SAS/OR® Software: Changes and Enhancements,
Release 8.1

The Power to Know., Jsas® ‘ SAS Publishing



The correct bibliographic citation for this manual is as follows: SAS Institute Inc.,
SAS/OR® Software: Changes and Enhancements, Release 8.1, Cary, NC: SAS Institute
Inc., 2000

SAS/OR® Software: Changes and Enhancements, Release 8.1
Copyright O 2000 by SAS Institute Inc., Cary, NC, USA.
ISBN 1-58025-656-2

All rights reserved. Produced in the United States of America. No part of this publication
may be reproduced, stored in a retrieval system, or transmitted, in any form or by any
means, electronic, mechanical, photocopying, or otherwise, without the prior written
permission of the publisher, SAS Institute Inc.

U.S. Government Restricted Rights Notice. Use, duplication, or disclosure of this
software and related documentation by the U.S. government is subject to the Agreement
with SAS Institute and the restrictions set forth in FAR 52.227-19 Commercial Computer
Software-Restricted Rights (June 1987).

SAS Institute Inc., SAS Campus Drive, Cary, North Carolina 27513.
1st printing, May 2000

SAS and all other SAS Institute Inc. product or service names are registered trademarks
or trademarks of SAS Institute Inc. in the USA and other countries. indicates USA
registration.

IBM® and all other International Business Machines Corporation product or service
names are registered trademarks or trademarks of International Business Machines
Corporation in the USA and other countries.

Oracle® and all other Oracle Corporation product or service names are registered
trademarks or trademarks of Oracle Corporation in the USA and other countries.

Other brand and product names are registered trademarks or trademarks of their
respective companies.



Table of Contents

Chapter 1. The BOM Procedure . . . . . . . . . . . . i i it it e 1
Chapter 2. The CPM Procedure . . . . . . . . . . . . i e e e 35
Chapter 3. The DTREE Procedure . . . . . . . . . . . . . . .. . ... 53
Chapter 4. The GANTT Procedure ... . . . . . . . . . i i .. 57
Chapter 5. The INTPOINT Procedure . . . . . . . . . . . ... .. ... 61
Chapter 6. The NETDRAW Procedure . . . . . . . . . . . . . .. 189
Chapter 7. The NETFLOW Procedure . . . . . . . . . . .. ... .. ... 1938
Chapter 8. The PM Procedure . . . . . . . . . . . . . . i P11
SubjectIndex . . . . .. 217
Syntax Index . . . . . .. e e e 219







Chapter 1
The BOM Procedure

Chapter Table of Contents

OVERVIEW . . . . e 3
GETTING STARTED . . . . . . . . e e e 3
SYNTAX . e 11
Functional Summary . . . . . . . . . . ... e 11
PROCBOM Statement . . . . . . . . . . . . . . i i 11
STRUCTURE Statement . . . . . . . . .. .. ... . . ... 12
DETAILS . . . . e 14
Single-Level Bills of Material DataSet. . . . .. . ... ... ....... 14
Indented Bills of Material DataSet... . . . . .. ... ... ... ..... 15
Summarized Bills of Material DataSet. . . . ... ... ... ....... 17
Missing Values inthe InputDataSet. . . . . .. .. ... ... ...... 18
EXAMPLES . . . . . . e 19
Example 1.1 Bill of Material with Lead Time Information. . . . . . . .. .. 19
Example 1.2 Planning Bill of Material . . . . . .. ... ... .. ...... 25
Example 1.3 Bills of Material Verification . . .. ... .. ... ... ... 31

REFERENCES . . . . . . . . . 33



2 ¢ Chapter 1. The BOM Procedure



Chapter 1
The BOM Procedure

Overview

The BOM procedure is an experimental procedure for performing bill-of-material
processing. It composes a series of single-level bills of material into a multilevel tree-
structured bill of material, determines the level of each part in the bill, and represents
the multilevel bill of material structure in the form of an indented bill of material.
PROC BOM can also output a summarized bill of material.

A bill of material (BOM) is a list of all parts, ingredients, or materials needed to make
one production run of a product. The bill of material may also be callefbtineula,

recipe or ingredients listin certain process industries (Cox and Blackstone 1998).
The way in which the bill of material data are organized and presented is called the
structureof the bill of material or the structure of the product.

A variety of display formats is available for bills of material. The simplest format is
thesingle-level BOMIt consists of a list of all components that are directly used in a
parent item. Amultilevel bill of materialprovides a display of all components that are
directly or indirectly used in a parent item. When an item is a subcomponent, blend,
intermediate, etc., all of its components, including purchased parts and raw materials,
are also exhibited. A multilevel structure can be illustrated by a tree with several
levels. Anindented bill of materials a form of multilevel BOM. It exhibits the final
product as level 0 and all its components as level 1. The level numbers increase as
you look down the tree structure. If an item is used in more than one parent within
a given product structure, it appears more than once, under every subassembly in
which it is used. Thesummarized bill of materials another form of a multilevel

bill of material. It lists all the parts and their quantities required in a given product
structure. Unlike the indented bill of material, it does not list the levels of parts and
does not illustrate the part-component relationships. Moreover, the summarized bill
of material lists each item only once for the total quantity required. Refer to Cox and
Blackstone (1998) for further details.

The indented bill of material data generated by PROC BOM are organized in such a
manner that they can be easily retrieved and manipulated to generate reports, and can
be used by other SAS/OR procedures to perform additional analysis. The summa-
rized bill of material data are quite useful in gross requirements planning and other
applications.

Getting Started

The ABC Lamp Company product structure example from Fogarty, Blackstone, and
Hoffmann (1991) illustrates the basic features of PROC BOM. The single-level bill
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of material data are depicted in Figure 1.1. This consists of a list of each part in the
product structure, the components that are directly used in the part, and the quantity
of each component needed to make one unit of that particular part. The data set also
includes a short verbal description and the unit of measure for each part. The SAS
DATA step code to create and display the single-level BOM data set is as follows:

/* Single-level BOM data  */

data SIBOMO;
input Part $8.
Desc $24.
Unit $8.
Component $8.
QtyPer 8.0
datalines;
LAO1 Lamp LA Each B100 1
S100 1
A100 1
B100 Base assembly Each 1100 1
1200 1
1300 1
1400 4
S100 Black shade Each .
A100 Socket assembly Each 1500 1
1600 1
1700 1
1100 Finished shaft Each 2100 26
1200 7-Diameter steel plate Each
1300 Hub Each
1400 1/4-20 Screw Each .
1500 Steel holder Each 1400 2
1600 One-way socket Each .
1700 Wiring assembly Each 2200 12
2300 1
2100 3/8 Steel tubing inches
2200 16-Gauge lamp cord Feet

2300 Standard plug terminal Each

/* Display the input data set */
proc print data=SIBOMO noobs;

titte "ABC Lamp Company’;

titte3 'Single-level Bill of Material’;
run;
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ABC Lamp Company

Single-level Bill of Material

L

Qty

Part Desc Unit Component Per

LAO1 Lamp LA Each B100 1
S100 1
A100 1

B100 Base assembly Each 1100 1
1200 1
1300 1
1400 4

S100 Black shade Each .

A100 Socket assembly Each 1500 1
1600 1
1700 1

1100 Finished shaft Each 2100 26

1200 7-Diameter steel plate Each .

1300 Hub Each

1400 1/4-20 Screw Each .

1500 Steel holder Each 1400 2

1600 One-way socket Each .

1700 Wiring assembly Each 2200 12
2300 1

2100 3/8 Steel tubing inches

2200 16-Gauge lamp cord Feet

2300 Standard plug terminal Each

Figure 1.1.  Single-level Bill of Material

The best way to describe a multilevel product structure is to represent itaasilst

5

tree The following code produces the indented bill of material and the summarized

bill of material. It also uses PROC NETDRAW to draw a tree diagram for illustrating

the multilevel product structure. For further details about the NETDRAW procedure
see Chapter 6, “The NETDRAW Procedure.” The standard way of displaying mul-

tilevel bill of material structure is the indented parts list report. The following code
also displays the indented BOM and summarized BOM:

[* Create the indented BOM and the summarized BOM */
proc bom data=SIBOMO out=IndBOMO summaryout=SumBOMO;
structure / part=Part

run;

component=Component

quantity=QtyPer
id=(Desc Unit);

[* Draw a tree diagram for illustrating the product structure */
[* Each record denotes a node in the tree */

data

set IndBOMO;

Paren_ID=Part_ID;

run;

IndBOMOa(drop=Part_ID);
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/* Extract the Parent - Part information */
data IndBOMODb;

set IndBOMO(keep=Paren_ID Part_ID);
run;

/* Prepare the data set for running NETDRAW */
data TreBOMO;

set IndBOMOa IndBOMOb;
run;

/* Specify graphics options */
goptions border;
patternl v=s c=gray;

titte h=3 j=c ’'Multilevel Bill of Material’;
title2 * ;
footnote2 ’ ’;
footnote3 h=1 j=I
'Node shows ID Number, Part Number, and Quantity Required’;

/* Invoke PROC NETDRAW to display BOM tree */
proc netdraw data=TreBOMO( where=(Paren_ID NE .) );
actnet / act=Paren_ID succ=Part_ID id=(Paren_ID _Part_ QtyPer)
ctext=white font=swiss htext=3 cars=black
ybetween=3 xbetween=18 centerid
tree pcompress rotatetext rotate
arrowhead=0 rectilinear nodefid nolabel;
run;

/* Display the indented BOM data */
proc print data=IndBOMO(where=(Part_ID NE .)) noobs;
var _Level Part Part ID Desc QtyPer Qty Prod
Unit _Parent_ Paren_ID _Prod_;
titte 'ABC Lamp Company’;
title3 ’Indented Bill of Material, Part LAO1’;
run;

/* Sort and display the summarized BOM data */
proc sort data=SumBOMO;

by Part ;
run;

proc print data=SumBOMO noobs;

titte "ABC Lamp Company’;

title3 'Summarized Bill of Material, Part LAO1’;
run;
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Node shows ID Number, Part Number, and Quantity Required

Multilevel Bill of Material

Figure 1.2.  Multilevel Product Structure

Figure 1.2 displays the tree structure of the ABC Lamp Company. Corresponding
to this tree structure is the indented parts list report displayed in Figure 1.3. Each
record in the indented BOM data set is associated with a node in the tree structure,
and the node or record can be uniquely identified byPRaet_ID variable. The
Part_ID information is needed in case some items are required at more than one
place in the BOM. For example, the iteéd¥00’ (1/4-20 Screw )is required at
‘B100’ (Base assembly )and‘1500’ (Steel holder ). Inthis situation the

part number is not sufficient to identify each node in the tree structure_Theel_
variable denotes the level number of each node. The final produddl’ |, is at

level 0, and the level numbers increase as you look down the treeRarheQtyPer,

andID variables Desc andUnit) in the Single-level BOM data se$|BOMO, are also
included in the indented BOM data set. The name ofRag variable is changed to
_Part_ in the indented BOM data set. In addition, tQ@¢y_Prod variable contains

the quantity of the component required in order to make one unit of the final product
‘LAOL1’ . The_Parent_ variable denotes the parent item in which the part (identi-
fied by the_Part_ variable) is directly used. Thearen_ID variable identifies the
parent node in the tree structure and therod_ variable denotes the final product

of the structure.
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ABC Lamp Company
Indented Bill of Material, Part LAO1
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_ D c r d t _ D _
LAO1 0 Lamp LA . 1 Each . LAO1
A100 1 Socket assembly 1 1 Each LAO1 0 LAO1
1700 2 Wiring assembly 1 1 Each A100 1 LAO1
2300 3 Standard plug terminal 1 1 Each 1700 2 LAO1
2200 4 16-Gauge lamp cord 12 12 Feet 1700 2 LAO1
1600 5 One-way socket 1 1 Each A100 1 LAO1
1500 6  Steel holder 1 1 Each A100 1 LAO1
1400 7  1/4-20 Screw 2 2  Each 1500 6 LAO1
S100 8  Black shade 1 1 Each LAO1 0 LAO1
B100 9 Base assembly 1 1 Each LAO1 0 LAO1
1400 10  1/4-20 Screw 4 4  Each B100 9 LAO1
1300 11  Hub 1 1 Each B100 9 LAO1
1200 12 7-Diameter steel plate 1 1 Each B100 9 LAO1
1100 13  Finished shaft 1 1 Each B100 9 LAO1
2100 14  3/8 Steel tubing 26 26 inches 1100 13 LAO1

Figure 1.3. Indented Bill of Material

From Figure 1.2 and Figure 1.3, you can easily see that the Indented BOM data set
lists all of the parts in the tree structuredepth-firstorder (Aho, Hopcroft, and Ull-

man 1983). Unlike the Single-level BOM data set, the Indented BOM data set pro-
vides the “parent-part” information rather than the “part-component” relationship.
The part-component information can still be easily retrieved. For example, the fol-
lowing code creates a list of components that are directly used in th&_pért’

/* Display the components that are directly used */

/* in item LAO1 */
proc print data=IndBOMO(where=(_Parent_='LA01’)

rename=(_Part_=Component))
noobs;

var Component Desc QtyPer Unit _Prod_;

titte 'ABC Lamp Company’;

titte3 'Single-level Bill of Material Retrieval, Part LAOL’;
run;
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ABC Lamp Company

Single-level Bill of Material Retrieval, Part LAO1

Qty
Component Desc Per Unit _Prod_
A100 Socket assembly 1 Each LAO1
S100 Black shade 1 Each LAO1
B100 Base assembly 1 Each LAO1

L

Figure 1.4. Components That Are Directly Used in Part LAO1

You can also creatsingle-level where-userkeports from the Indented BOM data

9

set. For example, the following code creates a list of parent items in which the part

‘1400’ s directly used and in what quantity:

[* Create the where-used data set */

data UsedOa(keep=_Parent_ Paren_ID QtyPer Unit _Prod );
set IndBOMO(where=(_Part_="1400"));

run;

[* Get the part description from the IndBOMO data set */
proc sql;
create table UsedOb as
select UsedOa._ Parent_, IndBOMO.Desc,
UsedOa.QtyPer, UsedOa.Unit, UsedOa. Prod_
from UsedOa left join IndBOMO
on UsedOa.Paren_ID=IndBOMO.Part_ID;
quit;

[* Display the where-used data set */
proc print data=UsedOb noobs;

var _Parent_ Desc QtyPer Unit _Prod_;

titte 'TABC Lamp Company’;

title3 ’'Single-level Where-used Report, Part 1400’
run;

ABC Lamp Company

Single-level Where-used Report, Part 1400

Qty
_Parent_ Desc Per Unit _Prod_
1500 Steel holder 2 Each LAO1
B100 Base assembly 4 Each LAO1

Figure 1.5.  Parents in Which The Part 1400 Is Directly Used

The Summarized BOM data set, as displayed in Figure 1.6, lists all the parts and

their quantity required in the given ABC Lamp Company product structure. Since

the Single-level BOM data se§IBOMO, does not contain any gross requirement

information, PROC BOM assumes the final produt#01’ , is the only master

schedule item. Thenaster schedul@VIiPS) items are items selected to be planned
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by the master scheduler. These items are deemed critical in their impact on lower-
level components or resources. Therefore, the master scheduler, not the computer,
maintains the plan for these items. The BOM procedure also assumes that the gross
requirement ofLAOL1’ is 1 unit and that there are no items currently on hand. The
net requirement of the paittA01’ is the gross requirement)(minus the quantity

on hand (). The gross requirements of the other items are then calculated sequen-
tially, level by level, as follows:

‘B100’ Base assembly1 per lamp)

Gross requirement I1x1=1
Quantity on hand -0
Net requirement 1
1100’ Finished shaft(1 per base assembly)

Gross requirement I1x1=1
Quantity on hand -0
Net requirement 1
‘2100’ 3/8 Steel tubing(26 inches per shaft)

Gross requirement 1x26=26
Quantity on hand -0

Net requirement 26

If a part (like item'1400’ )is required at more than one assembly, the gross require-
ment is the total needed in all assemblies where it is required.

The Net_Req variable denotes the net requirement and ltbe/_Code variable
denotes théow-level codeof the part. The low-level code is a number that indicates
the lowest level in any bill of material at which the item appears. The low-level codes
are necessary to make sure the net requirement for a given item is not calculated until
all the gross requirements have been calculated down to that level.

ABC Lamp Company

Summarized Bill of Material, Part LAO1

_Part_

1100
1200
1300
1400
1500
1600
1700
2100
2200
2300
A100
B100
LAO1
S100

RPORRFRPRWWWNNNWNNDN

Low_Code Gros_Req On_Hand Net Req Desc Unit

1 0 1 Finished shaft Each

1 0 1 7-Diameter steel plate Each

1 0 1 Hub Each
6 0 6 1/4-20 Screw Each
1 0 1 Steel holder Each

1 0 1 One-way socket Each
1 0 1 Wiring assembly Each
26 0 26 3/8 Steel tubing inches
12 0 12 16-Gauge lamp cord Feet

1 0 1 Standard plug terminal Each

1 0 1 Socket assembly Each

1 0 1 Base assembly Each
1 0 1 Lamp LA Each
1 0 1 Black shade Each

Figure 1.6.

Summarized Bill of Material




PROC BOM Statement ¢ 11

Syntax

The following statements are available in PROC BOM.

PROC BOM options ;
STRUCTURE / options ;

Functional Summary

The following table outlines the options available for the BOM procedure.

Table 1.1. PROC BOM Options

Task Statement | Option

Data Set Specification

Single-level BOM data set BOM DATA=

Indented BOM data set BOM OouUT=
Summarized BOM data set BOM SUMMARYOUT=
Output Control Options

ID variables STRUCTURE| ID=

Part Information Specification

lead time variable STRUCTURE| LEADTIME=
gross requirement variable STRUCTURE| REQUIREMENT=
quantity on hand variable STRUCTURE| QTYONHAND=
Product Structure Specification

component variables STRUCTURE| COMPONENT=
part variable STRUCTURE| PART=

quantity of component needed to make one pa®TRUCTURE| QUANTITY=
item

PROC BOM Statement

PROC BOM options ;

The PROC BOM statement invokes the procedure. You can specify the following
options in the PROC BOM statement.

DATA= SAS-data-set
names the input SAS data set. This data set (also referred to &irhle-level
BOM data set) contains all of the single-level bill of material information. See the
“Single-Level Bills of Material Data Set” section on page 14 for information about
the variables that can be included in this data set. If you do not specify the DATA=
option, PROC BOM uses the most recently created SAS data set as the input data set.
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OUT=SAS-data-set

specifies a name for the output SAS data set that contains all of the indented bill of
material information. This data set is also referred to asltidented BOM data

set. See the “Indented Bills of Material Data Set” section on page 15 for information
about the variables that are included in this data set. If the OUT= option is omitted,
the SAS System still creates a data set and names it according to thenD&ming
convention.

SUMMARYOUT=SAS-data-set

specifies a name for the output SAS data set that contains all of the summarized bill
of material information. This data set is also referred to asSiiemarized BOM

data set. See the “Summarized Bills of Material Data Set” section on page 17 for
information about the variables that are included in this data set. If the SUMMA-
RYOUT= option is omitted, PROC BOM does not produce the summarized bill of
material.

STRUCTURE Statement

STRUCTURE / options ;

The STRUCTURE statement lists the variables in the input data set (the Single-level
BOM data set). You should specify tiiart variable and at least of@omponent
variable. All other variables are optional.

COMPONENT=(variables)
COMP=(variables)

specifies variables in the input data set that name all of the components directly used
in the item identified by théart variable. These variables are also referred to as
Component variables. TheComponent variables must be of the same type and
length as thé”art variable. At least on€omponent variable must be specified.

ID=(variables)

identifies all variables not specified in the COMPONENT=, LEADTIME=, PART=,
QTYONHAND=, QUANTITY=, or REQUIREMENT= options that are to be in-
cluded in the Indented BOM and the Summarized BOM output data sets. These
variables are also referred to H3 variables. The ID= option is useful for carry-

ing any relevant information about each part (identified byRhaet variable) from

the Single-level BOM data set to the output data sets. [Dheariables cannot be
named as:Gros_Req, _Level_, Low_Code, Net_Req, On_Hand, Qty_Per,
Qty_Prod, _Parent_, Paren_ID, _Part_, Part_ID, _Prod_, andTot_Lead.

LEADTIME= variable
DUR=variable

identifies the variable in the input data set that contains the lead time information
about the part identified by tHeart variable. This variable is also referred to as the
LeadTime variable. Thdead timeof a part is the length of time between recognition
of the need for an order of this part and the receipt of the parts. The variable specified
must be numeric. If you do not specify this option, PROC BOM assumes the lead
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time for each part to bé. The information in thd_eadTime variable is carried to
the Indented BOM output data set. Moreover, the procedure creates a new variable,
Tot_Lead, for the Indented BOM data set if this option is specified.

PART=variable
ITEM=variable

specifies the variable in the input data set that names the parent item. This variable
is also referred to as tHeart variable. ThePart variable can be either character or
numeric. You must specify the PART= option in the STRUCTURE statement. All
the information specified by thd variables corresponds to the part identified by
the Part variable. All the information of théart variable, except the name of the
variable, is carried to the Indented BOM and the Summarized BOM output data sets.
The name of this variable is changed_tBart_ in both output data sets.

QTYONHAND=variable
INVENTORY=variable

identifies the variable in the input data set that contains the quantity currently on
hand for the part identified by tHeart variable. This variable is also referred to as
the QtyOnHand variable. TheQtyOnHand variable must be numeric. If you do
not specify theQtyOnHand variable, the procedure assumes that you do not have
any items on hand. The information of tiiyOnHand variable is carried to the
Summarized BOM output data set if the SUMMARYOUT= option is specified. A
new variable On_Hand, is created for the Summarized BOM data set if this option
is omitted.

QUANTITY=(variables)
QTYPER=(variables)

identifies variables in the input data set that contain the quantity of items identified
by the Component variables required to make unit of the item identified by the
Part variable. These variables are also referred to aghantity or QtyPer vari-
ables. The variables specified must be numeric and the numReraoftity variables
must be equal to the number @bmponent variables. If you do not specify these
variables, the procedure assumes that you riagdt for each component to make

unit of any parent item. In addition, the procedure creates a new var(@blePer,

for the Indented BOM data set. The information of Deantity variables is carried

to the Indented BOM output data set if this option is specified.

REQUIREMENT=variable
GROSSREQ-=variable

identifies the variable in the input data set that contains the gross requirement of
the part identified by th@art variable. This variable is also referred to as Be-
quirement variable. TheRequirement variable must be numeric. If you do not
specify this option, the procedure assumes that the gross requirement for all parts are
missing except for the final products. All final products are assumed to have gross
requirements ol unit. In addition, if you do not specify this option but the SUM-
MARYOUT= option is specified, PROC BOM creates a new varia@les_Req,

for the Summarized BOM output data set.
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Detalls

Single-Level Bills of Material Data Set

The BOM procedure uses the Single-level BOM data set as input data with key vari-
able names being used to identify the appropriate information. Table 1.2 lists all

of the variables in this input data set, with their type and their interpretation by the

BOM procedure. It also lists the options in the STRUCTURE statement that are used
to identify those variables.

