/3

Jap e

Delete

TimelD | 2

Nome  [FEB 1997
FacTag FecName FecType
0001 BLAST FURNACE PRODUCT-MiX
0002 COKE OYENS PRODUCT-MIX
0003 BASIC OXYGEN FURNACE PRODUCT - MIX
0005 ROLLING MILL RO 1 PRODUCT -MIX
0006 MERCHANT MILL NO. 1 PRODUCT - MIX
0004 CONTINUDUS CASTER PRODUCT - MiX
0007 S.B.B. MILL 1 PRODUCT-MIX

FIGURE 20 FACILITIES LIST IN TIME LAYOUT
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paxtmum |___645.0
/npuls ((ouai? ) | 0.00
tapat Metertial Minimum Optimel |Maximam
CRUDE STEEL il 0.00 100000.0
Dytputs
Output Meterisl Misimum Optimal Max{mam
BLOOM 0 ] 95000
MILL SCRAP 0 o 30000
Activities
Actiame Minimum Optimel Moximum Coat
PRODN OF BLODM 0 0 100000 43

FIGURE 21 FACILITIES IN TIME LAYOUT

of the [Facilities] file. The graphs give the user an idea where the optimal value lies and
how much close the optimal value is to the maximum.

5.3 Reporting of Optimal Dual Values

In this section, we discuss the difficulties in reporting the optimal dual values in
the multiple time period. For a single period model, the display of dual values is simple and
straightforward. However, for the multi-period model we have dual values for more than
one time period. In addition to that, the reduced cost for the variable Material Inventoried
any time period is dependent on dual values from more than one time period. This makes
our task difficult for displaying the optimal dual values.

Let the reduced costs for the Material Bought, Material Sold and Material
Inventoried at time t be denoted by RC,”, RC%", RC," respectively, and let IT » bethe

F LI

dual price of the material balance equations for material j at time t. Then
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Material Inventory Graph
TimeiD l 2
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FIGURE 22 GRAPH OF MATERIAL INVENTORIED
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Profit will improve by up to $1,931.00
for each unit decrease in the
purchase minimum.

Profit will decline by at least
$1,931.00 for each unit increase in
the purchase minimum.

e td

Lo ]

FIGURE 23 DISPLAY OF DUAL VARIABLES

Reduced costs are the dual values on the bounds. As the dual values on material balance
constraints are available with the solution of the optimization problem, the reduced cost
values of the variables (Material Bought, Material Sold and Material Inventoried) can be
easily computed. The computation of reduced cost for material inventoried is slightly
difficult as we need to store dual values for more than one time period, but we can use a

global procedure and scripts to overcome this.

As we have explained earlier in sections 5.1 and 5.2, we can display the dual values
(Figure 23) and the reduced costs in a layout for [Facilities] that contains a scrolling list of
times or in a layout for [Times] in a scrolling list of facilities. -

5.4 Optimal Summaries

In the case of a multi-period model, creation of summaries is a difficult and not
straightforward like in single period models. In this section, we discuss two different ways
the summaries can be displayed: summaries of each time period separately, and grand

summaries for all time periods.

We repeat the equation of the objective function (equations of Appendix):
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is the sum total of revenue obtained by selling all materials at one time (say Time = t)?"
This figure can be obtained by searching for [Times]TimeID =t and summing over all the
materials the quantity [MaterialsIMatTime'SellPrice multiplied by
[MaterialsIMat Time'SellOPT. This will indicate the revenue obtained from the sale of all
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Cc(t) = Cost of conversions at time t
Cv(t) = Cost of outsourcing at time t



Grand Summary

Revenue fram Sales 2,194,681,608.05
Cast of Purchases 1,405,571,480.90
Cost of Conversions 7,295,935.95
Cost of Activities 11,899,880.00
Cost of Inventories 9,019,200.00
Cost of Outsourcing o)
760,795,111.19
Net Profit

FIGURE 24 GRAND SUMMARY
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Profit Statement

JAN 1997

173

Time

Revenue from Salas

Cost of Purchases

[t
836,343,608.05

505,471,480.90

7 Cost of Conversions 0.00
Cost of Activities 0.00
Cost of Inventory 6,400.00
Cost of DutSourcing 0.00
Nel Prorfit 332,865,727.15