Table 1.2. Single-level BOM Data Set and Associated Variables

Variable Type Option Interpretation

Component | same a$art COMPONENT= | Component name or
number

ID character or numeri¢ ID= Additional information
about the part

LeadTime numeric LEADTIME= Lead time of the part

Part character or numeri¢ PART= Part name or number

QtyOnHand | numeric QTYONHAND= Quantity of the part that
is currently on hand

Quantity numeric QUANTITY= Quantity of the component
required per unit of part

Requirement | numeric REQUIREMENT=| Gross requirement of the
part

The value of theRequirement variable should be missing for most parts, except
master schedule items. rhaster schedule iteia a part that is selected to be planned

by the master scheduler. In general, final products are master schedule items. Some
companies like to select a few items that are deemed critical in their impact on lower
level components or resources as master schedule items. The requirements of the
master schedule items are also calletependent demands the Single-level BOM

data set, if the value of theequirement variable is greater than or equal@pthen

the procedure treats the item identified by Baat variable as a master schedule item

and assumes that its gross requirement is planned by the master scheduler. The gross
requirements of other parts (also known asdeeendent demandare determined

by the procedure as the value of the net requirements of their parent items times the
quantity required to make one unit of the parent items. This process is called the
dependent demand procg§dement, Coldrick, and Sari 1992).

In general, the information in thieart and theLeadTime variables and allD vari-
ables are stored in the company’s part master data filep@henaster data filgives
various details of fairly constant data associated with the individual parts. It might
contain the following kinds of data (Clement, Coldrick, and Sari 1992):
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e part number or name

e part description

e engineering drawing number

e revision level

e commodity code

e Ccost

e product code

e lead time

e order quantity

e item type or status

e latest engineering change dates

e |ot size

e planner/buyer codes

e unit of measure

e make or buy
The information of thePart, Component, and Quantity variables can usually be
found in the product structure data. Tpm@duct structure datalescribe the material
content of a product at each stocking level in the manufacturing process. The quantity
of each part that is currently on hand is contained in the company’s inventory data,
and the gross requirements of master schedule items are fromeister production
schedulgMPS). The Single-level BOM data set contains information from all these
data sets. You can combine the part master data file, inventory data file, and master
production schedule, based on the common varilg, to a new data set. Then
you can either append the product structure data (part-component relationship infor-

mation) to the end of the new data set (as in Example 1.1 on page 19) or merge them
together (as in Example 1.2 on page 25).

Indented Bills of Material Data Set

The Indented BOM data set produced by PROC BOM contains all the information in
the Single-level BOM data set, plus a few more variables, to describe the structure
of the products. Th&art, LeadTime, Quantity, and alllD variables in the Single-
level BOM data set are carried to this output data set. The name Efthevariable

is changed ta Part_. Like the Single-level BOM data set, the information contained

in those variables is associated with the item identified byPdue variable. A few

new variables are also added to the Indented BOM data set.
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The_Level_ variable contains the indenture level of the item identified byRA&
variable. The top-most parts (the final products) have léyend all components
that are directly used by these parts have lavelAll subsequent components of
those items have the level number increased.byhis process continues until there
are no subsequent components for those highest level parts. Pdrent_ variable
contains the part name or number of the parent item. JPwod_ variable contains

the part name or number of the final product in the product structure. If the input
data set contains the lead time information for each part, PROC BOM measures the
cumulative lead tim&om the product (identified by theProd_ variable) to the part
(identified by thePart variable) and puts it in th&t_Lead variable. TheQty_Prod
variable denotes the quantity of the part (identified byRhet variable) required to
make one unit of the product identified by thBrod_ variable.

There are two more variables that are added to the output data set: v&aahléD

and variableParen_ID. Note that if a item is used in more than one parent item,

it appears more than once, under every subassembly in which it is used. In order
to distinguish those parts that have multiple appearances, PROC BOM assigns a
unigue number to each part in the multilevel tree structure. Héné_ID variable
contains this identification number of the part (identified by Baet variable) and

the Paren_ID variable contains the identification number of the parent item. These
two variables are useful when you use the Indented BOM data set as the input data set
for other SAS/OR procedures, such as PROC NETDRAW and PROC CPM, which
require unique identification of each node.

Table 1.3 lists all of the variables in the Indented BOM data set. It also lists the type
and a brief description of these variables.

Table 1.3. Indented BOM Data Set and Associated Variables

Variable Type Interpretation

ID character or numeri¢ Additional information about the part

LeadTime | numeric Lead time of the part

_Level_ numeric Level number of the part

_Parent_ | same a%art Parent item of the part

Paren_ID | numeric Identification number of the parent

Part character or numeri¢ Part name or number

Part_ID numeric Identification number of the part

_Prod_ same a®art Name or number of the final product

Qty_Prod | numeric Quantity required to produce one unit gf
final product

Quantity numeric Quantity per assembly

Tot_Lead | numeric Cumulative lead time
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The records in the Indented BOM data set are organized so that the final product
item is always listed first. In addition, each item is listed directly after its parent and
before any siblings of the parent. For example, from the Indented BOM data as
shown in Figure 1.3 on page 8, you can easily see that the final priidA@t’ is

the first record of the Indented BOM data set, and the ‘p&@Q0’ s listed directly

after its parent, A100’ , and before the siblings of the pa&100’ ,‘S100’ , and
‘B100’

The single-level (part-component) and multilevel relationships of the product struc-
ture are clearly shown in the Indented BOM data. For example, the three components
that go into the parentA01’ are easily determined by the levieldentifiers. It is

also easy to see that the p@BtLl00’ (Base assembly ) takes three components

at level2.

Summarized Bills of Material Data Set

If the SUMMARYOUT= option in the PROC BOM statement is specified, the BOM
procedure creates a Summarized BOM data set. The summarized bill of material data
set lists all the parts and their quantities required and currently on hand. Unlike the
indented bill of material data set, it does not list the parent-part relationships and the
levels of manufacture, and it lists a part only once for the total quantity used.

The Part, QtyOnHand, and allID variables in the Single-level BOM data set are
carried to this output data set. The name offaet variable is changed taPart_.

If the item identified by thdart variable is a master schedule item, the value of the
Requirement variable (the independent demand) is also carried to this data set. The
value of theRequirement variable (dependent demand) for those items that are not
master schedule items is determined by the dependent demand process as

quantity needed to
make 1 unit of par-
ent item

gross requirement_ net requirement of
of the current item the parent item

The new variableNet_Req, denotes the net requirement of the item identified by
thePart variable. The value of thhlet_Req variable is determined as

Net_Req = Requirement — QtyOnHand

TheLow_Code variable denotes the low-level code of the item identified byPiue
variable, that is, the lowest level in any bill of material at which the item appears.
The low-level codes are necessary to make sure the net requirement of any item is not
calculated until all the gross requirements have been calculated down to that level.

Table 1.4 lists all of the variables in the Summarized BOM data set. It also lists the
type and a brief description of these variables.
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Table 1.4. Summarized BOM Data Set and Associated Variables

Variable Type Interpretation

ID character or numeri¢ Additional information about the
part

Low_Code numeric Low-level code of the part

Net_Req numeric Net requirement of the part

Part character or numeri¢ Part name or number

QtyOnHand | numeric Quantity of the part that is
currently on hand

Requirement | numeric Gross requirement of the part

Missing Values in the Input Data Set

The following table summarizes the treatment of missing values for variables in the
Single-level BOM input data set.

Table 1.5. Treatment of Missing Values in the BOM Procedure

Variable Value Used / Assumption Made / Action Taken

Component | value ignored

ID missing, ifPart is not missing;
otherwise ignored

LeadTime 0, if Part is not missing; otherwise ignored

Part input error: procedure stops with error message, if this is theffirst
record;
otherwise, treat this record as a continuation of the previous
record

QtyOnHand | 0, if Part is not missing;
otherwise ignored

Quantity 1, if correspondingComponent variable is not missing;
otherwise ignored

Requirement | ignored ifPart is missing;

1, if Part is not missing and the part identified by tRart
variable is a final product;

otherwise, the value is determined by the procedure

Note that a missing value is allowed for tRart variable only when the information

of an item is specified in more than one record (see Figure 1.1 on page 5 as an exam-
ple). If thePart variable is missing, the values for the, LeadTime, QtyOnHand,
andRequirement variables are ignored by the procedure. If Baat variable is not
missing and the item identified by tHeart variable is not a master schedule item
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(the Requirement variable is missing or the value of ti&equirement variable is
less tharD), the gross requirement of this part is determined based on the dependent
demand process.

Examples

This section contains examples that illustrate the features of the BOM procedure.
Most of the examples use the data from the ABC Lamp Company product structure
described in the “Getting Started” section beginning on page 3.

Example 1.1. Bill of Material with Lead Time Information

As explained in the section “Single-Level Bills of Material Data Set” beginning on
page 14, most companies store the relatively constant information of parts in a part
master file. In this example, you start with two different data fiRssasterl and
ParCompl. ThePmasterl data set, as shown in Output 1.1.1, is a simplified version
of the ABC Lamp Company’s part master file. Note that the data set contains the
description, the lead time, and the unit of measure information for each part. The
data seParComp1l (as shown in Output 1.1.2) lists the part-component relationship
of each part along with the quantity of the component item needed to make one unit
of that particular part.

The SAS DATA step code to accomplish this is as follows:

/* Part Master data */
data PMasterl;

input Part $8.
Desc $24.
Unit $8.

LeadTime 8.0

datalines;

1100 Finished shaft Each 2
1200 6-Diameter steel plate Each 3

1300 Hub Each 2
1400 1/4-20 Screw Each 1
1500 Steel holder Each 2
1600 One-way socket Each 2
1700 Wiring assembly Each 1
2100 3/8 Steel tubing inches 3
2200 16-Gauge lamp cord Feet 2
2300 Standard plug terminal Each 1
A100 Socket assembly Each 1
B100 Base assembly Each 1
LAO1 Lamp LA Each 2

S100 Black shade Each 2
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/* Part-Component relationship data  */
data ParCompl,;
input Part
Component $8.

datalines;

LAO1

B100

A100

1100
1500
1700

QtyPer

B100
S100
A100
1100
1200
1300
1400
1500
1600
1700
2100
1400
2200
2300

$8.
8.0 ;
1
1
1
1
1
1
4
1
1
1
26
2
12
1

/* Display the part master data */
proc print data=PMasterl noobs;

titte 'TABC Lamp Company’;

titte3 'Part Master Data’;

run;

/* Display the part-component relationship data */
proc print data=ParCompl noobs;
titte 'TABC Lamp Company’;

titte3 ’'Part-Component Relationship Data’;

run;

Output 1.1.1.

Part Master Data Set

Part

1100
1200
1300
1400
1500
1600
1700
2100
2200
2300
A100
B100
LAO1
S100

ABC Lamp Company

Part Master Data

Desc Unit
Finished shaft Each
6-Diameter steel plate Each

Hub Each
1/4-20 Screw Each
Steel holder Each
One-way socket Each
Wiring assembly Each
3/8 Steel tubing inches
16-Gauge lamp cord Feet
Standard plug terminal Each
Socket assembly Each
Base assembly Each
Lamp LA Each

Black shade Each

Lead
Time
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Output 1.1.2.  Part-Component Relationship Data Set

ABC Lamp Company

Part-Component Relationship Data
Qty

Part Component Per
LAO1 B100 1
S100 1
A100 1
B100 1100 1
1200 1
1300 1
1400 4
A100 1500 1
1600 1
1700 1

1100 2100 26
1500 1400 2
1700 2200 12
2300 1

The SIBOM1 data set is created by appending the part-component dat®aset,
Compl, to the end of the data sBMasterl to form an input data set for the proce-
dure:

I* Append the Part-Component information to */

[* the part master data */
data SIBOMI,;

set PMasterl ParCompl;
run;

The following code produces the Indented BOM data set and displays it in Out-
put 1.1.3. A new variableJot_Lead, has been added to the output data set. This
variable denotes the cumulative lead time from the produA®1’ to the item iden-
tified by the_Part_ variable:

[* Create the indented BOM with lead time */
proc bom data=SIBOM1 out=IndBOM1;
structure / part=Part
leadtime=LeadTime
component=Component
quantity=QtyPer
id=(Desc Unit);
run;

[* Display the indented BOM data */
proc print data=IndBOM1(where=(Part_ID NE .)) noobs;
var _Level _Part Desc QtyPer Qty Prod
Unit LeadTime Tot Lead _Parent_ _Prod_;
titte 'ABC Lamp Company’;
title3 ’Indented Bill of Material, Part LAO1’;
run;
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Output 1.1.3.  Indented Bill of Material with Lead Time

—o < orl

WNNNNEPERPWNNWWNEO

- 2 Tl

t

LAO1
A100
1700
2300
2200
1600
1500
1400
S100
B100
1400
1300
1200
1100
2100

ABC Lamp Company

Indented Bill of Material, Part LAO1

Q L T _
t e o] P
Q y a t a _
t _ d _ r P

D y P U T L e r
e P r n i e n o]
S e o] i m a t d

c r d t e d _ _
Lamp LA . 1 Each 2 2 LAO1
Socket assembly 1 1 Each 1 3 LAO1 LAO1
Wiring assembly 1 1 Each 1 4 AlOO LAO1
Standard plug terminal 1 1 Each 1 5 1700 LAO1
16-Gauge lamp cord 12 12 Feet 2 6 1700 LAO1
One-way socket 1 1 Each 2 5 Al100 LAO1
Steel holder 1 1 Each 2 5 A100 LAO1
1/4-20 Screw 2 2 Each 1 6 1500 LAO1
Black shade 1 1 Each 2 4 LAO1 LAO1
Base assembly 1 1 Each 1 3 LAO1 LAO1
1/4-20 Screw 4 4 Each 1 4 B100 LAO1
Hub 1 1 Each 2 5 B100  LAO1
6-Diameter steel plate 1 1 Each 3 6 B100 LAO1
Finished shaft 1 1 Each 2 5 B100 LAO1
3/8 Steel tubing 26 26 inches 3 8 1100 LAO1

The following code uses the Indented BOM data set produced in the previous in-
vocation of PROC BOM to produce a data set that can be used by the NETDRAW

procedure:

/* Prepare the data set for running NETDRAW */

data IndBOM1la(drop=Part_ID);

set IndBOM1,;
Paren_ID=Part_ID;

run;

data IndBOM1b;

set IndBOM1(keep=Paren_ID Part_ID);

run;

data TreBOMI1;

set IndBOMla IndBOM1b;
LTnQP = put(LeadTime, f3.)||" "||put(QtyPer, f3.);

run;

Then, PROC NETDRAW is invoked with the NODISPLAY option to create a data set
(Layoutl) that contains all the layout information of the tree structure. The OUT=

option specifies the name of the layout data set:
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[* Specify graphics options */
title h=1.5 j=c 'Multilevel Bill of Material with Lead-time Offset’;
title2 * ;
footnote2 ’ ’;
footnote3 h=0.5 =l
'Node shows Part Number, Lead-time, and Quantity Required’;
patternl v=e c=gray;

[* get the layout information of the BOM tree */
proc netdraw data=TreBOM1( where=(Paren_ID NE .) )
out=Layoutl nodisplay;
actnet / act=Paren_ID succ=Part_ID id=(_Part_ LTnQP Tot Lead)
ybetween=3 xbetween=15 tree
rectilinear nodefid nolabel;
run;

In the next invocation, PROC NETDRAW uses a modified layout of the nodes to
produce a diagram where the nodes are aligned according to the cumulative lead
time. Refer to Chapter 6, “The NETDRAW Procedure,” for details of the NETDRAW
procedure.

The resulting tree diagram is shown in Output 1.1.4:

/* Lead time offset the X coordinate of each node */
data TreBOMla,;

set Layoutl,

if seq_ = 0;

drop _seq_;

_X_ = Tot_Lead;
run;

[* display the BOM tree with lead-time offset */
proc netdraw data=TreBOMl1a,;
actnet / id=(_Part_ LTnQP)
font=swiss ctext=black htext=3 carcs=black
align=Tot_Lead frame pcompress
xbetween=15 ybetween=3
arrowhead=0 rectilinear nodefid nolabel;
run;
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BOM Tree Structure with Lead-time Offset

Multilevel Bill of Material with Lead —time Offset

2 3 4 5 6 7 8
2300
1 1
1700 2200
1 5 12
A100 1600
1 1 2 1

LAO1

B100

S100

N

400

— ik

1500 1400
2 1 1 2

1300
2 1
1200
3 1
1100 2100
2 1 3 26

Node shows Part Number, Lead —time, and Quantity Required
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Example 1.2. Planning Bill of Material

The previous examples dealt with the bill of material from the perspective of the man-
ufacturing process. In this example, let’s turn to another type of BOM that is often
useful in planning and handling engineering charges. It is referred tgpksaing
BOM, apseudo BOMsuper BOM or aphantom BOM

Let's assume that the ABC Lamp Company sells lamps wittlifferent shades
(either ‘14 inches’ or ‘15 inches’ with color of ‘Black’ , ‘White’
‘Cream’ , or‘Yellow' ), 3 alternate base plate§(inches’ ,‘7 inches’

or ‘8 inches’ ), and2 types of sockets‘©One-way’ and ‘Three-way’ ).
Working with all different options the company now hé& (= 8 x 3 x 2) differ-

ent final products. In other words, the ABC Lamp Company 4taslifferent end
items to forecast and plan. This might not sound too complicated; however, this ex-
ample is only a simplified case. In the real world, some manufacturing companies
making automobiles, computers, or machine tools can easily make oM@ dif-

ferent final products. So many final products are obviously impossible to forecast
accurately and plan with any hope of validity. However, a reasonable forecast for
total lamp sales could be made, for examp@ld)00 per week. Some parts like the
‘1100 Finished shaft’ are common to all configurations. Although these
parts are produced independently of one another, they can be grouped as common
parts on the BOM for administrative purposes. The new part that is created to group
all common parts is never stocked and hence it is callptiaamtom part Phantom
items are generally assignédead times and lot-for-lot order quantity. Besides the
common parts phantom item, other phantom items are created for planning different
options. These items are also referred toramlel items This process is known as

the modularized bill of material construction

The following SAS code creates three data sets: Ali@ntom?2 data set contains the
generic partLAXX’ and all phantom items. The data €gition? lists all options of
each model item that are not already in the part master daRMa&sterl (described

in Example 1.1 on page 19). Finally, tRarComp2 data set contains the re-grouped
part-component relationship information:

[* Generic and phantom part data */
data Phantomz2;

input Part $8.

Desc $24.

Req 8.0

Unit $8.

LeadTime 4.0
datalines;
LAXX Lamp LA 10000 Each 3
4000 Common parts . Each 0
A10X Socket assembly options . Each 0
B10X Base assembly options . Each 0

S10X Shade options . Each 0
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/* Additional options and alternative parts */
data Option2;

input

datalines;
A101
B101
B102
S101
S102
S103
S104
S105
S106
S107
1201
1202
1601

/* part-component relationship data */

Part $8.
Desc $24.
Req 8.0
Unit $8.
LeadTime 4.0
Three-way socket assem.

7in Base assembly
8in Base assembly
14in White shade
14in Cream shade
14in Yellow shade
15in Black shade
15in White shade
15in Cream shade
15in Yellow shade
7-Diameter steel plate
8-Diameter steel plate
Three-way socket

data ParComp2;

input

datalines;
LAXX
LAXX
LAXX
LAXX
4000
4000
4000
4000
4000
B10X
B10X
B10X
S10X
S10X
S10X
S10X
S10X
S10X
S10X
S10X
A10X
A10X
B100

Part $8.
Component $8.
QtyPer 8.2

4000 1.00
B10X 1.00
S10X 1.00
A10X 1.00

1100 1.00

1300 1.00

1400 4.00

1500 1.00

1700 1.00

B100 0.32
B101 0.41
B102 0.33

S100 0.07

S101 0.18

S102 0.24

S103 0.10

S104 0.06

S105 0.14

S106 0.22

S107 0.10

A100 0.11

Al101 0.92

1200 1.00

. Each
. Each
. Each
. Each
. Each

. Each
. Each
. Each
. Each
Each

. Each
. Each

. Each
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B101 1201 1.00
B102 1202 1.00
A100 1600 1.00
Al101 1601 1.00
1100 2100 26.00
1500 1400 2.00
1700 2200 12.00

1700 2300 1.00

The part identified as&4000’ is the phantom item for common parts100’ ,

‘2300" ,‘1400" ,‘1500° ,and'1700’ . Each available option is structured as a
model item with a quantity per parent (identified as @tgPer variable) that repre-
sents its forecasted popularity or option percentage. Note that the total of percentage
of each option in this example is more th&b0 percent (for example, the total per-
centage of théA10X: Socket assembly options’ i50.11+0.92 = 1.03).

This extra percentage is used to cover the uncertainty of the exact percentage split.
Using this procedure to cover possible high side demand for each option is called
option overplanningFogarty, Blackstone, and Hoffmann 1991).