FIGURE 25 PROFIT STATEMENT OF ONE TIME PERIOD

The terms of equation of 5.5 can be displayed in a grand summary over all time periods
(Figure 24). Based on the equation 5.8, we can also display the summary for each period

(Figure 25).
5.5 Discounted Cash Flow and Capital Budgeting Issues

The advantage of the multi-period model is that we can’incorporate the time
value of money. In a financial analysis if there is no time value of money, we call the
results 2 nominal cash flow. In a discounted cash flow, the user can choose the interest
rate. The summary statement for each time and the grand summary statement can be
converted to the discounted cash flows (Figure 26) and discounted summaries (Figure 27).

With the features of the 4th Dimension Package, we can have any one of three

following:

1. Optimize with the nominal objective function and displaying the optimal
result as a nominal cash flow having no consideration of discounting.
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2. Optimize with the discounted objective function and display the optimal
result in a nominal cash flow statement. In this case optimization is performed
after discounting.

3. Optimize with the nominal objective and convert the optimal result to
discounted cash flows and show the discounted cash flows. In this case the
discounting is done after the optimization is performed.

Discounted Grand Summary
Revenus from Sales 2,084,107,383.89
Cost of Purchases 1,349,5;1‘045_20
Cost of Conversions 0.00
Cost of Activities 11,421,658.53
Cost of Inventory 8,584,6006.11
Cost of Outsourcing ' 0.00
Nat Profit 714,230,071.03

FIGURE 26 DISCOUNTED GRAND SUMMARY

46



Discounted Cash Flow

JAN 1997

173

Time |1

Revenue from Sales
Cost of Purchases
Cost of Conversions
Cost of Activities
Cost of Inventory

Cost of Outsourcing

Netl Prorit

817,896,202.97

493,142,908.19

2,770,935.95
0.00
6,243.90

0.00

£21,976,114.92

FIGURE 27 DISCOUNTED CASH FLOW
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In 4th Dimension, we create a global procedure Discount. If the variable
generation procedure discussed in 4.3.2, the objective function coefficients that represent
nominal accounting figures (BuyPrice, Sell price, Cost of activity, Cost of material etc.)
are changed to discounted objective function coefficients.

In the case of discounting, the unit of time is very important. If we are planning
production for the short term, we need not worry too much about the interest rate as there
will not be too much of a difference between of the optimal result of the discounted and
nominal objective function. However, if we are using this DSS for long term strategic

planning then discounting is very important.

We next discuss capital budgeting issues. In a previous study (Sihna and Dutta,
1985), we have shown how a system dynamic simulation model can be used for capital
budgeting issues regarding the investment decisions of a steel plant (particularly of blast

furnaces).

We will show how a multiple time linear programming based DSS can be used for
capital budgeting issues in steel companies. As an example, we consider an investment
proposal of X dollars in a steel plant with Blast Furnace, Continuous Caster, Hot Rolling
Mill, Bar and Rod Mill and Sheet Mill. We assume that the Blast Furnace and Bar and
Rod mill are the two bottlenecks in the system. In other words, when we run the
optimization model, we find that "Facility Capacity" of the two facilities is at their upper
limits. Therefore, the dual variables of the "Facility Capacity" constraint will indicate the
amount by which the profit will increase if the capacity is increased by one unit (or one
hour). In a blast furnace the production can be increased by increasing the available hours
or by increasing the productivity. Now we assume that we are considering the introduction
of a coal injection facility in the blast furnace, which would, increase the productivity of
the blast furnace by 10 percent. After the coal injection is introduced, the yield and the
productivity would increase (as the same hot metal is obtained from less iron-bearing
material or sinter) we can change the parameters in the database accordingly.

So the model can be run with two different cases each with different variable

cost or [Activity]ActCost and the grand summary (with discounted cash flow) can be
examined. Based on this, we can determine whether the investment is justified. We must
understand that in these cases, we are using the results from discounted cash flow analysis.
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5.6 Update Issues

In the single period model, we have found that the time taken by the model to
generate the constraints and variables is much longer than the time to solve the model. A
study reported in Fourer (1997), shows that a problem with 857 constraints and 853
variables takes 12 minutes to write and generate constraints but 1.59 minutes to solve. In
our DSS, using a 75 MHz machine, a problem (with 2838 variables and 1909 constraints),
takes 98 minutes for generating and writing constraints and variables, but only 2.2 minutes
to solve. Therefore, if the user wants to update one price for one period on one matenial,
he or she should not go through the whole process of generating constraints, generating

variables, writing constraints and writing variables.

Where there is no addition or deletion of records in the database, there are not
many changes between scenarios. A substantial part of the user’s time is spent in waiting
for the generation stage to be completed. When two successive scenarios are similar, so
are their corresponding linear programs. In most cases, changing one data value is the
same as changing the lower bound, upper bgund or coefficient in the linear program. The

Update mode helps in this regard.

The following changes in the database may result in the changes in the linear

programming model:
1. Addition of records in the Materials, Facilities, Activities, Times and

Storage-Areas file.
2. Deletion of records from the above mentioned files.

3. Changing the names of the Materials, Facilities, Activities Storage-Areas or

Times.

4. Changing the values of the numerical data in the fields and subfields of the

database.

In case 1 and 2, when there are an additions and deletions of records in the five
files, the numbers of variables and constraints in the database are going to change. In
case 3, simply changing the name of any material, facility, activity or storage-area will not
make the linear program different and there is no change in the optimal solution.
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So we are left with Case 4. In this case only some numerical values in the
database change, which requires corresponding changes in the relevant records and
subrecords in the [Constraints] and [Variables] file. The Update mode helps in Case 4

only.

In a single period model, using an update mode allows the user to change the
lower bound, upper bound, and the coefficients without creating/deleting any more
records/subrecords. The 4th Dimension software allows us to make an update mode
(Figure 28) that automatically makes the corresponding changes in the [Constraints] and
[Variables] files. In the case of a multi-period model most of the data for the database are
kept in the subfiles. Therefore, an update mode is harder to implement in the multi-period
mode; our implementation has to extend the concept of the update mode to all files and

subfiles of the database.

Here is how an update mode works. Say the Buy Price of the Material COIL is
changed from $533 to $563 per ton at Time=2. The user goes to the Update option in the
Menu and selects the [Materials] file and double clicks on the Material = COIL. He or
she will get a layout on the screen called Materials Update. In this layout there is an
included layout of Time which shows the values of some of the subfields of
[Materials]MatTime. Then the user double clicks at the Time = 2 and gets screen layout
which displays all the numeric value of all parameters of Material = COIL at this time. One
of the parameters is the BuyPrice and the current value is $533. The user changes the
value of BuyPrice from 533 to 563. As soon as the new value of BuyPrice is entered, a
built-in program searches for [Variables]Type = Material Bought at [Variables]ID3= 2
(or Time=2) at [Variables]ID1=COIL. There should be one and only one value of this
record in the [Variables] file. Then the [Variables]Objective value is changed from -533 to
-563. Then the user clicks the three buttons to save the record in the [Materials] and
[Variables] file and returns to the main menu. Now the user can write the linear program

without re-generating the constraints and variables files.

50



Materials Update

Name  |WIRE RODS
Units fTONS

Tyre  |output

Initial inventory 1,200

Preuv.
LConvarsions
»|convTo Time [Yield | Cost [CanvOPT T
Time
Time BuyOPT [SellOPT DUAL 1avoPT ats
1 0 12009 9000 0 5%
2 100000 0 9050 100000 ,I
3 0 100000 10000 0 =

FIGURE 28 MATERIALS UPDATE =

6. Comparison of Database Structures

In this section, we consider the different variations of the [Materials] and [Facilities] files.

These files can be organized in several ways and we discuss how the computer times for variable
and constraint generation vary with different variations of the relational and hierarchical
databases. We show two different types of structures: STEEL-TIME1(Figure 29) and STEEL-
TIME?2 (Figure 30). The structure of STEEL-TIME! is similar to STEEL-TIME (Figure 2)
which we have discussed in Section 3. Fourer (1997) has studied two different variations of the
[Constraints] and [Variables] files, one relational and one hierarchical. We extend his
comparison to two different vanations of the [Materials] and [Facilities] files. We compare the
implementation of STEEL-TIME! and STEEL-TIME?2 according to four different criteria: ease
of use, data storage and retrieval, ease of development and efficiency of optimization.