The new part master data $8¥laster2 combines the generic and phantom part data,
the additional options data, and the old part master file shown in Output 1.1.1 on
page 20. The modularized single-level BOM data set as shown in Output 1.2.1 com-
bines the data séMaster2 with the part-component data gearComp2 by using
PROC SQL. The SAS code to accomplish this is as follows:

[* Append the old part master data to the new  */
[* phantom item and additional option data sets */
data PMaster2;
set Phantom2
Option2
PMasterl(where=(Part NE 'LA01"));
run;

proc sort data=PMaster2;
by Part;
run;

proc sort data=ParComp2;
by Part;
run;

/* Merge the Part-Component information to */

[* the new part master data to create an  */

[* input data set */
proc sql;

create table SIBOM2 as

select PMaster2.*,
ParComp2.Component, ParComp2.QtyPer
from PMaster2 left join ParComp2
on PMaster2.Part=ParComp2.Part;

quit;
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/* Display the single-level BOM data */
proc print data=SIBOM2 noobs;
titte 'TABC Lamp Company’;
titte3 'Modularized Single-level Bills of Material’;
run;
Output 1.2.1.  Modularized Single-level Bills of Material
ABC Lamp Company
Modularized Single-level Bills of Material
Lead Qty
Part Desc Req Unit Time Component Per
1100 Finished shaft Each 2 2100 26.00
1200 6-Diameter steel plate Each 3
1201 7-Diameter steel plate Each 3
1202 8-Diameter steel plate Each 3
1300 Hub Each 2
1400 1/4-20 Screw Each 1 .
1500 Steel holder Each 2 1400 2.00
1600 One-way socket Each 2
1601 Three-way socket Each 2 .
1700 Wiring assembly Each 1 2200 12.00
1700 Wiring assembly Each 1 2300 1.00
2100 3/8 Steel tubing inches 3
2200 16-Gauge lamp cord Feet 2
2300 Standard plug terminal Each 1
4000 Common parts Each 0 1100 1.00
4000 Common parts Each 0 1300 1.00
4000 Common parts Each 0 1400 4.00
4000 Common parts Each 0 1500 1.00
4000 Common parts Each 0 1700 1.00
A100 Socket assembly Each 1 1600 1.00
A101 Three-way socket assem. Each 1 1601 1.00
A10X Socket assembly options Each 0 A100 0.11
A10X Socket assembly options Each 0 A101 0.92
B100 Base assembly Each 1 1200 1.00
B101 7in Base assembly Each 1 1201 1.00
B102 8in Base assembly Each 1 1202 1.00
B10X Base assembly options Each 0 B100 0.32
B10X Base assembly options Each 0 B101 0.41
B10X Base assembly options Each 0 B102 0.33
LAXX Lamp LA 10000 Each 3 4000 1.00
LAXX Lamp LA 10000 Each 3 B10X 1.00
LAXX Lamp LA 10000 Each 3 S10X 1.00
LAXX Lamp LA 10000 Each 3 A10X 1.00
S100 Black shade Each 2
S101 14in White shade Each 2
S102 14in Cream shade Each 2
S103 14in Yellow shade Each 2
S104 15in Black shade Each 2
S105 15in White shade Each 2
S106 15in Cream shade Each 2
S107 15in Yellow shade Each 2 .
S10X Shade options Each 0 S100 0.07
S10X Shade options Each 0 S101 0.18
S10X Shade options Each 0 S102 0.24
S10X Shade options Each 0 S103 0.10
S10X Shade options Each 0 S104 0.06
S10X Shade options Each 0 S105 0.14
S10X Shade options Each 0 S106 0.22
S10X Shade options Each 0 S107 0.10
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The following code invokes PROC BOM to generate the planning BOM and the
summarized BOM from the modularized single-level BOM:

[* Generate the indented BOM and summarized BOM data sets */
proc bom data=SIBOM2 out=IndBOM2 summaryout=SumBOM2;
structure / part=Part
requirement=Req
leadtime=LeadTime
component=Component
quantity=QtyPer
id=(Desc Unit);
run;

[* Display the indented BOM data */
proc print data=IndBOM2(where=(Part_ID NE .)) noobs;
var Level Part Desc QtyPer Qty Prod
Unit LeadTime Tot Lead Parent__Prod_;
titte 'ABC Lamp Company’;
titte3 ’Indented Bill of Material, Part LAXX’;
run;

proc sort data=SumBOM?2;
by Part_;
run;

[* Display the summarized BOM data */
proc print data=SumBOM2 noobs;

titte 'TABC Lamp Company’;

title3 'Summarized Bill of Material, Part LAXX’;
run;

The indented bill of material is shown in Output 1.2.2. Output 1.2.3 lists the quantity
of each part that is needed to build, 000 lamps.
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Output 1.2.2.  Planning Bill of Material with Option Overplanning
ABC Lamp Company
Indented Bill of Material, Part LAXX
Q L T _

_ t e o P
L _ Q y a t a _
e P t _ d _ r P
\Y a D y P ] T L e r
e r e P r n i e n o]
It s e o} i m a t d
. c r d t e d _ _
0 LAXX Lamp LA . 1.00 Each 3 3 LAXX
1 Al10X Socket assembly options 1.00 1.00 Each 0 3 LAXX LAXX
2 Al01 Three-way socket assem. 0.92 092 Each 1 4 AlL0OX LAXX
3 1601 Three-way socket 1.00 0.92 Each 2 6 Al01 LAXX
2 A100 Socket assembly 0.11  0.11 Each 1 4 A10X LAXX
3 1600 One-way socket 1.00 0.11 Each 2 6 Al00 LAXX
1 S10X Shade options 1.00 1.00 Each 0 3 LAXX LAXX
2 S107 15in Yellow shade 0.10 0.10 Each 2 5 S10X LAXX
2 S106 15in Cream shade 0.22 0.22 Each 2 5 S10X LAXX
2 S105 15in White shade 0.14 0.14 Each 2 5 S10X LAXX
2 S104 15in Black shade 0.06 0.06 Each 2 5 S10X LAXX
2 S103 14in Yellow shade 0.10 0.10 Each 2 5 S10X LAXX
2 S102 14in Cream shade 0.24 0.24 Each 2 5 S10X LAXX
2 S101 14in White shade 0.18 0.18 Each 2 5 S10X LAXX
2 S100 Black shade 0.07 0.07 Each 2 5 S10X LAXX
1 B10X Base assembly options 1.00 1.00 Each 0 3 LAXX LAXX
2 B102 8in Base assembly 0.33 0.33 Each 1 4 B10X LAXX
3 1202 8-Diameter steel plate 1.00 0.33 Each 3 7 Bl102 LAXX
2 B101 7in Base assembly 0.41 041 Each 1 4 B10X LAXX
3 1201 7-Diameter steel plate 1.00 0.41 Each 3 7 Bl101 LAXX
2 B100 Base assembly 0.32 0.32 Each 1 4 B10X LAXX
3 1200 6-Diameter steel plate 1.00 0.32 Each 3 7 B100 LAXX
1 4000 Common parts 1.00 1.00 Each 0 3 LAXX LAXX
2 1700 Wiring assembly 1.00 1.00 Each 1 4 4000 LAXX
3 2300 Standard plug terminal 1.00 1.00 Each 1 5 1700 LAXX
3 2200 16-Gauge lamp cord 12.00 12.00 Feet 2 6 1700 LAXX
2 1500 Steel holder 1.00 1.00 Each 2 5 4000 LAXX
3 1400 1/4-20 Screw 2.00 2.00 Each 1 6 1500 LAXX
2 1400 1/4-20 Screw 4.00 4.00 Each 1 4 4000 LAXX
2 1300 Hub 1.00 1.00 Each 2 5 4000 LAXX
2 1100 Finished shaft 1.00 1.00 Each 2 5 4000 LAXX
3 2100 3/8 Steel tubing 26.00 26.00 inches 3 8 1100 LAXX
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Output 1.2.3.  Summarized Part Requirement

ABC Lamp Company
Summarized Bill of Material, Part LAXX
_Part_  Low_Code Req On_Hand Net Req Desc Unit
1100 2 10000 0 10000 Finished shaft Each
1200 3 3200 0 3200 6-Diameter steel plate Each
1201 3 4100 0 4100 7-Diameter steel plate Each
1202 3 3300 0 3300 8-Diameter steel plate Each
1300 2 10000 0 10000 Hub Each
1400 3 60000 0 60000 1/4-20 Screw Each
1500 2 10000 0 10000 Steel holder Each
1600 3 1100 0 1100 One-way socket Each
1601 3 9200 0 9200 Three-way socket Each
1700 2 10000 0 10000 Wiring assembly Each
2100 3 260000 0 260000 3/8 Steel tubing inches
2200 3 120000 0 120000 16-Gauge lamp cord Feet
2300 3 10000 0 10000 Standard plug terminal  Each
4000 1 10000 0 10000 Common parts Each
A100 2 1100 0 1100 Socket assembly Each
A101 2 9200 0 9200 Three-way socket assem. Each
A10X 1 10000 0 10000 Socket assembly options Each
B100 2 3200 0 3200 Base assembly Each
B101 2 4100 0 4100 7in Base assembly Each
B102 2 3300 0 3300 8in Base assembly Each
B10X 1 10000 0 10000 Base assembly options Each
LAXX 0 10000 0 10000 Lamp LA Each
S100 2 700 0 700 Black shade Each
S101 2 1800 0 1800 14in White shade Each
S102 2 2400 0 2400 14in Cream shade Each
S103 2 1000 0 1000 14in Yellow shade Each
S104 2 600 0 600 15in Black shade Each
S105 2 1400 0 1400 15in White shade Each
S106 2 2200 0 2200 15in Cream shade Each
S107 2 1000 0 1000 15in Yellow shade Each
S10X 1 10000 0 10000 Shade options Each

Example 1.3. Bills of Material Verification

The previous example illustrated how some companies may have more than one type
of bills of material. It is important that while the different types of BOM may differ

in the way parts are grouped together, they must have the same component items
(except those phantom parts) in the same quantities. This example demonstrates a
simple method that compares the different types of BOM and detects any differences.

The transaction data sétans3 contains the new values of the gross requirements
of the lamp‘'LAXX’ and the options. Note that the optiolf&100’ , ‘S100"
and‘A100’ that are associated with the larfipAO1’ described in the “Getting
Started” section on page 3, as well as the lab#pXX’ , have the gross requirements

of 1. All other options havé gross requirements. Therefore, the itérAXX’ and

all of the selected options are master schedule items. See the “Single-Level Bills
of Material Data Set” section beginning on page 14 for a detailed description about
master schedule items.

The following SAS data step code updates the value ofRkg variable in the
SIBOM2 data set (shown in Output 1.2.1 on page 28) with the value of the variable
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in the transaction data s@tans3:

/* Gross requirement transaction data set */
data Trans3;
input Part $8.
Req 8.0

datalines;
LAXX
B100
B101
B102
S100
S101
S102
S103
S104
S105
S106
S107
A100
A101

OPRPO0OO0OO0OO0O0O0OO0ORFrOOPF

proc sort data=Trans3;
by Part;
run;

/* Update the gross requirement values of the */
/* single-level BOM data set */
data SIBOM3(drop=0ldReq);
merge SIBOM2(rename=(Req=0IdReq)) Trans3(in=in2);
by Part;

if not in2 then Req=0ldReq;
run;

The following code invokes PROC BOM with the new input data set. The summa-
rized bill of material is shown in Output 1.3.1:

/* Generate the indented BOM and Summarized BOM */
proc bom data=SIBOM3 out=IndBOM3 summaryout=SumBOM3;
structure / part=Part
requirement=Req
leadtime=LeadTime
component=Component
gquantity=QtyPer
id=(Desc Unit);
run;



[* Sort and display the summarized BOM data */
proc sort data=SumBOM3;

by Part_;

run;

References

proc print data=SumBOMS3(where=(Net_Req NE 0)) noobs;
titte 'ABC Lamp Company’;
title3 'Summarized Bill of Material, Part LAO1’;

]

run;
Output 1.3.1.  Summarized Bills of Material
ABC Lamp Company
Summarized Bill of Material, Part LAO1

_Part_ Low_Code Req On_Hand Net_Req Desc Unit
1100 2 1 0 1 Finished shaft Each
1200 3 1 0 1 6-Diameter steel plate Each
1300 2 1 0 1 Hub Each
1400 3 6 0 6 1/4-20 Screw Each
1500 2 1 0 1 Steel holder Each
1600 3 1 0 1 One-way socket Each
1700 2 1 0 1 Wiring assembly Each
2100 3 26 0 26 3/8 Steel tubing inches
2200 3 12 0 12 16-Gauge lamp cord Feet
2300 3 1 0 1 Standard plug terminal Each
4000 1 1 0 1 Common parts Each
A100 2 1 0 1 Socket assembly Each
A10X 1 1 0 1 Socket assembly options Each
B100 2 1 0 1 Base assembly Each
B10X 1 1 0 1 Base assembly options Each
LAXX 0 1 0 1 Lamp LA Each
S100 2 1 0 1 Black shade Each
S10X 1 1 0 1 Shade options Each

mon parts’
sembly options’

, ‘B10X Base as-
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By comparing the summarized BOM in Output 1.3.1 with the one displayed in Figure

1.6 on page 10, you can verify that the two bills of material are in agreement except
for the low-level code of each part and the phantom items, sucthOf&® Com-

, ‘A10X Socket assembly options’
,and'S10X Shade options’
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Fogarty, D.W., Blackstone, J.H., and Hoffmann, T.R. (19®tpduction and Inven-
tory ManagementSecond Edition, Cincinnati, OH: South-Western Publishing
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Chapter 2
The CPM Procedure

Overview

Enhancements have been added to the CPM procedure as follows:

e The ADDCAL option has been added to the RESOURCE statement for includ-
ing a calendar variable in the Resource Schedule data set.

e The MULTIPLEALTERNATES option has been added to the RESOURCE
statement that enables multiple alternate resources to be used simultaneously
for a single resource. See the “Specifying Multiple Alternates” section on
page 39 for details on how you can control the use of multiple alternates.

e The CPM procedure now enables the use of alternate resources for resources
that drive an activity’s duration. See the “Resource-Driven Durations and Al-
ternate Resources” section on page 40 for details.

e Auxiliary resources can now be specified for any resource as described in the
“Auxiliary Resources” section on page 41.

Syntax

RESOURCE Statement

The following new or updated options are available in the RESOURCE statement:

ADDCAL
requests that a variable,CAL_, be added to the Resource Schedule data set that
identifies the resource calendar for each resource used by each activity. For obser-
vations that summarize the activity’s schedule, this variable identifies the activity’s
calendar.

MULTIPLEALTERNATES

MULTALT
indicates that multiple alternate resources can be used to substitute for a single re-
source. In other words, if one of the alternate resources is not sufficient to substitute
for the primary resource, the procedure will use other alternates, as needed, to fulfill
the resource requirement. For example, if an activity needs 1.5 programmers and the
allowed alternates are JOHN and MARY, the procedure will use JOHN (at rate 1)
and MARY (at rate 0.5) to allocate a total of 1.5 programmers. See the “Specifying
Multiple Alternates” section on page 39 for details.

OBSTYPE=variable
specifies a character variable in the Resource data set that contains the type identi-
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fier for each observation. Valid values for this variable are RESLEVEL, RESTYPE,
RESPRTY, SUPLEVEL, ALTRATE, ALTPRTY, RESRCDUR, CALENDAR, MUL-

TALT, MINARATE, and AUXRES. If OBSTYPE=is not specified, then all observa-
tions in the data set are assumed to denote the levels of the resources, and all re-
sources are assumed to be replenishable and constraining. The observation types,
MULTALT, MINARATE, and AUXRES, are new in Release 8.1 and are described in
the “Enhancements to the Resource Data Set” section on page 38.

RESID=variable

specifies a variable in the RESOURCEIN= data set that indicates the name of the re-
source variable for whichlternate resource informatioar auxiliary resource infor-
mationis being specified in that observation. The specification of auxiliary resource
information is new in Release 8.1.

Recall that observations that indicate alternate resources are identified by the values
ALTRATE and ALTPRTY for the OBSTYPE variable. These values indicate whether
the observation specifiegate of substitutioror apriority for substitution the value

of the RESID variable in such an observation indicates the particular resource for
which that observation specifies alternate resource information. Recall also that the
specification of the RESID= option triggers the use of alternate resources. See the
“Specifying Alternate Resources” section in the chapter “The CPM Procedure” of
the SAS/OR User's Guide: Project Managemgmtfurther information.

Now observations indicating auxiliary resources are identified by the value AUXRES
for the OBSTYPE variable. In such observations, the value of the RESID variable
specifies the name of the primary resource while the values of the other resource
variables specify the rate of auxiliary resources needed for every unit of the primary
resource. See the “Auxiliary Resources” section on page 41 for further information.

Detalls

Enhancements to the Resource Data Set

Recall that the RESOURCEIN data set (referred to as the Resource data set) contains
all of the necessary information about the resources that are to be used by PROC
CPM to schedule the project. Typically, the Resource data set contains the resource
variables (numeric), a type identifier variable (character) that identifies the type of
information in each observation, a period variable (numeric and usually a SAS time,
date, or datetime variable), and a RESID variable that is used to sp@t@fpnate
resources

The value of the type identifier variable in each observation tells CPM how to in-
terpret that observation. Valid values for this variable are RESLEVEL, RESTYPE,
RESPRTY, SUPLEVEL, ALTPRTY, ALTRATE, RESRCDUR, CALENDAR, MUL-
TALT, MINARATE, and AUXRES. The last three keywords are new in Release 8.1
and are interpreted as described below.

If the value of the type identifier variable is MULTALT, that observation indicates
which resources can have multiple alternate resources. The value 1 for a resource
variable in the observation indicates that multiple alternates are allowed for that re-
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source, and a value 0 indicates that multiple alternates are not allowed. See the “Spec-
ifying Multiple Alternates” section on page 39 for detalils.

If the value of the type identifier variable is MINARATE, that observation indicates
the minimum rate of substitution for each resource, whenever multiple alternates are
used. Note that the MINARATE values specified in this observation are used only if
the MULTIPLEALTERNATES option is specified or if the Resource data set has an
observation with the type identifier value of MULTALT.

If the type identifier variable is specified as AUXRES, the Resource data set must also
have a RESID variable identifying the resource for which the current observation lists

the required auxiliary resources. See the “Auxiliary Resources” section on page 41
for details.

Specifying Multiple Alternates

As described in the “Specifying Alternate Resources” section in the chapter “The
CPM Procedure” of th&66AS/OR User’s Guide: Project Managemeydu can use

the Resource data set to specify alternate resources for any given resource. You can
specify a rate of substitution and a priority for substitution. However, the CPM pro-
cedure will not use multiple alternate resources to substitute for a given resource. For
example, suppose that an activity needs two programmers and the available program-
mers (alternate resources) are John and Mary. By default, the CPM procedure cannot
assign both John and Mary to the activity to fulfill the resource requirement of two
programmers.

However, this type of substitution is useful to effectively model group resources or
skill pools. To enable substitution of multiple alternates for a single resource, use
the MULTIPLEALTERNATES option in the RESOURCE statement. This option
enables all resources that have alternate specifications (via observations of the type
ALTRATE or ALTPRTY in the Resource data set) to use multiple alternates.

You can refine this feature to selectively enable multiple substitution or set a min-
imum rate of substitution, by adding special observations to the Resource data set.
As with other aspects of the Resource data set, the specifications related to multiple
alternates are identified by observations with special keywords. The keywords are:
MULTALT and MINARATE.

Let OBSTYPE = ‘MULTALT’ for the observation that identifies which resources
can have multiple alternates. Valid values for such an observation are ‘0’ and ‘1
‘0’ indicates that the resource cannot be substituted by multiple resources, and ‘1’
indicates that it can be substituted by multiple resources. If the Resource data set
contains such an observation, the MULTIPLEALTERNATES option is ignored and
the values specified in the observation are used to enable multiple substitutions for
only selected resources.

Let OBSTYPE = ‘MINARATE' for the observation that indicates the minimum rate

of substitution for each resource. For example, you may not want a primary resource
requirement of 1.5 programmers, to be satisfied by 5 different alternate programmers
at a rate of 0.3 each. To ensure that the minimum rate of substitution is 0.5, specify
the value for the resource variabRROGRAMMER, as ‘0.5’ in the observation with
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OBSTYPE = ‘'MINARATE'. In other words, use this observation if you do not wish
to split an activity’s resource requirement across several alternate resources with a
very small rate of utilization per resource.

Consider the following Resource data:

OBS OBSTYPE RES_NAME RES_DATE  JOHN DAVID ROBERT

1 RESTYPE . 1 1 1
2  ALTRATE JOHN . 1 2 2
3 MULTALT . . 1

4 MINARATE . . 0.5 . .

5 RESLEVEL 15FEB91 0 1.0 1.0

In these Resource data, observations 3 and 4 control the use of multiple alternates.
They specify that a requirement for John can be substituted with multiple alternates.
Further, if multiple alternates are used instead of John, do not allocate them in units
less than 0.5. Note also that observation 2 indicates that David and Robert require
twice the effort to accomplish John's tasks. Thus, if an activity requires 1 unit of
John, and he is unavailable, the CPM procedure will require 2 units of David (or
Robert) to substitute for John. However, only 1 unit each of David and Robert is
available. If multiple alternates armot allowed, the resource allocation algorithm

will fail. However, since the resource Joltmesallow multiple substitution, the
activity can be scheduled with 1 unit of David and 1 unit of Robert (each substituting
for 1/2 of the requirement for John).

Allowing multiple alternates for a single resource raises an interesting question:
When distributing the resource requirements across multiple alternatives, should the
primary resource be included in the list of multiple alternates? For instance, in the
above example, if the resource level for John is ‘0.5’ (in observation 5), should the
activity use John at rate 0.5 and assign the remainder to one (or more) of the alternate
resources? Or, should the primary resource be excluded from the list of possible alter-
nates? You can choose either behavior for the primary resource by specifying ‘1’ (for
inclusion) or ‘0’ (for exclusion) in the observation witbBSTYPE = ‘ALTRATE’

that corresponds to the primary resource (WRBES_NAME = ‘JOHN’). Thus, in

the above example, John can be one of the multiple alternates when substituting for
himself. To exclude John from the list, set the value of the variable JOHN to ‘0’ in
observation 2. Note that you will also need to set the value of JOHN to ‘0’ in any
observation wittOBSTYPE = ‘ALTPRTY' and RES_NAME = ‘JOHN'.

Resource-Driven Durations and Alternate Resources

The “Specifying Alternate Resources” section in the chapter “The CPM Procedure”
of the SAS/OR User’s Guide: Project Managemdascribes the use of the RESID=
option and the observations of type ‘ALTRATE’ and ‘ALTPRTY’ in the Resource data
set to control the use of alternate resources during resource allocation. The behavior
described in that section refers to the substitution of resources for resources that have
a fixed duration. Alternate resources can also be specified for resources that drive
an activity’s duration. However, the specification of the alternate rate is interpreted
differently: it is used as a multiplier of the resource-driven duration.
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For example, consider the following Resource data:

OBS OBSTYPE RES_NAME RES_DATE JOHN DAVID ROBERT

1 RESTYPE . . 1 1 1
2 RESRCDUR 1 1 1
3 ALTRATE JOHN . 1 2 2
4  ALTPRTY JOHN . 1 2 3
5 RESLEVEL . 15FEB91 . 1.0 1.0

In these Resource data, the second observation indicates that all the resources are
driving resources. The third observation indicates that John can be substituted by
David or Robert; however, either David or Robert will require twice as long to ac-
complish John’s tasks for resource-driven activities. Thus, in contrast to the fixed-
duration activities, the ALTRATE specification changes dieation of the alternate
resource, not theate of use

For instance, consider the following activity with the specified values foDWRA-
TION andWORK variables and the resource requirement for John:

OBS ACTIVITY DURATION WORK JOHN DAVID ROBERT

1 Actl 3 10 1

Activity ‘Actl’ requires 10 days of work from John, indicating that the resource-
driven duration for Actl is 10 days. However, in the Resource data above, John is not
available, but can be substituted by David or Robert, who will require twice as long
to accomplish the work. So, if Actl is scheduled using either one of the alternate
resources, its resource-driven duration will be 20 days.

Auxiliary Resources

Sometimes, the use of a certain resource may require simultaneous use of other re-
sources. For example, the use of a crane necessitates the use of a crane operator. In
other words, if an activity needs the resource, CRANE, it will also need a correspond-
ing resource, CRANEOP. Such requirements can be easily modeled by adding both
CRANE and CRANEOP to the list of resources required by the activity.

However, when alternate resources are used, the problem becomes more complex.
For example, suppose an activity requires a CRANE and there are two possible cranes
that can be used, CRANE1 and CRANEZ2. You can specify CRANE1 and CRANE?2
as the alternate resources for CRANE. Each of the two cranes has a specific opera-
tor, CRANEOP1 and CRANEOP?2, respectively. Specifying CRANEOP1 and CRA-
NEOP2 separately as alternates for CRANEOP will not necessarily guarantee that
CRANEOP1 (or CRANEOP2) is used as the alternate for CRANEOP in conjunction
with the use of the corresponding CRANE1 (or CRANE2).