6.1 Implementation of STEEL-TIME]1 vs. STEEL-TIME2

STEEL-TIME! is a modified version of STEEL-TIME. STEEL-TIME1 and
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STEEL-TIME are practically identical except that the file [Storage-Areas] is not present in
STEEL-TIME!. The other difference is that the vendoring/outsourcing variable (or soft
capacity variable) in the "Capacity Balance”" constraint is not considered in STEEL-TIME]1.

The numbers of constraints and variables in STEEL-TIME] and STEEL-TIME? are
equal. The other similarities and differences of STEEL-TIMEI and STEEL-TIME?2 are as

follows:

1. In STEEL-TIME], the time dependent parameters are in subfields of the [Materials)
and [Facilities] files. In STEEL-TIME?2 these are in the fields of the [Materials] and [Facilities]

files.

2. The [Storage-Areas] file of STEEL-TIME is not considered in this comparison. In
addition to that, vendoring or outsourcing is not considered an option. Even if the indexing in
the formulation and the way of representing the mathematical model are different, we essentially
solve the same optimization problem in STEEL-TIME] and STEEL-TIME2.

3. STEEL-TIMEI or STEEL-TIME2 cannot be clearly classified as a purely relational
or purely hierarchical database. Each has both relational and hierarchical aspects. STEEL-
TIMET1 is more relational and [Activities] is a separate file. STEEL-TIME?2 is more

hierarchical, and [ Activities] is a subfile of the [Facilities] file. =

6.2 Ease of Use

STEEL-TIME| appears to be more complicated than STEEL-TIME2. Other than the
[Times] file there are only two files in STEEL-TIME2, the [Materials] and the [Facilities] file.
Therefore it is easier to use STEEL-TIME2 than STEEL-TIMEL1. In the [Materials] file, all the
purchase, sales and inventories related data about the Materials are-kept at the file level. When
the materials are displayed on an output layout, in STEEL-TIME?2, sorting is possible with
respect to the [Materials]MatName as well as [Materials]MatTmeID. However in STEEL-
TIME1, [Materials]MatName is at the file level and the [Materials]MatTimeMatTimelD is at
the subfile level. So sorting is not possible at the same level in STEEL-TIMEI.

In STEEL-TIMEL1, there are three files and [Activities] is a separate file related to the
[Facilities] file. From a developer's point of view STEEL-TIME] is more complicated than
STEEL-TIME?2. Moreover, most of the searches are performed at the sub-file level. For
example, it is possible to list the dual prices and the reduced cost coefficients in the output
layout at the file level in STEEL-TIME2, but similar lists are not possible in the STEEL-
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TIME1, such an implementation is possible. STEEL-TIME1 will also allow the user to
compare two activities of two facilities by listing activities on the output file. So an activity
PRODUCTION OF ES1 in three facilities M1, M2, M3 can be listed by performing a search
with [Activities]ActName = "PRODUCTION OF ES1". Such searches are not possible with

STEEL-TIME2.
6.3 Data Storage and Retrieval

STEEL-TIME]1 satisfies the conditions of normalization that no piece of information

be stored in more than one place. This condition is not satisfied in STEEL-TIME2. We also see

that STEEL -TIME? takes greater storage space than STEET-TIME1.

its are the fields that are repeated for every record of the [Time]TimeID file,

= = -7

for data storage, but does not pose a very serious problem
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The times for constraint generation, variable generation and solution, and reading

optimal values and the dual values are as shown in Table 5.
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Table 5