You can model such a situation by the use of Auxiliary resource specification: spec-
ify CRANEOP1 and CRANEOP2 as auxiliary resources for CRANE1 and CRANEZ2,
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respectively. Auxiliary resources are specified via the Resource data set, using obser-
vations identified by the keyword AUXRES for the value of @BBSTYPE variable.

For an observation of this type, tRESID variable specifies the name of the primary
resource. (This is similar to the specification of ALTRATE and ALTPRTY.)

Once auxiliary resources are specified in the Resource data set, it is sufficient to spec-
ify only the primary resource requirements in the Activity data set. In this situation,
for example, it is sufficient to require a CRANE for the activity in the Activity data
set.

In the Resource data set, add a new observation type, ‘AUXRES’, which will specify
the auxiliary resources that are needed for each primary resource. For an observation
of this type, the RESID variable specifies the name of the primary resource. The
value for each auxiliary resource indicates the rate at which it is required whenever
the primary resource is used. You will also need to specify CRANE1 and CRANE2
as the alternate resources for CRANE in the Resource data set.

When scheduling the activity, PROC CPM will schedule CRANE1 (or CRANEZ2) as
the alternate only if both CRANE1 and CRANEOP1 (or CRANEZ2 and CRANEOP?2)
are available.

For instance, the above example will have the following Resource data set:

OBSTYPE RESID PER CRANE CRANE1 CRANE2 CRANEOP1 CRANEOP2
AUXRES CRANE1 . . . . 1 .

AUXRES CRANE2 . . . . . 1

ALTRATE CRANE . . 1 1

RESLEVEL . 10DEC99 . 1 1 1 1
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Examples

Let's use a simple software development project to illustrate some of the new resource
allocation control options.

Example 2.1. Resource-Driven Durations and Alternate
Resource

Software Development
Project Network

Documentation

{Product Design~—Code F

Test Data

Test Routines HTest Product TFinish

Plans & Regts

{Test Plan

Figure 2.1.  Software Project Network

Consider a software project requiring a single resource: a programmer. A network di-
agram displaying the activities and their precedence relationships is shown in Figure
2.1.

Some of the activities in this project have a fixed duration, requiring a fixed length
of time from a programmer. Other activities specify the amount of work required in
terms of man-days; for these activities, the length of the task will depend on the num-
ber of programmers (or rate) that is assigned to the task. The activities in the project,
their durations (if fixed) or the total work required (if resource-driven) in days, the
precedence constraints, and the resource requirements are displayed in Output 2.1.1.

Suppose that you have only one programmer assigned to the project. You can de-
termine a resource-constrained schedule using PROC CPM by specifying a resource
availability data setresin (also in Output 2.1.1). Note that the Resource data set in-
dicates that the resourpeogrmr is a driving resource whenever the WORK variable

has a valid value.
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Output2.1.1.  Project Data

Software Development
Activity Data Set SOFTWARE

Activity act sl s2 dur mandays progrmr
Plans & Reqts 1 2 3 2 . 1
Product Design 2 4 5 . 3 1
Test Plan 3 6 7 3 . .
Documentation 4 9 . 1 2 1
Code 5 8 . 1 10 1
Test Data 6 8 . 5

Test Routines 7 8 5

Test Product 8 9 6 1
Finish 9 . 0

Software Development
Resource Availability Data Set

Obs per otype progrmr
1 . resrcdur 1
2 11APROO reslevel 1

The following statements invoke PROC CPM with a WORK= specification on the
RESOURCE statement, which identifies (in number of man-days, in this case) the
amount of work required from the resoungegrmr for each activity. If the WORK
variable has a missing value, the activity in that observation is assumed to have a
fixed duration. The project is scheduled to start on April 11, 2000, and the activities
are assumed to follow a five-day work week. The resulting schedule is displayed in
Output 2.1.2. For each activity in the project, the value of the variBbl&_TYPE
indicates whether the resource drives the activity’s duration (‘RDRIVEN’) or not
(‘FIXED).

proc cpm data=software
out=sftoutl resout=routl
rsched=rsftoutl
resin=resin
date="11apr00’d interval=weekday;
act act;
succ sl s2;
dur dur;
res progrmr / work=mandays
obstype=otype
period=per
rschedid=Activity;
id Activity;
run;

title 'Software Development’;
titte2 'Resource Constrained Schedule: Single Programmer’;
proc print data=rsftoutl;

id Activity;

run;
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Activity

Plans & Reqts
Plans & Reqts
Product Design
Product Design
Test Plan
Documentation
Documentation
Code

Code

Test Data
Test Routines
Test Product
Test Product
Finish

Activity

Plans & Reqts
Plans & Reqts
Product Design
Product Design
Test Plan
Documentation
Documentation
Code

Code

Test Data
Test Routines
Test Product
Test Product
Finish

Software Development

Resource Constrained Schedule: Single Programmer

act RESOURCE DUR_TYPE  dur
1 2
1 progrmr FIXED 2
2 3
2 progrmr RDRIVEN 3
3 3
4 1
4 progrmr RDRIVEN 2
5 1
5 progrmr RDRIVEN 10
6 5
7 5
8 6
8 progrmr FIXED 6
9 0
S_FINISH E_START E_FINISH
12APR0O0O 11APROO 12APR0O0O
12APR0O0 11APRO0O 12APRO0
17APROO 13APROO 17APRO0O
17APRO0O 13APR0O0 17APRO0O
17APROO 13APRO0O 17APROO
11MAY00 18APR0O0 19APRO0
11MAY00 18APROO 19APRO0
01MAYO00 18APRO0O 01MAYO00
01MAYO00 18APRO0 01MAYO00
24APRO0O 18APRO0O 24APRO0O
24APRO0O 18APR0O0O 24APRO0O
09MAYO00 02MAY00 09MAY00
09MAYO00 02MAY00 09MAY00
12MAY00 10MAY00 10MAY00

mandays R_RATE S _START
. 11APR0OO
1 11APR0OO
. . 13APR0O0
3 1 13APR0O0O
13APR0O0
. . 10MAY00
2 1 10MAY00
. . 18APR0O0O
10 1 18APR0O0
18APR00
18APRO00
02MAY00
1 02MAY00
12MAY00
L_START L_FINISH
11APR0OO 12APR0O0O
11APR0O0O 12APR0O0
13APR0O0O 17APR0O0O
13APR0O0 17APR0O0
20APR0O0O 24APR0O0
08MAYO00 09MAYO00
08MAYO00 09MAYO00
18APRO0O 01MAYO00
18APR0O0 01MAYO00
25APR0O0 01MAYO00
25APR00 01MAY00
02MAY00 09MAY00
02MAY00 09MAY00
10MAY00 10MAY00
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The following statements invoke PROC GANTT to display a Gantt chart of the sched-
ule in Output 2.1.3. Note that the activity, ‘Documentation’, is delayed until May 10,
2000, because there is only one programmer available to the project:

titte h=2 'Software Development’;
titte2 h=1.5 'Resource Constrained Schedule: Single Programmer’;
proc gantt graphics data=sftoutl;

id Activity progrmr;
chart / pcompress scale=3 increment=4 interval=weekday

height=2.5 nojobnum nolegend between=5
act=act succ=(sl s2)

run;
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Output 2.1.3.  Resource-Constrained Schedule: Single Programmer

Software Development
Resource Constrained Schedule: Single Programmer

APR APR APR APR APR APR MAY MAY MAY MAY
15

Activity progrmr 09 13 17 2 25 29 03 07 n
Plans & Regts 1
Product Design 1
Test Plan
Documentation 1
Code 1
Test Data
Test Routines
Test Product 1
Finish
LEGEND: Duration of a Normal Job Slack Time for a Normal Job

mmm Duration of a Critical Job 1 Break due to Holiday
@8 Resource Constrained Schedule

Next, suppose that you have two programmers assigned to your project and you can
use either one of them for a given task, depending on their availability. To model
this scenario, specify Chris and John as alternate resources that can be substituted
for the resourceorogrmr. The Resource data seg€sin2, printed in Output 2.1.4,
indicates thaChris andJohn are alternates fqorogrmr. Specifying an availability

of ‘0’ for the resourceprogrmr ensures that the procedure will assign one of the two
programmers, Chris or John, to each task.

The second observation in the data isdin2 indicates two different rates of sub-
stitution for the alternate resources. A value less than 1 indicates that the alternate
resource is more efficient than the primary resource, while a value greater than 1 in-
dicates that the alternate resource is less efficient. For fixed-duration activities, the
use of the alternate resource changegaleof utilization of the resource, while for

a resource-driven activity, it changes theration of the resource.

Output 2.1.4.  Alternate Programmers

Resource Data Set RESIN2

Obs per otype resid progrmr Chris John
1 . resrcdur 1 1.0 1.0
2 altrate progrmr . 1.3 0.5

3 11APROO reslevel . 1.0 1.0
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The following statements invoke PROC CPM with the new Resource data set and a
modified Activity data set that includes the newly added resource varidties, and

John. You can see the effects of the alternate resource specifications in the Resource
Schedule data set, printed in Output 2.1.5. Note that the activity ‘Product Design’
that takes 3 days of time from a generic programmer actually takes 3.9 days because
the programmer used is Chris, who is substituted at a rate of 1.3. On the other hand,
the programmer John efficiently completes the task, ‘Documentation’, in only 1 day:

data software2;
set software;
Chris =
John = ;
run;

proc cpm data=software2 out=sftout2 rsched=rsftout2
resin=resin2
date="11apr00’d interval=weekday resout=rout2;
act act;
succ sl s2;
dur dur;
res progrmr Chris John / work=mandays
obstype=otype
period=per
resid=resid
rschedid=Activity;
id Activity;
run;
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Output 2.1.5. Resource Schedule with Alternate Programmers
Software Development
Resource Constrained Schedule
Alternate Resources at Varying Rates
Activity act RESOURCE DUR_TYPE dur mandays R_RATE S _START
Plans & Reqts 1 2.0 . 11APROO
Plans & Reqts 1 progrmr FIXED 2.0 1.0 .
Plans & Reqts 1 John FIXED 2.0 0.5 11APROO
Product Design 2 3.0 . . 13APR0O0
Product Design 2 progrmr RDRIVEN 3.0 3.0 1.0 .
Product Design 2 Chris RDRIVEN 3.9 3.9 1.0 13APR0O0
Test Plan 3 3.0 13APR0O0O
Documentation 4 1.0 . . 18APR0O0O
Documentation 4 progrmr RDRIVEN 2.0 2.0 1.0 .
Documentation 4 John RDRIVEN 1.0 1.0 1.0 18APR0O0
Code 5 1.0 . 18APRO0O
Code 5 progrmr RDRIVEN 10.0 10.0 1.0 .
Code 5 Chris RDRIVEN 13.0 13.0 1.0 18APRO0O
Test Data 6 5.0 18APR0OO
Test Routines 7 5.0 18APR0O0
Test Product 8 6.0 . 05MAY00
Test Product 8 progrmr FIXED 6.0 1.0 .
Test Product 8 John FIXED 6.0 0.5 05MAY00
Finish 9 0.0 15MAY00
Activity S_FINISH E_START E_FINISH L_START L_FINISH
Plans & Reqts 12APR0O0O 11APROO 12APR0O0O 11APRO0O 12APRO0
Plans & Reqts . 11APRO0O 12APRO0 11APRO0O 12APRO0
Plans & Reqts 12APR0O0O . . . .
Product Design 17APRO0O 13APRO0O 17APROO 13APR00 17APRO0O
Product Design . 13APRO0O 17APROO 13APRO0O 17APRO0O
Product Design 17APR0OO . . . .
Test Plan 17APRO0O 13APRO0O 17APRO0O 20APRO0O 24APRO0O
Documentation 18APR0O0O 18APROO 19APRO0O 08MAYO00 09MAY00
Documentation . 18APR0O0O 19APR0O0 08MAY00 09MAYO00
Documentation 18APRO0O . . . .
Code 04MAYO00 18APR0O0O 01MAYO00 18APR0O0O 01MAYO00
Code . 18APRO0O 01MAYO00 18APR0O0O 01MAYO00
Code 04MAYO00 . . . .
Test Data 24APR0O0 18APRO0O 24APRO0O 25APR00 01MAYO00
Test Routines 24APRO0O 18APRO0O 24APRO0O 25APR00 01MAYO00
Test Product 12MAY00 02MAY00 09MAY00 02MAYO00 09MAY00
Test Product . 02MAY00 09MAY00 02MAY00 09MAYO00
Test Product 12MAY00 . . . .
Finish 15MAY00 10MAY00 10MAY00 10MAY00 10MAY00
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Output 2.2.1.  Multiple Alternates
Software Development
Use of Multiple Alternate Resources
Activity Data Set
Obs  Activity dur mandays act sl s2  progrmr  Chris  John
1 Plans & Reqts 2 . 1 2 3 2
2 Product Design . 3 2 4 5 1
3 Test Plan 3 . 3 6 7 .
4 Documentation 1 2 4 9 1
5 Code 1 10 5 8 1
6 Test Data 5 . 6 8 .
7 Test Routines 5 . 7 8 .
8 Test Product 6 . 8 9 1
9 Finish 0 9 . .
Software Development
Use of Multiple Alternate Resources
Resource Data Set

Obs per otype resid progrmr Chris John

1 . resrcdur 1 1 1

2 altrate progrmr . 1 1

3 11APRO0O reslevel 1 1

This example illustrates the use of the MULTIPLEALTERNATES option. The Ac-
tivity data set printed in Output 2.2.1 is a slightly modified version of the data set in
Example 2.1. The difference is in the resource requirement for the first activity in
the project. The ‘Plans and Requirements’ task requires 2 programmers. By default,
when alternate resources are used, the CPM procedures cannot use multiple alternate
resources to substitute for any given resource. In this example, however, you would
like the procedure to use both Chris and John for the first task. The Resource data
setresmult is also printed in Output 2.2.1, showing that both Chris and John are
alternates that can be substituted at the same rate as the primary resource.

To enable PROC CPM to use multiple alternates, use the MULTIPLEALTERNATES
option, as shown in the following invocation:

proc cpm data=softmult out=sftmult rsched=rsftmult
resin=resmult
date="11apr00’d interval=weekday resout=routmult;
act act;
succ sl s2;
dur dur;
res progrmr Chris John / work=mandays
obstype=otype
period=per resid=resid
multiplealternates
rschedid=Activity;
id Activity;
run;
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The resulting schedule is printed in Output 2.2.2. Note that both programmers are

used for the activity ‘Plans and Reqts’.

Output 2.2.2.  Multiple Alternates: Resource Schedule Data Set

Software Development
Use of Multiple Alternate Resources
Resource Constrained Schedule

Activity act RESOURCE DUR_TYPE dur mandays R_RATE S_START
Plans & Reqts 1 2 . 11APROO
Plans & Reqts 1 progrmr FIXED 2 2 .
Plans & Reqts 1 John FIXED 2 1 11APRO0O
Plans & Reqts 1 Chris FIXED 2 1 11APROO
Product Design 2 3 . 13APRO0O
Product Design 2 progrmr RDRIVEN 3 3 1 .
Product Design Chris RDRIVEN 3 3 1 13APR0O0O
Test Plan 3 3 13APR0O0O
Documentation 4 1 . 18APROO
Documentation 4 progrmr RDRIVEN 2 2 1 .
Documentation 4 John RDRIVEN 2 2 1 18APRO0
Code 5 1 . 18APRO0O
Code 5 progrmr RDRIVEN 10 10 1 .
Code 5 Chris RDRIVEN 10 10 1 18APRO0
Test Data 6 5 18APR0O0
Test Routines 7 5 18APROO
Test Product 8 6 . 02MAY00
Test Product 8 progrmr FIXED 6 1 .
Test Product 8 Chris FIXED 6 1 02MAY00
Finish 9 0 10MAYO00
Activity S_FINISH E_START E_FINISH L_START L_FINISH
Plans & Reqts 12APR0O0 11APRO0O 12APR0O0O 11APROO 12APRO0
Plans & Reqts . 11APRO0O 12APRO0 11APRO0O 12APRO0O
Plans & Reqts 12APR0O0
Plans & Reqts 12APR0O0 . . . .
Product Design ~ 17APR00 13APRO0 17APRO0O 13APRO0 17APRO0
Product Design . 13APR0O0 17APR0OO 13APR0O0 17APRO0O
Product Design 17APROO . . . .
Test Plan 17APRO0 13APR0O0 17APRO0O 20APRO0 24APR0O0
Documentation 19APRO0O 18APROO 19APRO0O 08MAYO00 09MAYO00
Documentation . 18APR0O0O 19APR0O0 08MAY00 09MAYO00
Documentation 19APRO0O . . . .
Code 01MAYO00 18APROO 01MAYO00 18APRO0O 01MAYO00
Code . 18APRO0O 01MAYO00 18APR0O0O 01MAYO00
Code 01MAYO00 . . . .
Test Data 24APR0O0 18APR0O0O 24APRO0 25APR00 01MAYO00
Test Routines 24APRO0O 18APRO0O 24APR0O0O 25APR00 01MAYO00
Test Product 09MAY00 02MAY00 09MAY00 02MAYO00 09MAYO00
Test Product . 02MAY00 09MAYO00 02MAYO00 09MAY00
Test Product 09MAY00 . . . .
Finish 10MAY00 10MAYO00 10MAYO00 10MAY00 10MAYO00
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Example 2.3. Auxiliary Resources and Alternate Resources

This example illustrates the use of Auxiliary resources. In the earlier examples, the
use of alternate resources enabled the allocation of either John or Chris to the pro-
gramming tasks. Now, suppose that each of the programmers has a different tester,
and whenever a particular programmer is scheduled for a given task, his tester also
needs to allocate some part of his or her time, say 50 percent, to the same task.
To model such a scenario, specifgsterl and Tester2 as auxiliary resources for
Chris and John, respectively. The Activity and Resource data sets are printed in
Output 2.3.1. Unlike the earlier examples, all the activities are of fixed-duration.

Output 2.3.1.  Auxiliary Resources: Input Data Sets

Software Development
Alternate and Auxiliary Resources
Activity Data Set

Obs  Activity dur act sl s2 progrmr chris john Testerl Tester2
1 Plans & Reqts 2 1 2 3 1

2 Product Design 3 2 4 5 1

3 Test Plan 3 3 6 7 .

4 Documentation 3 4 9 . 1

5 Code 10 5 8 . 1

6 Test Data 5 6 8

7 Test Routines 5 7 8 . .

8 Test Product 6 8 9 . 1

9 Finish 0 9

Software Development
Alternate and Auxiliary Resources
Resource Data Set

Obs per otype resid progrmr  Chris  John  Testerl  Tester2
1 altrate progrmr . 1 1 .
2 . auxres Chris . . . 0.5 .
3 . auxres John . . . . 0.5
4 11APRO0  reslevel . 1 1 1.0 1.0

The following statements invoke PROC CPM with the appropriate data sets and re-
source variables. The resulting schedule is printed in Output 2.3.2. Note the auxiliary
resources that have been included in the schedule corresponding to each primary re-
source: Testerl whenever Chris is used, and Tester2 whenever John is allocated:

proc cpm data=softaux out=sftaux rsched=rsftaux resin=resaux
date="11apr00’d interval=weekday resout=raux;

act act;

succ sl s2;

dur dur;

res progrmr Chris John Testerl Tester2 /
obstype=otype
period=per resid=resid
multalt rschedid=Activity;

id Activity;

run;
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Output 2.3.2.  Auxiliary Resources: Resource Schedule Data Set
Software Development: Alternate and Auxiliary Resources
Resource Schedule Data Set

Activity act RESOURCE DUR_TYPE dur _WORK_ R_RATE S_START
Plans & Reqts 1 2 . . 11APROO
Plans & Reqts 1 progrmr FIXED 2 1.0 .
Plans & Reqts 1 Testerl FIXED 2 0.5 11APROO
Plans & Reqts 1 chris FIXED 2 . 1.0 11APROO
Product Design 2 3 . . 13APR0O0
Product Design 2 progrmr FIXED 3 . 1.0 .
Product Design 2 Testerl FIXED 3 0.5 13APR0O0O
Product Design 2 chris FIXED 3 1.0 13APROO
Test Plan 3 3 . . 13APR0O0O
Documentation 4 3 . . 18APR0OO
Documentation 4 progrmr FIXED 3 1.0 .
Documentation 4 Tester2 FIXED 3 0.5 18APR0O0O
Documentation 4 john FIXED 3 . 1.0 18APR0O0
Code 5 10 . . 18APR0O0O
Code 5 progrmr FIXED 10 1.0 .
Code 5 Testerl FIXED 10 0.5 18APR0O0O
Code 5 chris FIXED 10 1.0 18APRO0
Test Data 6 5 18APR0O0O
Test Routines 7 5 . . 18APR0O0
Test Product 8 6 . . 02MAY00
Test Product 8 progrmr FIXED 6 1.0 .
Test Product 8 Testerl FIXED 6 0.5 02MAYO00
Test Product 8 chris FIXED 6 . 1.0 02MAY00
Finish 9 0 . . 10MAY00
Activity S_FINISH E_START E_FINISH L _START L_FINISH
Plans & Reqts 12APR0O0O 11APRO0O 12APR0O0O 11APRO0O 12APRO00
Plans & Reqts . 11APRO0O 12APRO0 11APRO0O 12APR0O0
Plans & Reqts 12APR0O0
Plans & Reqts 12APR0O0O . . . .
Product Design 17APRO0 13APR0O0O 17APR0O0O 13APRO00 17APRO0
Product Design . 13APR0O0O 17APRO0 13APRO0O 17APRO0O
Product Design 17APR0OO . . . .
Product Design 17APR0OO . . . .
Test Plan 17APRO0 13APRO0O 17APRO0O 20APR0O0 24APR0O0
Documentation 20APR00O 18APR0O0O 20APRO0O 05MAY00 09MAY00
Documentation . 18APR00 20APRO0O 05MAY00 09MAYO00
Documentation 20APRO0O
Documentation 20APRO0O . . . .
Code 01MAYO00 18APR0O0O 01MAYO00 18APR0O0O 01MAYO00
Code . 18APR0O0O 01MAYO00 18APR0O0O 01MAYO00
Code 01MAYO00
Code 01MAYO00 . . . .
Test Data 24APRO0O 18APR0OO 24APRO0O 25APR00 01MAYO00
Test Routines 24APR0O0O 18APR0O0O 24APR0O0O 25APR00 01MAYO00
Test Product 09MAYO00 02MAY00 09MAYO00 02MAY00 09MAYO00
Test Product . 02MAY00 09MAYO00 02MAY00 09MAYO00
Test Product 09MAYO00
Test Product 09MAY00 . . . .
Finish 10MAY00 10MAY00 10MAY00 10MAY00 10MAY00
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Chapter 3
The DTREE Procedure

Overview

Two new options have been added to the DTREE procedure. These options enable
you to specify whether or not to display the page number in the top right corner of
each page of a multipage decision tree diagram.

Syntax

PROC DTREE Statement

The following new options are available in the PROC DTREE statement. These op-
tions are valid only for graphics-quality decision tree diagrams and can also be spec-
ified in the TREEPLOT statement.