Comparison of Steel-Time 1 and Steel-Time2

Computer ---------- > Macintosh |l Macintosh licl PowerMac 7200/75 MHz
e ey S e e e ey
Data base-— > STEEL-TIME1 STEEL-TIME2 STEEL-TIME{1 STEEL-TIME2 STEEL-TIME1 STEEL-TIME2
Files Units
Materials Records 19 57 19 57 19 57
Facilities Records 7 21 21 21 21 21
Activities Records 24 24 (Subfile) 24 24 (Subfile) 24 24 (Subfile)
Times Records 3 3 3 3 3 3
Constraints Records 141 141 141 141 141 141
Variables Records 268 266 266 268 266 266
Disk Space (Model) KB 688 336 688 338 688 338
Disk Space (Data) KB 472 484 472 484 472 484
Cons. Generation Time Seconds 16 18 42 39 12 12
Var.Generation Time Seconds 169 88 328 172 108 . 45
Writing Constraint Time - Seconds 9 8 w23 14 7 7
Wiriting Variable Time Seconds 30 26 22 14 22 21
Solving ‘ Seconds -] 8 8 8 8 8
Reading Optimal Value Ti Seconds 26 28 67 68 21 21
Reading Optimal Value Time Seconds 12 12 47 28 8 8




We find that STEEL-TIME?2 is faster in generating the vanables and constraints than STEEL-
TIME1.This is because in STEEL-TIME, the data for time dependent parameters are stored in
a subfile. So every time a record is written in the [Variables] file, first the record of the
[Matenials] is searched for, then the subrecord of the file is searched for, and then the record is
written in the [ Variables] file. However in STEEL-TIME?2 fields like BuyMax, BuyMin are at
the field level. Therefore to write a record in the[ Variables] file, we only have to search the
[Materials] and [Facilities] at the file level. Similarly, the disk-space for the data of STEEL-
TIME?2 is higher than that of STEEL-TIME]!. This is because time-independent parameters like
MatName, MatTag, MatInvZero, FacName, Factag, FacType etc. are duplicated in STEEL-

TIME?2.

After a careful comparison of these two variations, we find that STEEL-TIME2 is
superior to STEEL-TIME! on an overall basis. However we need to extend the present
study so that STEEL-TIME?2 is normalized. This can be done by replacing all the subfiles
by files so that [Materials]MatTime and [Facilities]FacTime and other subfiles will be
normalized with additional indices and key-fields. We wll be in position to recommend
STEEL-TIME?2 only after that.

7. Extension and Conclusion

An extension of the DSS will be non-linearity of the model. Most of the industrial cost curves
are non-linear or at best can be represented as having a piece-wise linear behavior. It will be
interesting to study how to represent these non-linearities while retaining the model's user-

friendliness.

A second extension of the model will be to have multiple objective linear programs and
represent them in the database. This can be done by changing the model management system.
For example, the current model can be changed to cost minimization, revenue maximization,
maximization of marketable products (revenue or production), maximization of the utilization of
the facilities etc. It is possible to have a menu driven program in this DSS which optimizes over

different objectives.

A interesting extension will be to study the paradigm neutrality (Geoffrion, 1989) of this
data structure for the multiple period model. Although the model is designed for the
mathematical programming paradigm, we can extend it for inventory control and also for
scheduling, vehicle routing and queuing applications. We have parameters for all materials at all
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times. We can determine the ordering and holding cost for all material and hence try to find
optimal order quantities. However, the batch size will be decided by practical consideration like

the heat size of the steel making shop, the capacity of the vehicle carrying the products and the
capacity of the loading and unloading facility. Given that we have the batch size and lead-time
of all materials produced the present model can be extended to a scheduling model of each

product in each time.
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Appendix-1

Optimization Model

As explained earlier, the model has the five fundamental elements: Matenals, Facilities,
Activities, Storage-Areas, and Times. The model is a generalized network flow model
with the objective of maximizing the net profit the company. The user has a choice of
changing the objective function from ma_;cimizing the net profit of the company to
maximizing the net discounted profit of the company. The optimization is performed with

the following constraints:

1. Material Balance
2. Facility Inputs

3. Facility Outputs
4. Facility Capacity
S. Storage Capacity
6. Storage Total

In addition to the above constraints, the each variable of the model (like the amount you
can buy in particular period) is bounded by a upper bound and a lower bound.