PAGENUM | NOPAGENUM

PAGENUMBER | NOPAGENUMBER
specifies whether the page numbers should be displayed in the top right corner of each
page of a multipage decision tree diagram. If the NOPAGENUM is not specified, the
pages are ordered from top to bottom, left to right.

The default is PAGENUM.
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Chapter 4
The GANTT Procedure

Overview

A new option to suppress the numbering of pages of a Gantt chart has been added to
the GANTT procedure.

Syntax

CHART Statement

NOPAGENUM
suppresses numbering the pages of a multipage Gantt chart. This is the default behav-
ior. To number the pages of a multipage Gantt chart on the upper right hand corner
of each page, use the PAGENUM option.
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Chapter 5
The INTPOINT Procedure

Overview

The INTPOINT procedure solves the Network Program with Side Constraints

(NPSC) problem (defined in the “Mathematical Description of NPSC” section on

page 64) and the more general Linear Programming (LP) problem (defined in the
“Mathematical Description of LP” section on page 66).

NPSC and LP models can be used to describe a wide variety of real-world appli-
cations ranging from production, inventory, and distribution problems to financial
applications.

Whether your problem is NPSC or LP, PROC INTPOINT uses the same optimization
algorithm, the Interior Point algorithm. This algorithm is outlined in the section “The
Interior Point Algorithm” on page 66.

While many of your problems may best be formulated as LP problems, there may be
other instances when your problems are better formulated as NPSC problems. The
“Network Models” section on page 74 describes typical models that have a network
component and suggests reasons why NPSC may be preferable to LP. The “Getting
Started: NPSC Problems” section on page 82 outlines how you supply data of any
NPCS problem to the PROC INTPOINT and call the procedure. After it reads the
NPSC data, PROC INTPOINT converts the problem into an equivalent LP problem,
performs Interior Point optimization, then converts the solution it finds back into a
form you can use as the optimum to the original NPSC model.

If your model is an LP problem, the way you supply the data to PROC INTPOINT
and run the procedure is described in the “Getting Started: LP Problems” section on
page 89.

The remainder of this chapter is organized as follows:

e The “Typical PROC INTPOINT Run” section on page 97 describes how to use
this procedure.

e The “Functional Summary” section on page 99 lists the statements and options
that can be used to control PROC INTPOINT.

e The “Syntax” section on page 102 describes all the statements and options of
PROC INTPOINT.

e The “Details” section on page 132 contains fuller explanations, descriptions,
and advice on the use and behavior of the procedure.

e PROC INTPOINT is demonstrated by solving several examples in the
“Examples” section on page 162.

e The “References” section on page 188 concludes the chapter.
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Mathematical Description of NPSC

A network consists of a collection of nodes joined by a collection of arcs. The arcs
connect nodes and convey flow of one or more commodities that are supplied at
supply nodes and demanded at demand nodes in the network. Each arc has a cost
per unit of flow, a flow capacity, and a lower flow bound associated with it. An
important concept in network modelingdenservation of flowConservation of flow

means that the total flow in arcs directed toward a node, plus the supply at the node,
minus the demand at the node, equals the total flow in arcs directed away from the
node.

Often all the details of a problem cannot be specified in a network model alone. In
many of these cases, these details can be represented by the addition of side con-
straints to the model. Side constraints are linear functions of arc variables (variables
containing flow through an arc) and nonarc variables (variables that are not part of the
network). The data for a side constraint consist of coefficients of arcs and coefficients
of nonarc variables, a constraint type (thatis=, or> ) and a right-hand-side value

(rhs). A nonarc variable has a name, an objective function coefficient analogous to an
arc cost, an upper bound analogous to an arc capacity, and a lower bound analogous
to an arc lower flow bound.

If a network component of NPSC is removed by merging arcs and nonarc variables
into a single set of variables, and if the flow conservation constraints and side con-
straints are merged into a single set of constraints, the result is an LP problem. PROC
INTPOINT will automatically transform an NPSC problem into an equivalent LP
problem, perform the optimization, then transform the problem back into its original
form. By doing this, PROC INTPOINT finds the flow through the network and the
values of any nonarc variables that minimize the total cost of the solution. Flow con-
servation is met, flow through each arc is on or between the arc’s lower flow bound
and capacity, the value of each nonarc variable is on or between the nonarc’s lower
and upper bounds, and the side constraints are satisfied.

Note that, since many LPs have large embedded networks, PROC INTPOINT is an
attractive alternative to the LP procedure in many cases. Rather than formulating all
problems as LPs, network models remain conceptually easy since they are based on
network diagrams that represent the problem pictorially. PROC INTPOINT accepts
the network specification in a format that is particularly suited to networks. This not
only simplifies problem description but also aids in the interpretation of the solution.
The conversion to and from the equivalent LP is done “behind the scenes” by the
procedure.

If a network programming problem with side constraints hasdesg arcs,g nonarc
variables, and: side constraints, then the formal statement of the problem solved by
PROC INTPOINT is

min{clz +d' 2}
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subject to Fr=0b
Hz+Qz>,=<r
[<x<u
m<z<w

where

c is thea x 1 objective function coefficient of the arc variables vector (the cost
vector)

x is thea x 1 arc variable value vector (the flow vector)
d is theg x 1 objective function coefficient of the nonarc variables vector
z is theg x 1 nonarc variable value vector

F' is then X a node-arc incidence matrix of the network, where

F;=-1 if arc j is directed from nodé
F;j=1 if arc j is directed toward node
Fi;=0 otherwise

b is then x 1 node supply/demand vector, where

b; =s if node: has supply capability of units of flow
b; = —d if nodes has demand of units of flow
b =0 if node: is a transshipment node

H is thek x a side constraint coefficient matrix for arc variables, whérg is the
coefficient of argj in thesth side constraint

Q is thek x g side constraint coefficient matrix for nonarc variables, wi@ye is
the coefficient of nonarg in thesth side constraint

r is thek x 1 side constraint right-hand-side vector
listhea x 1 arc lower flow bound vector

u is thea X 1 arc capacity vector

m is theg X 1 nonarc variable value lower bound vector
v is theg X 1 nonarc variable value upper bound vector

The INTPOINT procedure can also be used to solve an unconstrained network prob-
lem, that is, one in whiclf, ), d, r, andz do not exist.

The INTPOINT procedure can also be used to solve a network problem with side
constraints but no nonarc variables, in which c@se, andz do not exist.
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Mathematical Description of LP

PROC INTPOINT solves LP problems. These have a linear objective function and a
collection of linear constraints. PROC INTPOINT finds the values of variables that

minimize the total cost of the solution. The value of each variable is on or between
the variable’s lower and upper bounds, and the constraints are satisfied.

If an LP hasg variables and: constraints, then the formal statement of the problem
solved by PROC INTPOINT is

min{d’ z}
subject to Qz>=,<r

m<z<wv

where

d is theg x 1 objective function coefficient of the variables vector
z is theg x 1 variable value vector

Q is thek x g constraint coefficient matrix for the variables, whélg; is the coef-
ficient of variablej in theith constraint

r is thek x 1 side constraint right-hand-side vector
m is theg x 1 variable value lower bound vector

v is theg x 1 variable value upper bound vector

The Interior Point Algorithm

The Simplex algorithm, developed shortly after World War 1l, was for many years
the main method used to solve Linear Programming problems. Over the last fif-
teen years, however, the Interior Point algorithm has been developed. This algorithm
also solves Linear Programming problems. From the start it showed great theoretical
promise, and considerable research in the area resulted in practical implementations
that performed competitively with the Simplex algorithm. More recently, Interior
Point algorithms have evolved to become superior to the Simplex algorithm, in gen-
eral, especially when the problems are large.

There are many variations of Interior Point algorithms. PROC INTPOINT uses the
Primal-Dual with Predictor-Corrector algorithm. More information on this particular
algorithm and related theory can be found in the texts by Roos, Terlaky, and Vial
(1997), Wright (1996), and Ye (1996).

Interior Point Algorithmic Details

After preprocessing, the Linear Program to be solved is

min{c’z}
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subject to Ax=1b
z>0

This is theprimal problem. The matrices af, z, and() of NPSC have been renamed

¢, x, and A, respectively, as these symbols are by convention used more, the problem
to be solved is different from the original because of preprocessing, and there has
been a change of primal variable to transform the LP into one whose variables have
zero lower bounds. To simplify the algebra here, assume that variables have infinite
upper bounds, and constraints are equalities. (Interior Point algorithms do efficiently
handle finite upper bounds, and it is easy to introduce primal slack variables to change
inequalities into equalities.) The problem hasariables.: is a variable numbek is

an iteration number, and if used as a subscript or superscript it denotes “of iteration

There exists an equivalent problem, theal problem, stated as

mazx{b"y}
subject to ATy+s=c
s>0
where y are dual variables, andare dual constraint slacks

What the Interior Point has to do is to solve the system of equations to satisfy the
Karush-Kuhn-Tucker (KKT) conditions for optimality:

Az =b
ATy +s=c
XSe=0
x>0
s>0
where S = diag(s), (thatis,S; ; = s; if i = j, S; ; = 0 otherwise)
X = diag(z), and
e; = 1Vi
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These are the conditions for feasibility, with tb@mplementaritgondition X Se = 0
added.c”z = b"'y must occur at the optimum. Complementarity forces the optimal
objectives of the primal and dual to be equélz,,; = by, as

_ T _ T — T T —
0= LoptSopt = SoptLopt = (C - A yopt) Lopt =
T T _ T T
C Topt — yopt(Awopt) = C ZTopt — b Yopt

therefore 0 = clzop — b yopt

Before the optimum is reached, a solution y, s) may not satisfy the KKT condi-
tions:

e Primal constraints can be brokem,feas. = b — Az # 0.
e Dual constraints can be brokem,feas; = ¢ — ATy — s £ 0.

e Complementarity is unsatisfied;”s = ¢’z — bTy # 0. This is called the
duality gap

The Interior Point algorithm works by using Newton’s method to find a direction to
move (Az*, Ay¥, Ask) from the current solutioriz*, i, s*) toward a better solu-
tion:

(:Ek+1,yk+1,sk+1) — (:Bk,yk,sk) 4 a(Awk,Ayk,Ask)

« is thestep lengthand is assigned a value as large as possible and not so large that a
28 or s is “too close” to zero. The direction in which to move is found using

AAzF = infeas,
ATAyF + Ask = infeasqy
SEAzFE + XkAsk = — Xk Ske

To greatly improve performance, the third equation is changed to

SEALF + XFEAsk = —XESke + oy pupe
where pr = (2%)T's* /n, the average complementarity, and
0<o, <1

The effect now is to find a direction in which to move to reduce infeasibilities and
to reduce the complementarity toward zero, but if aﬁyf is too close to zero, it is
“nudged out” toy, and anyz¥s¥ that is larger tham is “nudged into”u. A oy, close

to or equal to 0.0 biases a direction toward the optimum, and a value, folose

to or equal to 1.0 “centers” the direction toward a point where all pairwise products
z¥s¥ = 1. Such points make up tt@entral Pathin the interior. Although centering
directions make little, if any, progress in reducingand moving the solution closer

to the optimum, substantial progress toward the optimum can usually be made in the
next iteration.
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The Central Path is crucial to why the Interior Point algorithm is so efficienty As

is decreased, this path “guides” the algorithm to the optimum through the interior of
feasible space. Without centering, the algorithm would find a series of solutions near
each other close to the boundary of feasible space. Step lengths along the direction
would be small and many more iterations would probably be required to reach the
optimum.

That in a nutshell is the Primal-Dual Interior Point algorithm. Varieties of the algo-
rithm differ in the waya ando;, are chosen and the direction adjusted during each
iteration. A wealth of information can be found in the texts by Roos, Terlaky, and
Vial (1997), Wright (1996), and Ye (1996).

The calculation of the direction is the most time-consuming step of the Interior Point
algorithm. Assume théth iteration is being performed, so the subscript and super-
scriptk can be dropped from the algebra:

AAzx = infeas.
AT Ay + As = infeasqy
SAz + XAs =—-XSe+oue

Rearranging the second equation
As =infeasq — AT Ay
Rearranging the third equation

As =X Y~SAz — XSe + oue)
As = —OAzx — Se+ X toue
where 0=98x""1

Equating these two expressions fag and rearranging

—OAzr — Se+ X tope = infeasq — AT Ay
—OAz = Se — X lope +infeasq — AT Ay
Az =07 (=Se+ X tope — infeasq + AT Ay)
Az =p+071AT Ay

where p=0"Y-Se+ X"loue —infeasy)

Substituting into the first direction equation

AAz = infeas.

A(p+ O TATAy) = infeas,
AO'AT Ay = infeas. — Ap

Ay = (A0t AT)"Y(infeas. — Ap)
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0, p, Ay, Az, andAs are calculated in that order. The hardest term is the factoriza-
tion of the (A0~ AT) matrix to determine\y. Fortunately, although thealuesof
(A0~ AT) are different for each iteration, thecationsof the nonzeros in this ma-
trix remain fixed; the nonzero locations are the same as those in the 1fvttix).

This is becaus® ! = XS~ ! is a diagonal matrix that has the effect of merely
scaling the columns of4A™).

The fact that the nonzeros O~ AT have a constant pattern is exploited by all In-
terior Point algorithms and is a major reason for their excellent performance. Before
iterations beginAA” is examined and its rows and columns are symmetrically per-
mutated so that during Cholesky factorization, the numbéHios created is smaller.

A list of arithmetic operations to perform the factorization is saved in concise com-
puter data structures (working with memory locations rather than actual numerical
values). This is calledymbolic factorization During iterations, when memory has
been initialized with numerical values, the operations list is performed sequentially.
Determining how the factorization should be performed again and again is unneces-

sary.

The Primal-Dual Predictor-Corrector Interior Point Algorithm

The variant of the Interior Point algorithm implemented in PROC INTPOINT is a
Primal-Dual Predictor-Corrector Interior Point algorithm. At first, Newton's method
is used to find a directiofAz} ., Ayl ,, Ask, ) to move, but calculated as ifis
zero, that is, as a step with no centering, known aafeine step:

AAwl;ff =infeas,
ATAygff + As/;ff =1infeasy
SFAzl + XFAsE . = —XFSFe

(xléffaygffa Sfo) = (xk,ylc’ Sk) + a(A$§ffa Aygffa ASfo)

« is thestep lengthas before.

Complementarity:” s is calculated atz}, ;, 4%, ;, sk . ;) and compared with the com-
plementarity at the starting poirit:*, y/*, s¥), and the success of the affine step is
gauged. If the affine step was successful in reducing the complementarity by a sub-
stantial amount, the need for centering is not great, gnah the following linear
system is assigned a value close to zero. If, however, the affine step was unsuccess-
ful, centering would be beneficial, ang in the following linear system is assigned a
value closer to 1.0. The value of. is therefore adaptively altered depending on the
progress made toward the optimum.

A second linear system is solved to determine a centering veatof, Ay*, Ask)
from (wl;ff,yfff, s’gff):

AAzF =0
ATAyF + Ast =0

SkAzE 4 XFAsE = —Xfffoffe + ok ke
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then

(A:Ek, Ayka Ask) = (Axl;ffa Ay;gffﬂ ASl;ff) + (Axlcc’ Ayfa Aslcc)
(2541, g4, s = 2k, b) + oAk, Ayk, Ash)

where, as beforey is thestep lengthassigned a value as large as possible but not so

large that a:* ' or s¥*! is “too close” to zero.

Although the Predictor-Corrector variant entails solving two linear systems instead
of one, fewer iterations are usually required to reach the optimum. The additional
overhead of calculating the second linear system is small, as the factorization of the
(A0~ AT) matrix has already been performed to solve the first linear system.

Interior Point: Upper Bounds
If the LP had upper bound$ K z < u whereuw is the upper bound vector), then the
primal and dual problems, the duality gap, and the KKT conditions would have to be
expanded.

The primal Linear Program to be solved is
min{c’z}

subject to Ax=1b
0<x<u

0 <z <wissplitintox > 0 andz < u. Letz be primal slack so that+ z = u, and
associate dual variableswith these constraints. The Interior Point solves the system
of equations to satisfy the Karush-Kuhn-Tucker (KKT) conditions for optimality:

Ax=1b
r+z=u
ATy4+s—w=c
XSe=0
ZWe =10

z,s,z,w >0

These are the conditions for feasibility, with tbemplementaritgonditionsX Se =

0 andZWe = 0 added.c”z = b"'y — u”w must occur at the optimum. Comple-
mentarity forces the optimal objectives of the primal and dual to be eglia),; =
bTyopt - uTwopt1 as
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0= zg;,twopt = (u— wopt)Twopt = uTwopt — xg;twopt

_ .7 _ T _ T T _
0= LoptSopt = SoptLopt = (C - A Yopt + wopt) Lopt =
T T T _ T T T
C Zopt — Yopt (Axopt) + wopt) Lopt = C Topt — b Yopt + U” Wopt

therefore 0 = clzopr — b yopt + ul wopt

Before the optimum is reached, a solutign y, s, z, w) might not satisfy the KKT
conditions:

e Primal bound constraints can be brokénfeas, = v — x — z # 0.
e Primal constraints can be brokem,feas. = b — Az # 0.

e Dual constraints can be brokem,feas; = ¢ — ATy — s 4+ w # 0.
e Complementarity conditions are unsatisfieds # 0 andz"w # 0.

The calculations of the Interior point algorithm can easily be derived in a fashion
similar to calculations for when an LP has no upper bounds. See the paper by Lustig,
Marsten, and Shanno (1992).

In some iteratiork, theaffinestep system that must be solved is:

Axapr+ Azqpp = infeasy

AAz,pp =infeas.

ATAyaff + Asqpp — Awgpp = infeasq
SAz,rp+ XAsqpr = —XSe

ZAwapr +WAzgpp = —ZWe

Therefore, the computations involved in solving the affine step are:

O=5SXx'1+wz!

p=0"(infeasq+ (S —W)e — Z"'Winfeasy)
Ayarr = (AOTTAT) " Y(infeas. + Ap)

Azgpp = G)_IATAyaff —p

Azgpp = infeasy — Azqpys

Awgpp=-We — Z*IWAzaff

Asqpp = —Se — X*ISAchaff

(TafssYaffsSaffsZaff>Warf) = (T,Y, 8,2, w)+
A(AZaff, AYasfs Asaffs Azaf s, Atwagy)

« is thestep lengthas before.
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A second linear system is solved to determine a centering vedar;, Ay., As¢, Az, Aw,)
from (zays, Yarss Saffs Zafss Wass):

Az, + Az, =0

AAz,. =0

AT Ay, + As, — Aw, =0

SAz.+ XAse = —XqprSafre +ope
ZAwe +WAze = —ZupfWaspe + ope

where Cotare = 2! s + 27w, complementarity at the start of the iteration
Caff = ThspSaff + Zar;way £, the affine complementarity
p = Cqrf/2n, the average complementarity
0= (Caff/Cstart)3

Therefore, the computations involved in solving the centering step are:

p=0"You(X'=Z Ne—= X" XosSurret+Z 7 Zos Wy re)
Ay, = (4071 4T) 1 4

Az, =0 TAT Ay, —p

Az, = —Azx,

Awe=opZ te — Z 1 ZypWosre — Z7 " WyppAz,
Asc=opX Ye— X 'X,11Sapre — X 18,11 A,

Then

(Az, Ay, As, Az, Aw) =
(Azqpps AYapps Asapfs Azapp, Awapr)+
(A$ca Aym ASCa AZCa ch)

k+1 , k+1 k+1 k41 k+1
($+7y+78+7z+7w+)

($k7 yk7 8k7 Zk’ wk)+
a(Ax, Ay, As, Az, Aw)

where, as beforey is thestep lengthassigned a value as large as possible but not so
large that a:® ™, s¥, 251 orwf* is “too close” to zero.

) ) ’

The algebra in this section has been simplified by assumingathagriables have
finite upper bounds. If the number of variables with finite upper bounds n, you

need to change the algebra to reflect that the “z” and “w” arrays has dimemgian

or n,xn,. Other computations need slight modification. For example, the average
complementarity
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= TappSaff/m+ ZagpWags /M

An important point is that any upper bounds can be handled by specializing the al-
gorithm andnot by generating the constrainis < « and adding these to the main
primal constraintsAz = b.

Network Models

The following are descriptions of some typical NPSC models.

Production, Inventory, and Distribution (Supply Chain) Problems
One common class of network model is the production-inventory-distribution or
supply-chain problem. The diagram in Figure 5.1 illustrates this problem. The sub-
script on theProduction, Inventory, andSales nodes indicates the time period. By
replicating sections of the model, the notion of time can be included.

Production Production Production
i-1 i i+1
Y SR ﬁ
Inventory 1 Inventory Inventory 1
i- i i+
on hand <1 at end

Sales Sales Sales
i-1 i i+1

Figure 5.1.  Production-Inventory-Distribution Problem

In this type of model, the nodes can represent a wide variety of facilities. Several
examples are suppliers, spot markets, importers, farmers, manufacturers, factories,
parts of a plant, production lines, waste disposal facilities, workstations, warehouses,
coolstores, depots, wholesalers, export markets, ports, rail junctions, airports, road
intersections, cities, regions, shops, customers, and consumers. The diversity of this
selection demonstrates how rich the potential applications of this model are.

Depending upon the interpretation of the nodes, the objectives of the modeling exer-
cise can vary widely. Some common types of objectives are
¢ to reduce collection or purchase costs of raw materials

e to reduce inventory holding or backorder costs. Warehouses and other storage
facilities sometimes have capacities, and there can be limits on the amount of
goods that can be placed on backorder.

e to decide where facilities should be located and what the capacity of these
should be. Network models have been used to help decide where factories,
hospitals, ambulance and fire stations, oil and water wells, and schools should
be sited.
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e to determine the assignment of resources (machines, production capability,
workforce) to tasks, schedules, classes, or files

e to determine the optimal distribution of goods or services. This usually means
minimizing transportation costs and reducing transit time or distances covered.

e to find the shortest path from one location to another

e to ensure that demands (for example, production requirements, market de-
mands, contractual obligations) are met

e to maximize profits from the sale of products or the charge for services
e to maximize production by identifying bottlenecks

Some specific applications are

e car distribution models. These help determine which models and numbers of
cars should be manufactured in which factories and where to distribute cars
from these factories to zones in the United States in order to meet customer
demand at least cost.

e models in the timber industry. These help determine when to plant and mill
forests, schedule production of pulp, paper, and wood products, and distribute
products for sale or export.

e military applications. The nodes can be theaters, bases, ammunition dumps,
logistical suppliers, or radar installations. Some models are used to find the
best ways to mobilize personnel and supplies and to evacuate the wounded in
the least amount of time.

e communications applications. The nodes can be telephone exchanges, trans-
mission lines, satellite links, and consumers. In a model of an electrical grid,
the nodes can be transformers, powerstations, watersheds, reservoirs, dams,
and consumers. The effect of high loads or outages might be of concern.

Proportional Constraints
In many models, you have the characteristic that a flow through an arc must be pro-
portional to the flow through another arc. Side constraints are often necessary to
model that situation. Such constraints are calpegportional constraintsand are
useful in models where production is subject to refining or modification into different
materials. The amount of each output, or any waste, evaporation, or reduction can be
specified as a proportion of input.

Typically, the arcs near the supply nodes carry raw materials and the arcs near the
demand nodes carry refined products. For example, in a model of the milling industry,

the flow through some arcs may represent quantities of wheat. After the wheat is

processed, the flow through other arcs might be flour. For others it might be bran. The
side constraints model the relationship between the amount of flour or bran produced
as a proportion of the amount of wheat milled. Some of the wheat can end up as
neither flour, bran, nor any useful product, so this waste is drained away via arcs to a
waste node.
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0.3

1.0

Figure 5.2.  Proportional Constraints

In order for arcs to be specified in side constraints, they must be named. By default,
PROC INTPOINT names arcs using the names of the nodes at the head and tail of
the arc. An arc is named with its tail node name followed by ahftllowed by the

name of its head node name. For example, an arc from fnoaeo nodeto is called
from_to.

Consider the network fragment in Figure 5.2. The\Aiteeat_Mill conveys the wheat
milled. The cost of flow on this arc is the milling cost. The capacity of this arc is the
capacity of the mill. The lower flow bound on this arc is the minimum quantity that
must be milled for the mill to operate economically. The constraints

0.3Wheat_Mill - Mill_Flour = 0.0
0.2Wheat_Mill - Mill_Bran =0.0

force every unit of wheat that is milled to produce 0.3 units of flour and 0.2 units of
bran. Note that it is not necessary to specify the constraint

0.5Wheat_Mill - Mill_Other = 0.0

since flow conservation implies that any flow that does not traverse through

Mill_Flour or Mill_Bran must be conveyed throug¥ill_Other. And, computation-

ally, it is better if this constraint is not specified, since there is one less side constraint
and fewer problems with numerical precision. Notice that the sum of the proportions

must equal 1.0 exactly; otherwise, flow conservation is violated.
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Blending Constraints
Blending or quality constraints can also influence the recipes or proportions of in-
gredients that are mixed. For example, different raw materials can have different
properties. In an application of the oil industry, the amount of products that are ob-
tained could be different for each type of crude oil. Furthermore, fuel might have a
minimum octane requirement or limited sulphur or lead content, so that a blending of
crudes is needed to produce the product.

The network fragment in Figure 5.3 shows an example of this.

5 units/
litre

4.75 units/ :
litre

4 units/
litre

Figure 5.3.  Blending Constraints

The arcsMidEast_Port and USA_Port convey crude oil from the two sources.
The arcPort_Refinery represents refining while the arBefinery_Gasolene and
Refinery_Diesel carry the gas and diesel produced. The proportional constraints

0.4 Port_Refinery - Refinery_Gasolene = 0.0
0.2Port_Refinery - Refinery_Diesel = 0.0

capture the restrictions for producing gasolene and diesel from crude. Suppose that
only crude from the Middle East is used, then the resulting diesel would contain 5
units of sulphur per litre. If only crude from the U.S.A. is used, the resulting diesel
would contain 4 units of sulphur per litre. Diesel can have at most 4.75 units of
sulphur per litre. Some crude from the U.S.A. must be used if Middle East crude is
used in order to meet the 4.75 sulphur per litre limit. The side constraint to model
this requirement is

5 MidEast_Port + 4 USA_Port - 4.75Port_Refinery < 0.0

SincePort_Refinery = MidEast_Port + USA_Port, flow conservation allows this
constraint to be simplified to

1 MidEast_Port - 3USA_Port < 0.0

If, for example, 120 units of crude from the Middle East is used, then at least 40
units of crude from the U.S.A. must be used. The preceding constraint is simplified
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because you assume that the sulphur concentration of diesel is proportional to the
sulphur concentration of the crude mix. If this is not the case, the relation

0.2Port_Refinery = Refinery_Diesel
is used to obtain

5 MidEast_Port + 4 USA_Port - 4.75 ( 1.0/0.Refinery_Diesel ) < 0.0
which equals
5 MidEast_Port + 4 USA_Port - 23.75Refinery_Diesel < 0.0

An example similar to this oil industry problem is solved in the “Introductory NPSC
Example” section on page 83.

Multicommodity Problems

Side constraints are also used in models in which there are capacities on transporta-
tion or some other shared resource, or there are limits on overall production or de-
mand in multicommodity, multidivisional, or multiperiod problems. Each commod-
ity, division, or period can have a separate network coupled to one main system by the
side constraints. Side constraints are used to combine the outputs of subdivisions of
a problem (either commodities, outputs in distinct time periods, or different process
streams) to meet overall demands or to limit overall production or expenditures. This
method is more desirable than doing sepal@tal optimizations for individual com-
modity, process, or time networks and then trying to establish relationships between
each when determining an overall policy if tgbal constraint is not satisfied. Of
course, to make models more realistic, side constraints may be necessary in the local

problems. :
Citylcoml

Factorycoml

City2coml
Citylcom2

Commodity 1

Factorycom?

Commodity 2

City2com2

Figure 5.4.  Multicommodity Problem
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Figure 5.4 shows two network fragments. They represent identical production and
distribution sites but of two different commodities. Suffiemlrepresents commod-

ity 1 and suffixcom2represents commodity 2. The nodes Factorycoml and Fac-
torycom2 model the same factory, and nodes Citylcoml and Citylcom2 model the
same location, cityl. Similarly, City2coml1 and City2com2 are the same location,
city2. Suppose that commodity 1 occupies 2 cubic meters, commodity 2 occupies 3
cubic meters, the truck dispatched to cityl has a capacity of 200 cubic meters, and
the truck dispatched to city2 has a capacity of 250 cubic meters. How much of each
commodity can be loaded onto each truck? The side constraints for this case are

2 Factorycoml1_Citylcoml + 3 Factorycom2_Citylcom2 < 200
2 Factorycom1_City2com1l + 3 Factorycom?2_City2com2 < 250

Large Modeling Strategy
In many cases, the flow through an arc might actually represent the flow or movement
of a commodity from place to place or from time period to time period. However,
sometimes an arc is included in the network as a method of capturing some aspect of
the problem that you would not normally think of as part of a network model. There
is no commodity movement associated with that arc. For example, in a multiprocess,
multiproduct model (Figure 5.5), there might be subnetworks for each process and
each product. The subnetworks can be joined together by a set of arcs that have flows
that represent the amount of prodycproduced by process To model an upper-
limit constraint on the total amount of produtthat can be produced, direct all arcs
carrying producy to a single node and from there through a single arc. The capacity
of this arc is the upper limit of produgt production. It is preferable to model this
structure in the network rather than to include it in the side constraints because the
efficiency of the optimizer may be less affected by a reasonable increase in the size
of the network rather than increasing the number or complicating side constraints.

Process 1 subnetwork Product 1 subnetwork

\/\ Capacity o% Capacity is upper limit of {E
/\J Process 1 Product 1 production
Process 2 subnetwork Product 2 subnetwork

\§ Capacity of C/ 7

20 Capacity is upper limit of O ~
Process 2 S / Product 2 production N

Figure 5.5. Multiprocess, Multiproduct Example
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When starting a project, it is often a good strategy to use a small network formulation
and then to use that model as a framework upon which to add detail. For example,
in the multiprocess multiproduct model, you might start with the network depicted in
Figure 5.5. Then, for example, the process subnetwork can be enhanced to include
the distribution of products. Other phases of the operation could be included by
adding more subnetworks. Initially, these subnetworks can be single nodes, but in
subsequent studies they can be expanded to include greater detail.

Advantages of Network Models over LP Models
Many linear programming problems have large embedded network structures. Such
problems often result when modeling manufacturing processes, transportation or dis-
tribution networks, or resource allocation, or when deciding where to locate facilities.
Often, some commodity is to be moved from place to place, so the more natural for-
mulation in many applications is that of a constrained network rather than a linear
program.

Using a network diagram to visualize a problem makes it possible to capture the
important relationships in an easily understood picture form. The network diagram
aids the communication between model builder and model user, making it easier to
comprehend how the model is structured, how it can be changed, and how results can
be interpreted.

If a network structure is embedded in a linear program, the problem is an NPSC (see
the “Mathematical Description of NPSC” section on page 64). When the network
part of the problem is large compared to the nonnetwork part, especially if the number
of side constraints is small, it is worthwhile to exploit this structure to describe the
model. Rather than generating the data for the flow conservation constraints, generate
instead the data for the nodes and arcs of the network.

Flow Conservation Constraints
The constraintd’z = b in NPSC (see the “Mathematical Description of NPSC” sec-
tion on page 64) are referred to as the nodal flow conservation constraints. These
constraints algebraically state that the sum of the flow through arcs directed toward
a node plus that node’s supply, if any, equals the sum of the flow through arcs di-
rected away from that node plus that node’s demand, if any. The flow conservation
constraints are implicit in the network model and should not be specified explicitly in
side constraint data when using PROC INTPOINT to solve NPSC problems.

Nonarc Variables

Nonarc variables can be used to simplify side constraints. For example, if a sum of
flows appears in many constraints, it may be worthwhile to equate this expression
with a nonarc variable and use this in the other constraints. This keeps the constraint
coefficient matrix sparse. By assigning a nonarc variable a nonzero objective func-
tion, it is then possible to incur a cost for using resources above some lowest feasible
limit. Similarly, a profit (a negative objective function coefficient value) can be made

if all available resources are not used.

In some models, nhonarc variables are used in constraints to absorb excess resources or
supply needed resources. Then, either the excess resource can be used or the needed
resource can be supplied to another component of the model.
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For example, consider a multicommodity problem of making television sets that have
either 19- or 25-inch screens. In their manufacture, three and four chips, respectively,
are used. Production occurs at two factories during March and April. The supplier of
chips can supply only 2,600 chips to factoryl and 3,750 chips to factory2 each month.
The names of arcs are in the fofPnodn_s_m, wheren is the factory numbesis the
screen size, anahis the month. For exampl®rod1_25_Apr is the arc that conveys

the number of 25-inch TVs produced in factory 1 during April. You might have to
determine similar systematic naming schemes for your application.

As described, the constraints are

3 Prod1_19_Mar + 4 Prod1_25_Mar < 2600
3 Prod2_19_Mar + 4 Prod2_25_Mar < 3750
3 Prod1_19_Apr+ 4Prod1_25_Apr < 2600
3 Prod2_19_Apr + 4 Prod2_25_Apr < 3750

If there are chips that could be obtained for use in March but not used for production
in March, why not keep these unused chips until April? Furthermore, if the March
excess chips at factory 1 could be used either at factory 1 or factory 2 in April, the
model becomes

3Prod1_19_Mar + 4 Prod1_25_Mar + F1_Unused_Mar = 2600
3 Prod2_19_Mar + 4 Prod2_25_Mar + F2_Unused_Mar = 3750
3 Prod1_19_Apr + 4 Prod1_25_Apr - F1_Kept_Since_Mar = 2600
3 Prod2_19_Apr + 4 Prod2_25_Apr - F2_Kept_Since_Mar = 3750
F1_Unused_Mar + F2_Unused_Mar (continued)

- F1_Kept_Since_Mar - F2_Kept_Since_Mar > 0.0

where F1_Kept_Since_Mar is the number of chips used during April at
factoryl that were obtained in March at either factoryl or factory2, and
F2_Kept_Since_Mar is the number of chips used during April at factory2 that
were obtained in March. The last constraint ensures that the number of chips used
during April that were obtained in March does not exceed the number of chips
not used in March. There may be a cost to hold chips in inventory. This can be
modeled having a positive objective function coefficient for the nonarc variables
F1_Kept_Since_Mar and F2_Kept_Since_Mar. Moreover, nonarc variable
upper bounds represent an upper limit on the number of chips that can be held in
inventory between March and April.

See Example 5.1 through Example 5.5, which use this TV problem. The use of nonarc
variables as described previously is illustrated.
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Introduction

Getting Started: NPSC Problems

To solve NPSC problems using PROC INTPOINT, you save a representation of the
network and the side constraints in three SAS data sets. These data sets are then
passed to PROC INTPOINT for solution. There are various forms that a problem’s
data can take. You can use any one or a combination of several of these forms.

The NODEDATA= data set contains the names of the supply and demand nodes and
the supply or demand associated with each. These are the elements in the column
vectorb in the NPSC problem (see the “Mathematical Description of NPSC” section
on page 64).

The ARCDATA= data set contains information about the variables of the problem.
Usually these are arcs, but there can be data related to nonarc variables in the ARC-
DATA= data set as well.

An arc is identified by the names of its tail node (where it originates) and head node
(where it is directed). Each observation can be used to identify an arc in the network
and, optionally, the cost per flow unit across the arc, the arc’s capacity, lower flow
bound, and name. These data are associated with the niaemd the vectors, [,

andw in the NPSC problem (see the “Mathematical Description of NPSC” section on
page 64).

Note: althoughF is a node-arc incidence matrix, it is specified in the ARCDATA=
data set by arc definitions. Do not explicitly specify these flow conservation con-
straints as constraints of the problem.

In addition, the ARCDATA= data set can be used to specify information about nonarc
variables, including objective function coefficients, lower and upper value bounds,
and names. These data are the elements of the vettons andv in the NPSC
problem (see the “Mathematical Description of NPSC” section on page 64). Data for
an arc or nonarc variable can be given in more than one observation.

Supply and demand data also can be specified in the ARCDATA= data set. In such a
case, the NODEDATA= data set may not be needed.

The CONDATA= data set describes the side constraints and their right-hand-sides.
These data are elements of the matriteand( and the vector. Constraint types

are also specified in the CONDATA= data set. You can include in this data set up-
per bound values or capacities, lower flow or value bounds, and costs or objective
function coefficients. It is possible to give all information about some or all nonarc
variables in the CONDATA= data set.

An arc is identified in this data set by its name. If you specify an arc’s name in the
ARCDATA= data set, then this hame is used to associate data in the CONDATA=
data set with that arc. Each arc also has a default name that is the name of the tail and
head node of the arc concatenated together and separated by an underscore character;
tail_head, for example.
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If you use the dense side constraint input format (described in the “CONDATA= Data
Set” section on page 133), and want to use these default arc names, these arc names
are names of SAS variables in the VAR list of the CONDATA= data set.

If you use the sparse side constraint input format (see the “CONDATA= Data Set”
section on page 133) and want to use these default arc names, these arc names are
values of the COLUMN list variable of the CONDATA= data set.

PROC INTPOINT reads the data from the NODEDATA= data set, the ARCDATA=
data set, and the CONDATA= data set. Error checking is performed, and the model is
converted into an equivalent LP. This LP is preprocessed. Preprocessing is optional
but highly recommended. Preprocessing analyses the model and tries to determine
before optimization whether variables can be “fixed” to their optimal values. Know-

ing that, the model can be modified and these variables dropped out. It can be de-
termined that some constraints are redundant. Sometimes, preprocessing succeeds in
reducing the size of the problem, thereby making the subsequent optimization easier
and faster.

The optimal solution to the equivalent LP is then found. This LP is converted back to
the original NPSC problem, and the optimum for this is derived from the optimum of
the equivalent LP. If the problem was preprocessed, the model is now post-processed,
where fixed variables are reintroduced. The solution can be saved in the CONOUT=
data set.

Introductory NPSC Example
Consider the following transshipment problem for an oil company. Crude olil is
shipped to refineries where it is processed into gasoline and diesel fuel. The gaso-
line and diesel fuel are then distributed to service stations. At each stage, there are
shipping, processing, and distribution costs. Also, there are lower flow bounds and
capacities.

In addition, there are two sets of side constraints. The first set is that two times the
crude from the Middle East cannot exceed the throughput of a refinery plus 15 units.
(The words “plus 15 units” that finishes the last sentence is used to enable some side
constraints in this example to have a nonzero rhs.) The second set of constraints are
necessary to model the situation that one unit of crude mix processed at a refinery
yields three-fourths of a unit of gasoline and one-fourth of a unit of diesel fuel.

Because there are two products that are not independent in the way in which they flow
through the network, an NPSC is an appropriate model for this example (see Figure
5.6). The side constraints are used to model the limitations on the amount of Middle
Eastern crude that can be processed by each refinery and the conversion proportions
of crude to gasoline and diesel fuel.
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middle refineryl
east

Figure 5.6.  Oil Industry Example

To solve this problem with PROC INTPOINT, save a representation of the model in
three SAS data sets. In the NODEDATA= data set, you name the supply and demand
nodes and give the associated supplies and demands. To distinguish demand nodes
from supply nodes, specify demands as negative quantities. For the oil example, the
NODEDATA= data set can be saved as follows:

titte ’Oil Industry Example’;
title3 'Setting Up Nodedata = Noded For PROC INTPOINT;

data noded;
input _node_&$15. _sd_;
datalines;
middle east 100
u.s.a. 80
servstnl gas -95
servstnl diesel -30
servstn2 gas -40

servstn2 diesel -15

The ARCDATA= data set contains the rest of the information about the network.
Each observation in the data set identifies an arc in the network and gives the cost per
flow unit across the arc, the capacities of the arc, the lower bound on flow across the
arc, and the name of the arc.
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title3 'Setting Up Arcdata = Arcdl For PROC INTPOINT;

data arcdl;

input _from_&$11. to &$15. cost _capac_ lo_ _name_ $;

datalines;
middle east refinery 1 63 95 20 m_e_refl
middle east refinery 2 81 80 10 m_e_ref2
u.s.a. refinery 1 55
u.s.a. refinery 2 49 . : .
refinery 1 ri 200 175 50 thruputl
refinery 2 r2 220 100 35 thruput2
rl refl gas . 140 : rl_gas
rl refl diesel . 75 . .
r2 ref2 gas . 100 : r2_gas
r2 ref2 diesel . 75 .
refl gas servstnl gas 15 70
refl gas servstn2 gas 22 60
refl diesel servstnl diesel 18
refl diesel servstn2 diesel 17 : . .
ref2 gas servstnl gas 17 35 5
ref2 gas servstn2 gas 31
ref2 diesel servstnl diesel 36

ref2 diesel servstn2 diesel 23

Finally, the CONDATA= data set contains the side constraints for the model:

title3 'Setting Up Condata = Condl For PROC INTPOINT;
data condi,;

input m_e_refl m_e_ref2 thruputl rl_gas thruput2 r2_gas

_type_ $ _rhs_;

datalines;
2 . 1. ..>=-15
.2 .. 1.GE -15

.-34 .. EQ 0

.. 34 = 0

Note that the SAS variable names in the CONDATA= data set are the names of arcs
given in the ARCDATA= data set. These are the arcs that have nonzero constraint
coefficients in side constraints. For example, the proportionality constraint that spec-
ifies that one unit of crude at each refinery yields three-fourths of a unit of gasoline
and one-fourth of a unit of diesel fuel is given fafinery 1 in the third observa-

tion and forrefinery 2 in the last observation. The third observation requires that
each unit of flow on the arthruputl equals three-fourths of a unit of flow on the
arcrl_gas. Because all crude processedeinery 1 flows throughthruputl and

all gasoline produced aefinery 1 flows throughrl_gas, the constraint models the
situation. It proceeds similarly foefinery 2 in the last observation.
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To find the minimum cost flow through the network that satisfies the supplies, de-
mands, and side constraints, invoke PROC INTPOINT as follows:

proc intpoint
bytes=1000000

nodedata=noded /* the supply and demand data */
arcdata=arcdl [* the arc descriptions */
condata=condl1 /* the side constraints */
conout=solution; /* the solution data set */

run;

The following messages, that appear on the SAS log, summarize the model as read
by PROC INTPOINT and note the progress toward a solution:

NOTE: Number of nodes= 14 .

NOTE: Number of supply nodes= 2 .

NOTE: Number of demand nodes= 4 .

NOTE: Total supply= 180 , total demand= 180 .

NOTE: Number of arcs= 18 .

NOTE: Number of <= side constraints= 0 .

NOTE: Number of == side constraints= 2 .

NOTE: Number of >= side constraints= 2 .

NOTE: Number of side constraint coefficients= 8 .

NOTE: The following messages relate to the equivalent
Linear Program solved by the Interior Point algorithm.

NOTE: Number of <= constraints= 0 .

NOTE: Number of == constraints= 16 .

NOTE: Number of >= constraints= 2 .

NOTE: Number of constraint coefficients= 44 .

NOTE: Number of variables= 18 .

NOTE: After preprocessing, number of <= constraints= 0.

NOTE: After preprocessing, number of == constraints= 6.

NOTE: After preprocessing, number of >= constraints= 2.

NOTE: The preprocessor eliminated 10 constraints from the
problem.

NOTE: The preprocessor eliminated 22 constraint
coefficients from the problem.

NOTE: After preprocessing, number of variables= 8.

NOTE: The preprocessor eliminated 10 variables from the
problem.

NOTE: 2 columns, 0 rows and 2 coefficients were added to
the problem to handle unrestricted variables,
variables that are split, and constraint slack or
surplus variables.

NOTE: There are 18 nonzero elements in A * A transpose.

NOTE: Of the 8 rows and columns, 2 are sparse.

NOTE: There are 8 nonzero superdiagonal elements in the
sparse rows of the factored A * A transpose. This
includes fill-in.

NOTE: There are 3 operations of the form
uli,jl=uli,jl-ul[a,jl*ulq,il/u[g,q] to factorize the
sparse rows of A * A transpose.

NOTE: Bound feasibility attained by iteration 1.
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NOTE: Dual feasibility attained by iteration 1.

NOTE: Constraint feasibility attained by iteration 2.

NOTE: Primal-Dual Predictor-Corrector Interior point
algorithm performed 12 iterations.

NOTE: The rate of complementarity reduction is slow. The
optimum has probably been reached even though
standard stopping conditions have not been met.

NOTE: Objective = 50875.006369.

NOTE: The data set WORK.SOLUTION has 18 observations and
14 variables.

NOTE: There were 18 observations read from the data set
WORK.ARCDL1.

NOTE: There were 6 observations read from the data set
WORK.NODED.

NOTE: There were 4 observations read from the data set
WORK.COND1.

NOTE: The data set WORK.SOLUTION has 18 observations and
14 variables.

The first set of messages shows the size of the problem. The next set of messages
provides statistics on the size of the equivalent LP problem. The number of variables
may not equal the number of arcs if the problem has nonarc variables. This example
has none. To convert a network to the equivalent LP problem, a flow conservation
constraint must be created for each node (including an excess or bypass node, if
required). This explains why the number of equality constraints and the number of
constraint coefficients differ from the number of equality side constraints and the
number of coefficients in all side constraints.

If the preprocessor was successful in decreasing the problem size, some messages
will report how well it did. In this example, the model size was cut approximately in
half!

The next set of messages describes aspects of the Interior Point algorithm. Of partic-
ular interest are those concerned with the Cholesky factorizatiohddf whereA is

the coefficient matrix of the final LP. It is crucial to preorder the rows and columns
of this matrix to preventill-in and reduce the number of row operations to undertake
the factorization. See the “Interior Point Algorithmic Details” section on page 66 for

a more extensive explanation.