A.1 Times Data

T is the set of times planning periods indexed by t
N= Planning Horizon
T={1,23, . .N}

int = The interest rate between two time periods.
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A.2 Materials Data
M is the sct of materials indexed by j

A is the set of ¢hemical constituents (like C, Si, Fe, FeSi etc.) indexed by a
z?,uy = the lower limit of purchases of material j foreachj € M andt € T

=

e the upper limit on purchases of material j forcachj € M andt € T

f?z“f ‘= the cost per unit of material j purchased foreachj € M andt e T
";te” = the lower limit on sales of material jforeachj € M andte T

uj-f” = theupperlimitonsalcsofmatcrialjforcachje Mandte T
c‘}f” = the revenue per unit of material j for eachj € M andte T
l,i)’tw = lower limit of inventory of material jforeachj € M andte T
uf',ft“’ = upper limit on inventory of material jforeachj € M andte T
hjr = holding cost of the material jattimet for eachje M andte T
lj.'(')" = initial inventory of the material j for eachj € M
MO . M X M is the set of conversions |
() € MCONY means that material j can be converted to material j', and j # '
conv
J/'t = number of units of material j* that result from converting one unit of
material j for each (jj) € M®Vandre T
"ﬁ;q'tw = cost per unit of material j of conversion from j.to j’
for cach (§, j') € M°"Vandte T

Mcomp € M X A is the sct of compositions

(G, ®) € M X A means Material j has constituent & for eachj € M and
ae A )

Comp§i™) = Minimum composition of the constituent & for each (j, @) €

MCOMP andte T
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MECOP gnd €T

Comp{™*) = Maximum composition of the constituent a for each (j, @)

A.3 Facilities Data

F is the set of facilities indexed by i
lﬁ@:ﬁcminimummMofﬂwcapacityoffaciﬁtyithatmus:beused
foreach i € andt eT -
uCGP thcmaxxmum amount of the capacity of facility i that must be used
for ecachi € Fandt €T
Fin ¢ F X M is the set of facility inputs:
(ij) © Fir means that material j is used as an input at facility i
I:j’: the minimum amount of material j that must be used as input to facility i,
for each (i,j) ¢ Fitandte T
w-—mcmaxmumamoumofmatcnaljtlutmaybcuscdasmputtofacxhtyl,
for each (ij) € Filandte T
Fouw ¢ F X M is the set of facility outputs:
(ij ) © FO¥! means that material j is produced as an output at facility i

181“‘ = the minimum amount of material j that must be produced as output from

facility i for each (ij) e FO¥ andte T
uf,"“ = the maximum amount of material j that may be produced as output from
facility i foreach (ij) ¢ F*andte T
CVC"d the cost of vcndonng (outsourcing) a unit of capacity of facmty iat

time t

A.4 Activities Data

Fact is the set of activities indexed by k
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(ik) e FAC!means that k is an activity available at facility i
I4E = the minimum number of units of activity k that must be run at facility i for each
(ik)e Fatandte T
u@c! = the maximum number of units of activity k that may be run at facility i
for each (ik) € Fo¢fandte T
cgg' = the cost per unit of activity k at a facility i, for each (ik) e F3¢'and

te T ~ = A .
rdct = the number of units of agtivity k that can be accommodated by one unit of

capacity at facility i for each (ik) e FOfandte T
AP ¢ ((ijk, 1): (ij) € Fin, (k) e FO< andt e T )isasetof
activity inputs
(ijXkt) € AiRmeans that input material j is used by activity k at facility i
at time t
all}, = the number of units of input material j used by one
unit activity k at facility i for each (ij.k.t) € AP
A%K C ((ijkt): (i) e FOU, (ik) e FOCt andt e T ) is a set of activity

outputs
(ijX.t) € A% means that output material j can be produced by
activity k at facility i at time t
agg = the number of units of output material j that can be produced by

onc unit of activity i at time t for cach (ijk,t) e A%¥.