Unlike PROC LP, which displays the solution and other information as output, PROC
INTPOINT saves the optimum in the output SAS data set that you specify. For this
example, the solution is saved in the SOLUTION data set. It can be displayed with
the PRINT procedure as:

title3 'Optimum’;
proc print data=solution;
var from_ to _cost _capac_ _lo_ _name_
_supply_ _demand_ _flow_ _fcost_;
sum _fcost_;
run;
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Optimum
- S D _
_ _ [ _ ] E _ F
f c a n P M F C
r _ o) p _ a P A L O
O o t s a | m L N o S
b m o} t c o e Y D w T
S _ _ R — - - — —
1 refinery 1 rl 200 175 50 thruputl . 145.000 28999.99
2 refinery 2 r2 220 100 35 thruput2 35.000 7700.01
3rl refl diesel 0 75 0 36.250 0.00
4 rl refl gas 0 140 O rl_gas . 108.750 0.00
5r2 ref2 diesel 0 75 0 8.750 0.00
6 r2 ref2 gas 0 100 0O r2_gas . 26.250 0.00
7 middle east refinery 1 63 95 20 m_e_refl 100 80.000 5039.99
8 u.s.a. refinery 1 55 99999999 0 80 65.000 3575.00
9 middle east refinery 2 81 80 10 m_e_ref2 100 20.000 1620.01
10 u.s.a. refinery 2 49 99999999 0 80 15.000  735.00
11 refl diesel servstnl diesel 18 99999999 0 . 30 30.000 540.00
12 ref2 diesel servstnl diesel 36 99999999 0 . 30 0.000 0.00
13 refl gas servstnl gas 15 70 0 . 95 68.750 1031.25
ref2 gas servstnl gas 17 35 5 . 95 26.250  446.25
refl diesel servstn2 diesel 17 99999999 0 . 15 6.250 106.25
ref2 diesel servstn2 diesel 23 99999999 0 . 15 8.750 201.25
refl gas servstn2 gas 22 60 O . 40 40.000 879.99
ref2 gas servstn2 gas 31 99999999 O . 40 0.000 0.01
50875.01
Figure 5.7. CONOUT=SOLUTION

Notice that, in CONOUT=SOLUTION (Figure 5.7), the optimal flow through each
arc in the network is given in the variable nameBLOW_, and the cost of flow
through each arc is given in the variahleCOST_.



Getting Started: LP Problems ¢+ 89

middle

Figure 5.8.  Oil Industry Solution

Getting Started: LP Problems

Data for an LP problem resembles the data for side constraints and nonarc variables
supplied to PROC INTPOINT when solving an NPSC problem. Itis also very similar
to the data required by the LP procedure.

To solve LP problems using PROC INTPOINT, you save a representation of the LP
variables and the constraints in one or two SAS data sets. These data sets are then
passed to PROC INTPOINT for solution. There are various forms that a problem’s
data can take. You can use any one or a combination of several of these forms.

The ARCDATA= data set contains information about the LP variables of the problem.
Although this data set is called ARCDATA, it contains data for no arcs. Instead, all
data in this data set are related to LP variables. This data set has no SAS variables
containing values that are node names.

The ARCDATA= data set can be used to specify information about LP variables,
including objective function coefficients, lower and upper value bounds, and names.
These data are the elements of the veciipra, andv in problem (NP). Data for an

LP variable can be given in more than one observation.

The CONDATA= data set describes the constraints and their right-hand-sides. These
data are elements of the matrixand the vector.

Constraint types are also specified in the CONDATA= data set. You can include in
this data set LP variable data such as upper bound values, lower value bounds, and
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objective function coefficients. It is possible to give all information about some or all
LP variables in the CONDATA= data set.

Because PROC INTPOINT evolved from PROC NETFLOW, another procedure in
SAS/OR software that was originally designed to solve models with networks, the
ARCDATA= data set is always expected. If the ARCDATA= data set is not specified,
by default the last data set created before PROC INTPOINT is invoked is assumed to
be the ARCDATA= data set. However, these characteristics of PROC INTPOINT are
not helpful when an LP problem is being solved and all data is provided in a single
data set specified by the CONDATA= data set, and that data set is not the last data
set created before PROC INTPOINT starts. In this case, you must specify that the
ARCDATA= data set and the CONDATA= data set are both equal to the input data
set. PROC INTPOINT then knows that an LP problem is to be solved and that the
data reside in one data set.

An LP variable is identified in this data set by its name. If you specify an LP variable’s
name in the ARCDATA= data set, then this name is used to associate data in the
CONDATA= data set with that LP variable.

If you use the dense constraint input format (described in the “CONDATA= Data
Set” section on page 133), these LP variable names are names of SAS variables in
the VAR list of the CONDATA= data set.

If you use the sparse constraint input format (described in the “CONDATA= Data
Set” section on page 133), these LP variable names are values of the SAS variables
in the COLUMN list of the CONDATA= data set.

PROC INTPOINT reads the data from the ARCDATA= data set (if there is one) and
the CONDATA= data set. Error checking is performed, and the LP is preprocessed.
Preprocessing is optional but highly recommended. The Preprocessor analyses the
model and tries to determine before optimization whether LP variables can be “fixed”
to their optimal values. Knowing that, the model can be modified and these LP vari-
ables dropped out. Some constraints may be found to be redundant. Sometimes,
preprocessing succeeds in reducing the size of the problem, thereby making the sub-
sequent optimization easier and faster.

The optimal solution is then found for the resulting LP. If the problem was prepro-
cessed, the model is now post-processed, where fixed LP variables are reintroduced.
The solution can be saved in the CONOUT= data set.
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Introductory LP Example
Consider the Linear Programming problem in the chapter on the LP procedure. The
SAS data set in that section is created the same way here:

titte ’Linear Programming Example’;
title3 'Setting Up Condata = dconl For PROC INTPOINT’;
data dconi,;
input _id_ $14.
a_light a_heavy brega naphthal naphthai
heatingo jet 1 jet 2

_type_ $ _rhs_;

datalines;
profit -175 -165 -205 0 0 O 300 300 max
naphtha_|_conv .035 .030 .045 -1 0 O O O eq 0
naphtha_i_conv .100 .075 .135 0 -1 0O O O eq 0
heating_o_conv .390 .300 430 0 O -1 0 0 eq 0
recipe_1 0 0 0O 0.3.7 -1 0 eq 0
recipe_2 0 0 0.2 0.8 0 -1 eq 0
available 110 165 80 . . . . . upperbd .

To solve this problem, use:

proc intpoint
bytes=1000000
condata=dconl
conout=solutnl;
run;

Note how it is possible to use an input SAS data set of PROC LP and, without requir-
ing any changes to be made to the data set, to use that as an input data set for PROC
INTPOINT.

The following messages that appear on the SAS log summarize the model as read by
PROC INTPOINT and note the progress toward a solution:

NOTE: Number of variables= 8 .

NOTE: Number of <= constraints= 0 .

NOTE: Number of == constraints= 5 .

NOTE: Number of >= constraints= 0 .

NOTE: Number of constraint coefficients= 18 .

NOTE: After preprocessing, number of <= constraints= O.

NOTE: After preprocessing, number of == constraints= 0.

NOTE: After preprocessing, number of >= constraints= O.

NOTE: The preprocessor eliminated 5 constraints from the
problem.

NOTE: The preprocessor eliminated 18 constraint
coefficients from the problem.

NOTE: After preprocessing, number of variables= 0.

NOTE: The preprocessor eliminated 8 variables from the
problem.

WARNING: Optimization is unnecessary as the problem has 0

variables and 0 rows.
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NOTE: Preprocessing could have caused that.
NOTE: Objective = 1544.
NOTE: The data set WORK.SOLUTN1 has 8 observations and 6

variables.

NOTE: There were 7 observations read from the data set
WORK.DCON1.

NOTE: The data set WORK.SOLUTN1 has 8 observations and 6
variables.

Notice that the preprocessor suceeded in fixalid_P variables to their optimal val-
ues, eliminating the need to do any actual optimization.

Unlike PROC LP, which displays the solution and other information as output, PROC
INTPOINT saves the optimum in the output SAS data set you specify. For this exam-
ple, the solution is saved in the SOLUTION data set. It can be displayed with PROC
PRINT as:

titte3 'LP Optimum’;

proc print data=solutnl;
var _name_ cost _capac_ lo_ _flow__fcost ;
sum _fcost_;

run;

Notice that in the CONOUT=SOLUTION (Figure 5.9) the optimal value through
each variable in the LP is given in the variable nam&LOW_, and that the cost of
value for each variable is given in the variablECOST_.

Linear Programming Example
LP Optimum

Obs _NAME_ _COST_ _CAPAC_ _LO_ _FLOW_ _FCOST_
1 a_heavy -165 165 0 0.00 0

2 a_light -175 110 0 110.00 -19250

3 brega -205 80 0 80.00 -16400

4 heatingo 0 99999999 0 77.30 0

5 jet_1 300 99999999 0 60.65 18195

6 jet_2 300 99999999 0 63.33 18999

7 naphthai 0 99999999 0 21.80 0

8 naphthal 0 99999999 0 7.45 0

1544

Figure 5.9. CONOUT=SOLUTN1
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The same model can be specified in the sparse format as in the folleeorg
dataset. This format enables you to omit the zero coefficients:

title3 'Setting Up Condata = scon2 For PROC INTPOINT’;
data scon2;
input _type_ $ @10 _col_ $13. @24 _row_ $16. _coef ;

datalines;

max

€q
€q
€q
€q
€q

upperbd

a_light
a_light
a_light
a_light
a_light
a_heavy
a_heavy
a_heavy
a_heavy
a_heavy
brega
brega
brega
brega
brega
naphthal
naphthal
naphthai
naphthai
heatingo
heatingo
heatingo
jet 1
jet 1
jet 2
jet 2

profit
napha_|_conv
napha_i_conv
heating_oil_conv

recipe_1
recipe_2
available .
profit -175
napha_|_conv .035
napha_i_conv .100
heating_oil_conv .390
available 110
profit -165
napha_|_conv .030
napha_i_conv .075
heating_oil_conv .300
available 165
profit -205
napha_|_conv .045
napha_i_conv .135
heating_oil_conv 430
available 80
napha_|_conv -1
recipe_2 2
napha_i_conv -1
recipe_1 .3
heating_oil_conv -1
recipe_1 7
recipe_2 .8
profit 300
recipe_1 -1
profit 300
recipe_2 -1

]
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To find the minimum cost solution, invoke PROC INTPOINT (note the SPARSEC-
ONDATA option which must be specified) as follows:

proc intpoint

run;

bytes=1000000
sparsecondata

condata=scon2
conout=solutn2;
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A data set that can be used as the ARCDATA= data set can be initialized as follows:

data vars3;
input _name_ $ profit available;
datalines;
a_heavy -165 165
a_light -175 110
brega -205 80
heatingo 0
jet 1 300
jet_2 300
naphthai 0
naphthal 0

The following CONDATA= data set is the original dense format CONDATA= dconl
data set after the LP variable’s nonconstraint information has been removed. (You
could have left some or all of that information in CONDATA as PROC INTPOINT
“merges” data, but doing that and checking for consistency takes time.)

data dcon3;
input _id_ $14.
a_light a_heavy brega naphthal naphthai
heatingo jet 1 jet 2

_type_ $ _rhs_;
datalines;
naphtha_|_conv .035 .030 .045 -1 0 O O O eqg 0
naphtha_i_conv .100 .075 .135 0 -1 0O O O eqg
heating_o_conv .390 .300 430 0 O -1 0 0 eq
recipe_1 0 0 0 0.3.7 -1 0 eq
recipe_2 0 0 0.2 0.8 0 -1 eq

Note: You must now specify the MAXIMIZE option; otherwise, PROC INTPOINT

will optimize to the minimum (which, incidentally, has a total objective = -3539.25).
You must indicate that the SAS variable profit in the ARCDATA= vars3 data set has
values that are objective function coefficients, by specifying the OBJFN statement.
The UPPERBD must be specified as the SAS variable available that has as values

upper bounds:

proc intpoint
maximize
bytes=1000000
arcdata=vars3
condata=dcon3
conout=solutn3;
objfn profit;
upperbd available;
run;

/* *kkkk necessary Kkkkk */

The ARCDATA=vars3 data set can become more concise by noting that the model
variablesheatingo, naphthai, and naphthal have zero objective function coeffi-
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cients (the default) and default upper bounds, so those observations need not be
present:

data vars4;
input _name_ $ profit available;
datalines;

a _heavy -165 165

a_light -175 110

brega -205 80

jet_1 300

jet 2 300

The CONDATA=dcon3 data set can become more concise by noting that all the con-
straints have the same type (eq) and zero (the default) rhs values. This model is a
good candidate for using the DEFCONTYPE= options.

The DEFCONTYPE= option can be useful not only whahconstraints have the
same type as is the case here, but also whestconstraints have the same type and
you want to change the default type fromto = or >. The essential constraint type
data in the CONDATA= data set is that which overrides the DEFCONTYPE= type
you specified:

data dcon4;
input _id_ $14.
a_light a_heavy brega naphthal naphthai
heatingo jet 1 jet 2;
datalines;

naphtha_| conv .035 .030 .045 -1 0 O 0 0
naphtha_i_conv .100 .075 .135 0-1 0 O O
heating_ o _conv .390 .300 430 0 0-1 O O
recipe_1 0 0 0 03.7 -1 O
recipe_2 0 0 0.2 0.8 0 -1

proc intpoint
maximize defcontype=eq
arcdata=vars3
condata=dcon3
conout=solutn3;

objfn profit;

upperbd available;

run;

Here are several different ways of using the ARCDATA= data set and a sparse for-
mat CONDATA= data set for this LP. The following CONDATA= data set is the
result of removing the profit and available data from the original sparse format CON-
DATA=scon2 data set.
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data sconb;
input _type_ $ @10 _col_ $13. @24 _row_ $16. _coef_;
datalines;
eq . napha_|_conv
eq . napha_i_conv
eq . heating_oil_conv
eq . recipe_1
eq . recipe_2
. a_light napha_|_conv .035
a_light napha_i_conv .100
a_light heating_oil_conv .390
a_heavy napha_|_conv .030
a_heavy napha_i_conv .075
a_heavy heating_oil_conv .300
brega napha_|_conv .045
brega napha_i_conv 135
brega heating_oil_conv 430
naphthal napha_|_conv -1
naphthal recipe_2 2
naphthai napha_i_conv -1
naphthai recipe_1 .3
heatingo heating_oil_conv -1
heatingo recipe_1 7
heatingo recipe_2 .8
jet 1 recipe_1 -1
jet 2 recipe_2 -1
proc intpoint
maximize
sparsecondata
arcdata=vars3 /* or arcdata=vars4 */

condata=sconb

conout=solutn5;
objfn profit;
upperbd available;
run;

The CONDATA=scon5 data set can become more concise by noting that all the con-
straints have the same type (eq) and zero (the default) rhs values. Use the DEFCON-
TYPE= option again. Once the first five observations of the CONDATA=scon5 data
set are removed, thetype_ SAS variable has values that are missing in all of the
remaining observations. Therefore, this SAS variable can be removed.
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data scon6;

input _col_ $ row &$16. coef ;

datalines;
a_light napha_| _conv .035
a_light napha_i_conv .100
a_light heating_oil_conv .390
a_heavy napha_| conv .030
a_heavy napha_i_conv .075
a_heavy heating_oil_conv .300
brega napha_|_conv .045
brega napha_i_conv .135
brega heating_oil_conv 430
naphthal napha_I_conv -1
naphthal recipe 2 2
naphthai napha_i_conv -1
naphthai recipe_1 .3
heatingo heating_oil_conv -1
heatingo recipe_1 7
heatingo recipe_2 .8
jet 1 recipe_1 -1
jet 2 recipe_2 -1

proc intpoint
maximize
defcontype=eq
sparsecondata
arcdata=vars4
condata=scon6
conout=solutn6;
objfn profit;
upperbd available;
run;

Typical PROC INTPOINT Run

You start PROC INTPOINT by giving the PROC INTPOINT statement. You can
specify many options that control the procedure in the PROC INTPOINT statement,
or you can rely on default settings and specify no options at all. However, there are
some options you must specify, or will probably have to specify:

e You must specify the BYTES= parameter indicating the size of the working
memory that the procedure is allowed to use. This option has no default.

e In many instances (and certainly when solving NPSC problems), you need to
specify the ARCDATA= data set. This option has a default (which is the SAS
data set that was created last before PROC INTPOINT began running), but that
may need to be overridden.

e The CONDATA= data set must also be specified if the problem is NPSC and
has side constraints, or if it is an LP problem.

e When solving a network problem, you have to specify the NODEDATA= data
set, if some model data is given in such a data set.
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Some options, while optional, are frequently required. To have the optimal solution
output to a SAS data set, you have to specify the CONOUT= data set. You may
want to indicate reasons why optimization should stop (for example, you can indicate
the maximum number of iterations that can be performed), or you might want to alter
stopping criteria so that optimization does not stop prematurely. Some options enable
you to control other aspects of the Interior Point algorithm. Specifying certain values
for these options can reduce the time it takes to solve a problem.

The SAS variable lists should be given next. If you have SAS variables in the input
data sets that have special names (for example, a SAS variable in the ARCDATA=
data set namedTAIL_ that has tail nodes of arcs as values), it may not be necessary
to have many or any variable lists. If you do not specify a TAIL variable list, PROC
INTPOINT will search the ARCDATA= data set for a SAS variable nam@&alIL _

What usually follows is a RUN statement, which indicates that all information that
you, the user, need to supply to PROC INTPOINT has been given, and the procedure
is to start running. This also happens if you specify a statement in your SAS program
that PROC INTPOINT does not recognize as one of its own, the next DATA step or
procedure.

The QUIT statement indicates that PROC INTPOINT must immediately finish.
For example, a PROC INTPOINT run might look something like this:

proc intpoint
bytes=  /* working memory size */
arcdata= /* data set */
condata= /* data set */
/* other options */

variable list specifications; /* if necessary */
run; [* start running, read data, */
[* and do the optimization. */
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The following tables outline the options that can be specified in the PROC INTPOINT

statement. This statement invokes the procedu

re.

Table 5.1. Input Data Set Options
Description Statement | Option
arcs input data set INTPOINT | ARCDATA=
nodes input data set | INTPOINT | NODEDATA=
constraint input data setINTPOINT | CONDATA=
Table 5.2. Options for Networks
Description Statement | Option
default arc cost and INTPOINT | DEFCOST=
default variable objective function coefficient
default arc capacity INTPOINT | DEFCAPACITY=
default variable upper bound
default arc lower flow bound INTPOINT | DEFMINFLOW=
default variable lower bound
network’s only supply node INTPOINT | SOURCE=
SOURCE'’s supply capability INTPOINT | SUPPLY=
network’s only demand node INTPOINT | SINK=
SINK’s demand INTPOINT | DEMAND=
excess supply or demand is conveyed through INTPOINT | THRUNET
network
find maximal flow between SOURCE and SINKINTPOINT | MAXFLOW
cost of bypass arc when solving MAXFLOW | INTPOINT | BYPASSDIV=
problem
find shortest path from SOURCE to SINK INTPOINT | SHORTPATH
Table 5.3. Miscellaneous Options
Description Statement | Option
infinity value INTPOINT | INFINITY=
scale constraint row, or nonarc varialéNTPOINT | SCALE=
column coefficients, or both
maximization instead of minimization| INTPOINT | MAXIMIZE
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Table 5.4. Data Set Read Options
Description Statement | Option
CONDATA has sparse data format INTPOINT | SPARSECONDATA
default constraint type INTPOINT | DEFCONTYPE=
special COLUMN variable value INTPOINT | TYPEOBS=
special COLUMN variable value INTPOINT | RHSOBS=
used to interpret arc and nonarc variable INTPOINT | NAMECTRL=
names in the CONDATA
no nonarc data in the ARCDATA INTPOINT | ARCS_ONLY_ARCDATA
data for an arc found in only one obs of | INTPOINT | ARC_SINGLE_OBS
ARCDATA
data for an constraint found in only one | INTPOINT | CON_SINGLE_OBS
obs of the CONDATA
data for a coefficient found once in INTPOINT | NON_REPLIC=
the CONDATA
data is grouped, exploited during data readNTPOINT | GROUPED=
Table 5.5. Problem Size (approx.) Options
Description Statement | Option
number of nodes INTPOINT | NNODES=
number of arcs INTPOINT | NARCS=
number of nonarc variables or variablesNTPOINT | NNAS=
number of coefficients INTPOINT | NCOEFS=
number of constraints INTPOINT | NCONS=
Table 5.6. Memory Control Options
Description Statement | Option
issue memory usage messages to SASLANTPOINT | MEMREP
number of bytes to use for main memory| INTPOINT | BYTES=
Table 5.7.  Output Data Set Option
Description Statement | Option
constrained solution data seiNTPOINT | CONOUT=
Table 5.8. Miscellaneous Options
Description Statement | Option
zero tolerance - optimization INTPOINT | ZERO2=
zero tolerance - real number comparisons INTPOINT | ZEROTOL=
display this number of similar SAS log message$NTPOINT | VERBOSE=
suppress the rest
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Table 5.9. Interior Point Algorithm Options
Description Statement | Option
allowed amount of dual infeasibility INTPOINT | TOLDINF=
allowed amount of primal infeasibility INTPOINT | TOLPINF=
allowed total amount of dual infeasibility | INTPOINT | TOLTOTDINF=
allowed total amount of primal infeasibility INTPOINT | TOLTOTPINF=
cut-off tolerance for Cholesky factorizationINTPOINT | CHOLTINYTOL=
density threshold for Cholesky processing INTPOINT | DENSETHR=
step-length multiplier INTPOINT | PDSTEPMULT=
preprocessing type INTPOINT | PRSLTYPE=
print optimization progress on SASlog | INTPOINT | PRINTLEVEL2=

L

Table 5.10. Interior Point Algorithm Options: Stopping Criteria
Description Statement | Option
maximum number of Interior Point| INTPOINT | MAXITERB=
algorithm iterations
Primal-Dual (Duality) gap tolerance INTPOINT | PDGAPTOL=
stop because of complementarity | INTPOINT | STOR_C=
stop because of duality gap INTPOINT | STOR_DG=
stop because a@h feas, INTPOINT | STOR.IB=
stop because ah. feas,. INTPOINT | STOR.IC=
stop because a@h feasy INTPOINT | STOPR._ID=
stop because of complementarity | INTPOINT | AND_STOPR_C=
stop because of duality gap INTPOINT | AND_STOR.DG=
stop because af feas, INTPOINT | AND_STOPR._IB=
stop because a@h feas, INTPOINT | AND_STOR.IC=
stop because af feasy INTPOINT | AND_STOPR_ID=
stop because of complementarity | INTPOINT | KEEPGOING.C=
stop because of duality gap INTPOINT | KEEPGOING.DG=
stop because af feas, INTPOINT | KEEPGOING.IB=
stop because a@h feas, INTPOINT | KEEPGOING.IC=
stop because af feasy INTPOINT | KEEPGOING.ID=
stop because of complementarity | INTPOINT | AND_KEEPGOING.C=
stop because of duality gap INTPOINT | AND_KEEPGOING.DG=
stop because a@h feas, INTPOINT | AND_KEEPGOING.IB=
stop because ah feas, INTPOINT | AND_KEEPGOING.IC=
stop because a@h feasy INTPOINT | AND_KEEPGOINGLID=

101
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Syntax

Below are statements used in PROC INTPOINT, listed in alphabetical order as they
appear in the text that follows.