»

A.5 Storage-Areas Data
S is the sct of Storage-Areas indexed by s
l:;w = lower limit of the material stored in Storage-Area s at time t for each s e

Sandte T

ui,’t“' = upper limit of the material stored in Storage-Area s at time t for each s €

. Sandte T

t
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A.6 Variables

Rl

xg;ly = units of material j bought attime tfor cachj € M andte T
xjf”qnisofmam,'souuﬁmtfamhj e Mandte T
xiaV = units of material j inventoried at time tfor eachj € M andte T
"8'= inventory of the material jattime Oforecachj € M

xljg}’ = units of material j inventoried at time t i storage s foreachj € M, te

Tands e S - .
X592V = units of material j converted to material j’ for each (j,j) € M°"" and
teT

x}l'-} units of material Jusedasanmputbyfacnhtylforcach (ij) € Finand
te T
= units of material j produced as an output by facility i for each (ij) e

x

Fou andte T - :
xdc* = units of activity k operated at facility i for each (ik) € F andte T
x""‘d units of capacity vendored / outsourced at facility i at time t for each
ie Fandt €T =

A.7 Objective Function

The objective of this mode! is to maximize revenue from sales, less the cost of

purchasing, converting, running activities, vendoring and holding inventories over all

periods of time. |
20 = ;f Mc*}f”r}f” ) ;f Mcgpxb"y -(j.f )f{"‘"‘"cﬁ??vxi"m‘” -
(i.:k)f Fact o je 2;./ 'I;"v : :E Fc‘:end i @
1= 2%(:) (2)
t€E
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The first term in equation (1) is the revenue from sales. The second, third and
fourth terms are the cost of purchasing, conversion and activitics respectively. The fifth
term is the inventory hokling cost. The last term is the outsourcing cost. Equation (2) is the
sum of Equation (1) over all periods of Time. Constraints The various constraints for this
model are described next.

A.8 Constraints:
We now describe the various constraints

Material Balance

Forallj € M andt € T the amount of material j made available by purchases,

production and conversions and inventory must equal the amount used for sales ,

production, conversions and inventory:

buy ut nv Conv o NV -
Xjpo * X x4 z atPny xConv o x'
B apero ™ (7. jepcon R TV
Y. xi’.‘ + xs_eIl <+ x5 .nv + Ii.nv . 3)
(i,j)epin : v ) (j,j')e-chonv 1?‘ . Jt

Facility Inputs
For each (ij) € Firandt e T, is the amount of input j used at facility i must

equal the total consumption of all activities at facility i:

xin = 3 ain_xgct @
U™ ke ain R

Facility Outputs
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For each (ij) € F™ and ¢t € T, the amount of output j produced at facility i must
equal the total production of all activities at facility i:

R P )
B ibye gou "

Facility Capacityi'

For cachi € F and time t € T, the capacity used by all activities at facility i must
be within the specified limits:

vend
15ap < Y x%'/rﬂg‘ < ’uﬁap + X (6)

(i,k) € Fact
Storage Capacity
Foreach s € S and timet € T, the sum of all materials stored in storage-areas
must be within the specified limits.
v < ) J,‘i_nv < v ()
st jeM jst st

Storage Total

Foreach j e Mand time t € T, the sum of material j inventoried in all Storage-
Areas must be equal 10 the total amount of that material inventoried.

inv _  dnv | 8

Bounds

WAll variables must lic within the relevant limits defined by the data:
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ti“"s:“’s:: foreachje Mandte T )

f | Jt
z;f”sx;f”su;‘” foreachje Mandte T (10)
z;fvsx‘;"su""’ forcachje M andte T | (11)
OSIZ.""”'forcach(JJ') €e M~ andteT (12)
os:i‘;"'d foreach i € F .nd&mc: €T ‘ | : (13) ©
os:‘);'eachjeu.sesmmter (14)
I,i;!,sxgsug:,formh(u)e Finandie T (15)
10U < XU < uOUt for each (i) € FOW andte T e
I%‘sxﬁ’suﬁu‘;'foreach(i,k) € Fact andte T (17)

Initial Conditions

xXjo = Ip for eachje M (18)

A.9 Discounted Objective Function

The objective function can be changed to a discounted net profit maximization, by
changing all cost profit parameters so discounted cost. If Zd is the discounted objective of
nominal objective function Z ( defined in 4.2 ), then the nominal and the discounted
objective functions are related as follows: .

3= };Z(z)(l+im)4 (19)
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