PROC INTPOINT options ;
CAPACITY variable ;
COEF variables ;
COLUMN variable ;
COST variable ;
DEMAND variable ;
HEADNODE variable ;
ID variables ;

LO variable ;
NAME variable ;
NODE variable ;
QUIT;

RHS variable ;
ROW variables ;
RUN;

SUPDEM variable ;
SUPPLY variable ;
TAILNODE variable ;
TYPE variable ;
VAR variables
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Most of the statements of the INTPOINT procedure are variable lists. The variables
specified in the variable lists must be present in one of three input SAS data sets:

PROC INTPOINT options;

CAPACITY wvariable;
COST variable;
DEM AN D variable;
HEADNODE variable;
ID variables;

LO variable;

NAM E variable;
SUPPLY variable;
TAILNODE variable;

NODE variable;
SUPDEM variable;

COEF variables;
COLUM N variable;
RH S variable;
ROW wvariables;

TY PE variable;

V AR variables;

RUN;
QUIT;

)

required statement

optional ARCDATA lists

optional NODEDATA lists

optional CONDATA lists

optional statements
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PROC INTPOINT Statement

PROC INTPOINT options ;

This statement invokes the procedure.

Overview of PROC INTPOINT Options
The following options can be specified in the PROC INTPOINT statement.

Data Set Options
This section briefly describes all the input and output data sets used by PROC INT-
POINT. The ARCDATA= data set, the NODEDATA= data set, and the CONDATA=
data set can contain SAS variables that have special names, for inSBGAEAC_,
_COST_, and_HEAD_. PROC INTPOINT looks for such variables if you do not
give explicit variable list specifications. If a SAS variable with a special name is
found and that SAS variable is not in another variable list specification, PROC INT-
POINT determines that values of the SAS variable are to be interpreted in a special
way. By using SAS variables that have special names, you may not need to have any
variable list specifications.

ARCDATA= SAS-data-set
names the data set that contains arc and, optionally, nonarc variable information and
nodal supply/demand data. The ARCDATA= data set must be specified in all PROC
INTPOINT statements when solving NPSC problems.

If your problem is an LP, the ARCDATA= data set is optional. You can specify
LP variable information such as objective function coefficients, and lower and upper
bounds.

CONDATA= SAS-data-set
names the data set that contains the side constraint data. The data set can also contain
other data such as arc costs, capacities, lower flow bounds, nonarc variable upper
and lower bounds, and objective function coefficients. PROC INTPOINT needs a
CONDATA= data set to solve a constrained problem. See the “CONDATA= Data
Set” section on page 133 for more information.

If your problem is an LP, this data set contains the constraint data, and can also contain
other data such as objective function coefficients, and lower and upper bounds. PROC
INTPOINT needs a CONDATA= data set to solve an LP.

CONOUT=SAS-data-set

COUT=SAS-data-set
names the output data set that receives an optimal solution. See the “CONOUT= Data
Set” section on page 142 for more information.

If PROC INTPOINT is outputting observations to the output data set and you want
this to stop, press the keys used to stop SAS procedures.

NODEDATA= SAS-data-set
names the data set that contains the node supply and demand specifications. You do
not need observations in the NODEDATA= data set for transshipment nodes. (Trans-
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shipment nodes neither supply nor demand flow.) All nodes are assumed to be trans-
shipment nodes until supply or demand data indicate otherwise. It is acceptable for
some arcs to be directed toward supply nodes or away from demand nodes.

This data set is used only when you are solving network problems (not when solving
LP problems), in which case the use of the NODEDATA= data set is optional pro-
vided that, if the NODEDATA= data set is not used, supply and demand details are
specified by other means. Other means include using the MAXFLOW or SHORT-
PATH option, SUPPLY or DEMAND variable list (or both) in the ARCDATA= data
set, and the SOURCE=, SUPPLY=, SINK=, or DEMAND= option in the PROC INT-
POINT statement.

General Options
The following is a list of options you can use with PROC INTPOINT. The options
are listed in alphabetical order.

ARCS_ONLY_ARCDATA
indicates that data for arcs only are in the ARCDATA= data set. When PROC INT-
POINT reads the data in the ARCDATA= data set, memory would not be wasted
to receive data for nonarc variables. The read might then be performed faster. See
the “How to Make the Data Read of PROC INTPOINT More Efficient” section on
page 153.

ARC_SINGLE_OBS
indicates that for all arcs and nonarc variables, data for each arc or nonarc variable is
found in only one observation of the ARCDATA= data set. When reading the data in
the ARCDATA= data set, PROC INTPOINT knows that the data in an observation is
for an arc or a nonarc variable that has not had data previously read and that needs to
be checked for consistency. The read might then be performed faster.

When solving an LP, specifying the ARSINGLE_OBS option indicates that for

all LP variables, data for each LP variable is found in only one observation of the
ARCDATA= data set. When reading the data in the ARCDATA= data set, PROC
INTPOINT knows that the data in an observation is for an LP variable that has not
had data previously read and that needs to be checked for consistency. The read might
then be performed faster.

If you specify ARC_SINGLE_OBS, PROC INTPOINT automatically works as if
GROUPED=ARCDATA is also specified.

See the “How to Make the Data Read of PROC INTPOINT More Efficient” section
on page 153.

BYPASSDIVIDE=hb

BYPASSDIV=b

BPD=b
should be used only when the MAXFLOW option has been specified; that is, PROC
INTPOINT is solving a maximal flow problem. PROC INTPOINT prepares to solve
maximal flow problems by setting up a bypass arc. This arc is directed from the
SOURCE-=to the SINK= and will eventually convey flow equal to INFINITY minus
the maximal flow through the network. The cost of the bypass arc must be great
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enough to drive flow through the network, rather than through the bypass arc. Also,
the cost of the bypass arc must be greater than the eventual total cost of the maximal
flow, which can be nonzero if some network arcs have nonzero costs. The cost of the
bypass is set to the value of the INFINITY= option. Valid values for the BYPASS-
DIV= option must be greater than or equal to 1.1.

If there are no nonzero costs of arcs in the MAXFLOW problem, the cost of the
bypass arc is set to 1.0 (-1.0 if maximizing) if you do not specify the BYPASSDIV=
option. The default value for the BYPASSDIV= option (in the presence of nonzero
arc costs) is 100.0.

BYTES=b

indicates the size of the main working memory (in bytes) that PROC INTPOINT
will allocate. Specifying this option is mandatory. The working memory is used
to store all the arrays and buffers used by PROC INTPOINT. If this memory has a
size smaller than what is required to store all arrays and buffers, PROC INTPOINT
uses various schemes that page information between auxiliary memory (often your
machine’s disk) and RAM.

For small problems, specify BYTES=100000. For large problems (those with hun-
dreds of thousands or millions of variables), BY TES=1000000 might do. For solving
problems of that size, if you are running on a machine with an inadequate amount of
RAM, PROC INTPOINT's performance will suffer since it will be forced to page or

to rely on virtual memory.

If you specify the MEMREP option, PROC INTPOINT will issue messages on the
SAS log informing you of its memory usage; that is, how much memory is required
to prevent paging, and details about the amount of paging that must be performed, if
applicable.

CON_SINGLE_OBS

improves how the CONDATA= data set is read. How it works depends on whether
the CONDATA has a dense or sparse format.

If the CONDATA= data set has the dense format, specifying CONIGLE_OBS
indicates that, for each constraint, data for each can be found in only one observation
of the CONDATA= data set.

If the CONDATA=data set has a sparse format, and data for each arc, nonarc variable,
or LP variable can be found in only one observation of the CONDATA, then specify
the CONLSINGLE_OBS option. If there are SAS variables in the ROW and COEF

list, then each arc or nonarc can have at mosbnstraint coefficients in the model.

See the “How to Make the Data Read of PROC INTPOINT More Efficient” section
on page 153.

DEFCAPACITY=c
DC=c

requests that the default arc capacity and the default nonarc variable value upper
bound (or for LP problems, the default LP variable value upper bound) Hehis
option is not specified, then DEFCAPACITY=INFINITY.
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DEFCONTYPE=c

DEFTYPE=c

DCT=c
specifies the default constraint type. This default constraint type is ébethan or
equal toor is the type indicated by DEFCONTYPE=Valid values for this option

are
LE, le,or<=  for less than or equal to
EQ, eq, or= for equal to

GE, ge, or>=  for greater than or equal to

The values do not need to be enclosed in quotes.

DEFCOST=c
requests that the default arc cost and the default nonarc variable objective function
coefficient (or for an LP, the default LP variable objective function coefficient). be
If this option is not specified, then DEFCOST=0.0.

DEFMINFLOW=m

DMF=m
requests that the default lower flow bound through arcs and the default lower value
bound of nonarc variables (or for an LP, the default lower value bound of LP vari-
ables) ben. If a value is not specified, then DEFMINFLOW=0.0.

DEMAND=d
specifies the demand at the SINK node specified by the SINK= option. The DE-
MAND-= option should be used only if the SINK= option is given in the PROC INT-
POINT statement and neither the SHORTPATH option nor the MAXFLOW option is
specified. If you are solving a minimum cost network problem and the SINK= option
is used to identify the sink node, and the DEMAND-= option is not specified, then the
demand at the sink node is made equal to the network’s total supply.

GROUPED=c
PROC INTPOINT can take a much shorter time to read data if the data have been
grouped prior to the PROC INTPOINT call. This enables PROC INTPOINT to con-
clude that, for instance, a new NAME list variable value seen in the ARCDATA=
data set grouped by the values of the NAME list variable before PROC INTPOINT
was called is new. PROC INTPOINT does not need to check that the NAME has
been read in a previous observation. See the “How to Make the Data Read of PROC
INTPOINT More Efficient” section on page 153.

¢ GROUPED=ARCDATA indicates that the ARCDATA= data set has been
grouped by values of the NAME list variable. IfNAME_ is the name of
the NAME list variable, you could use:

proc sort data=arcdata;by _name_;

prior to calling PROC INTPOINT. Technically, you do not have to sort the data,
only to ensure that all similar values of the NAME list variable are grouped
together. If you specify the ARCSNLY_ARCDATA option, PROC INT-
POINT automatically works as if GROUPED=ARCDATA is also specified.
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e GROUPED=CONDATA indicates that the CONDATA= data set has been
grouped.

If the CONDATA= data set has a dense format, GROUPED=CONDATA indi-
cates that the CONDATA= data set has been grouped by values of the ROW
list variable. If_ROWL_ is the name of the ROW list variable, you could use:

proc sort data=condata;by _row_;

prior to calling PROC INTPOINT. Technically, you do not have to sort the
data, only to ensure that all similar values of the ROW list variable are
grouped together. If you specify the CONINGLE_OBS option, or if
there is no ROW list variable, PROC INTPOINT automatically works as if
GROUPED=CONDATA has been specified.

If the CONDATA has the sparse format, GROUPED=CONDATA indicates that
the CONDATA has been grouped by values of the COLUMN list variable. If
—COL_ is the name of the COLUMN list variable, you could use:

proc sort data=condata;by _col_;

prior to calling PROC INTPOINT. Technically, you do not have to sort the data,
only to ensure that all similar values of the COLUMN list variable are grouped
together.

e GROUPED=BOTH indicates that both GROUPED=ARCDATA and
GROUPED=CONDATA are TRUE.

¢ GROUPED=NONE indicates that the data sets have not been grouped, that
is, neither GROUPED=ARCDATA nor GROUPED=CONDATA is TRUE.
This is the default, but it is much better if GROUPED=ARCDATA, or
GROUPED=CONDATA, or GROUPED=BOTH.

A data set like

L XXXXX
bbb
bbb
aaa
CCC
CCC

is a candidate for the GROUPED= option. Similar values are grouped together. When
PROC INTPOINT is reading théh observation, either the value of theXXXXX_
variable is the same as tlie— 1)th (that is, the previous observation’sXXXXX_

value, or it is a new. XXXXX_ value not seen in any previous observation. This also
means that if théth _XXXXX_ value is different from thé; —1)th _XXXXX_ value,

the value of thdi — 1)th _XXXXX_ variable will not be seen in any observatians

1+ 1, ...
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INFINITY=/

INF=/
is the largest number used by PROC INTPOINT in computations. A number too small
can adversely affect the solution process. You should avoid specifying an enormous
value for the INFINITY= option because numerical roundoff errors can result. If a
value is not specified, then INFINITY=999999. The INFINITY= option cannot be
assigned a value less than 9999.

MAXFLOW

MF
specifies that PROC INTPOINT solve a maximum flow problem. In this case, the
PROC INTPOINT procedure finds the maximum flow from the node specified by the
SOURCE-= option to the node specified by the SINK= option. PROC INTPOINT
automatically assigns an INFINITY= option supply to the SOURCE= option node
and the SINK= option is assigned the INFINITY= option demand. In this way, the
MAXFLOW option sets up a maximum flow problem as an equivalent minimum cost
problem.

You can use the MAXFLOW option when solving any flow problem (not necessar-
ily a maximum flow problem) when the network has one supply node (with infinite
supply) and one demand node (with infinite demand). The MAXFLOW option can
be used in conjunction with all other options (except SHORTPATH, SUPPLY=, and
DEMAND=) and capabilities of PROC INTPOINT.

MAXIMIZE

MAX
specifies that PROC INTPOINT find the maximum cost flow through the network.
If both the MAXIMIZE and the SHORTPATH options are specified, the solution
obtained is the longest path between the SOURCE= and SINK= nodes. Similarly,
MAXIMIZE and MAXFLOW together cause PROC INTPOINT to find the minimum
flow between these two nodes; this is zero if there are no nonzero lower flow bounds.
If solving an LP, specifying the MAXIMIZE option is necessary if you want the
maximal optimal solution found instead of the minimal optimum.

MEMREP
indicates that information on the memory usage and paging schemes (if necessary) is
reported by PROC INTPOINT on the SAS log.

NAMECTRL=/
is used to interpret arc and nonarc variable names in the CONDATA= data set. In the
ARCDATA=data set, an arc is identified by its tail and head node. In the CONDATA=
data set, arcs are identified by names. You can give a name to an arc by having a
NAME list specification that indicates a SAS variable in the ARCDATA= data set
that has names of arcs as values.

PROC INTPOINT requires that arcs that have information about them in the CON-
DATA= data set have names, but arcs that do not have information about them in the
CONDATA= data set can also have names. Unlike a nonarc variable whose name
uniquely identifies it, an arc can have several different names. An arc has a default
name in the forntail_head that is, the name of the arc’s tail node followed by an
underscore and the name of the arc’s head node.
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In the CONDATA= data set, if the dense data format is used (described in the “CON-
DATA= Data Set” section on page 133), a name of an arc or a nonarc variable is the
nameof a SAS variable listed in the VAR list specification. If the sparse data format
of the CONDATA= data set is used, a name of an arc or a nonarc variablaise&

of the SAS variable listed in the COLUMN list specification.

The NAMECTRL= option is used when a name of an arc or a nonarc variable in the
CONDATA= data set (either a VAR list variable name or a value of the COLUMN
list variable) is in the formail_headand there exists an arc with these end nodes. If
tail _headhas not already been tagged as belonging to an arc or nonarc variable in
the ARCDATA= data set, PROC INTPOINT needs to know wheth#ér headis the

name of the arc or the name of a nonarc variable.

If you specify NAMECTRL=1, a name that is not defined in the ARCDATA= data set

is assumed to be the name of a nonarc variable. NAMECTRL=2 tt@htheadas

the name of the arc with these endnodes, provided no other name is used to associate
data in the CONDATA= data set with this arc. If the arc does have other names that
appear in the CONDATA= data ségil_headis assumed to be the name of a nonarc
variable. If you specify NAMECTRL=3tail_headis assumed to be a name of the

arc with these end nodes, whether the arc has other names or not. The default value
of NAMECTRL is 3.

If the dense format is used for the CONDATA= data set, there are two circumstances
that affect how this data set is read:

1. if you are running SAS version 6, or a previous version to that, or if you are
running SAS version 7 onward and you specify

options validvarname=v6;

in your SAS session. Let's refer to this esse 1
2. if you are running SAS version 7 onward and you do not specify

options validvarname=v6;

in your SAS session. Let’s refer to this esse 2

If case 1(and the text in this and the five paragraphs that follow are relevant only
for case ), the SAS System converts SAS variable names in a SAS program to up-
percase. The VAR list variable names are uppercased. Because of this, PROC INT-
POINT automatically uppercases names of arcs and nonarc variables or LP variables
(the values of the NAME list variable) in the ARCDATA= data set. The hames of arcs
and nonarc variables or LP variables (the values of the NAME list variable) appear
uppercased in the CONOUT= data set.

Also, if the dense format is used for the CONDATA= data set, be careful with default
arc names (names in the fortailnode_headnode). Node names (values in the
TAILNODE and HEADNODE list variables) in the ARCDATA= data set are not
automatically uppercased by PROC INTPOINT. Consider the following code:
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data arcdata;
input _from_ $ to_ $ _name $ ;
datalines;

from tol .

from to2 arc2

TAIL TO3 .

data densecon;
input from_tol from_to2 arc2 tail_to3;
datalines;
235
proc intpoint
arcdata=arcdata condata=densecon;
run;

The SAS System does not uppercase character string values within SAS data sets.
PROC INTPOINT never uppercases node names, so the arcs in observations 1, 2,
and 3 in the preceeding ARCDATA= data set have the default ndroes_to1,
from_to2, andTAIL_TOS, respectively. When the dense format of the CONDATA=
data set is used, PROC INTPOINT does uppercase values of the NAME list vari-
able, so the name of the arc in the second observation of the ARCDATA= data set is
ARC2. Thus, the second arc has two names; its defemth_to2 and the other that

was specifiedARC2.

As the SAS System uppercases program code, you must think of the input statement

input from_tol from_to2 arc2 tail_to3;

as really being

INPUT FROM_TO1 FROM_TO2 ARC2 TAIL_TOS;

The SAS variables namdeROM_TO1 and FROM_TO?2 are not associated with
any of the arcs in the preceeding ARCDATA= data set. The vahiROM_TO1
and FROM_TO2 are different from all of the arc namdsom_tol, from_to2,
TAIL_TO3, andARC2. FROM_TO1 and FROM_TO?2 could end up being the
names of two nonarc variables.

The SAS variable namedRC2 is the name of the second arc in the ARCDATA=
data set, even though the name specified in the ARCDATA= data set lookadiRe
The SAS variable nameBAIL_TO3 is the default name of the third arc in the ARC-
DATA= data set.

If case 2the SAS System does not convert SAS variable names in a SAS program to
uppercase. The VAR list variable names are not uppercased. PROC INTPOINT does
not automatically uppercase names of arcs and nonarc variables or LP variables (the
values of the NAME list variable) in the ARCDATA= data set. PROC INTPOINT
does not uppercase any SAS variable names, data set values, or indeed anything.
Therefore, PROC INTPOINT respects case, and characters in the data if compared
must have the right case if you mean them to be the same. Note how the input
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statement in the data step that initialized the dataleesecon below is specified in
the following code:

data arcdata;
input _from_ $ to_ $ _name $ ;
datalines;

from tol .

from to2 arc2

TAIL TO3 .

data densecon;
input from_tol from_to2 arc2 TAIL_TOS3;
datalines;

235

proc intpoint
arcdata=arcdata condata=densecon;

run;

NARCS=n
specifies the approximate number of arcs. See the “How to Make the Data Read of
PROC INTPOINT More Efficient” section on page 153.

NCOEFS=n
specifies the approximate number of constraint coefficients. See the “How to Make
the Data Read of PROC INTPOINT More Efficient” section on page 153.

NCONS=n
specifies the approximate number of constraints. See the “How to Make the Data
Read of PROC INTPOINT More Efficient” section on page 153.

NNAS=n
specifies the approximate number of nonarc variables. See the “How to Make the
Data Read of PROC INTPOINT More Efficient” section on page 153.

NNODES=n
specifies the approximate number of nodes. See the “How to Make the Data Read of
PROC INTPOINT More Efficient” section on page 153.

NON_REPLIC=c
prevents PROC INTPOINT from doing unnecessary checks of data previously read.

¢ NON_REPLIC=COEFS indicates that each constraint coefficient is specified
oncein the CONDATA= data set.

¢ NON_REPLIC=NONE indicates that constraint coefficients can be specified
more than once in the CONDATA= data set. NOREPLIC=NONE is the
default.

See the “How to Make the Data Read of PROC INTPOINT More Efficient” section
on page 153.



PROC INTPOINT Statement ¢ 113

RHSOBS=charstr

specifies the keyword that identifies a right-hand-side observation when using the
sparse format for data in the CONDATA= data set. The keyword is expected as a
value of the SAS variable in the CONDATA= data set named in the COLUMN list
specification. The default value of the RHSOBS= option.BHS_ or _rhs_. If
charstris not a valid SAS variable name, enclose it in quotes.

SCALE=s

indicates that the NPSC side constraints or the LP constraints are to be scaled. Scal-
ing is useful when some coefficients are either much larger or much smaller than
other coefficients. Scaling might make all coefficients have values that have a smaller
range, and this can make computations more stable numerically. Try the SCALE=
option if PROC INTPOINT is unable to solve a problem because of numerical insta-
bility. Specify

e SCALE=ROW, SCALE=CON, or SCALE=CONSTRAINT if you want the
largest absolute value of coefficients in each constraint to be about 1.0

e SCALE=COL, SCALE=COLUMN, or SCALE=NONARC if you want NPSC
nonarc variable columns or LP variable columns to be scaled so that the abso-
lute value of the largest constraint coefficient of that variable is near to 1

e SCALE=BOTH if you want the largest absolute value of coefficients in each
constraint, and the absolute value of the largest constraint coefficient of an
NPSC nonarc variable or LP variable to be near to 1. This is the default.

e SCALE=NONE if no scaling should be done

SHORTPATH

SP

specifies that PROC INTPOINT solve a shortest path problem. The INTPOINT pro-
cedure finds the shortest path between the nodes specified in the SOURCE= option
and the SINK= option. The costs of arcs are thengths PROC INTPOINT auto-
matically assigns a supply of one flow unit to the SOURCE= node, and the SINK=
node is assigned to have a one flow unit demand. In this way, the SHORTPATH
option sets up a shortest path problem as an equivalent minimum cost problem.

If a network has one supply node (with supply of one unit) and one demand node
(with demand of one unit), you could specify the SHORTPATH option, with the
SOURCE= and SINK= nodes, even if the problem is not a shortest path problem.
You then should not provide any supply or demand data in the NODEDATA= data set
or the ARCDATA= data set.

SINK=sinkname
SINKNODE=sinkname

identifies the demand node. The SINK= option is useful when you specify the
MAXFLOW option or the SHORTPATH option and you need to specify toward
which node the shortest path or maximum flow is directed. The SINK= option also
can be used when a minimum cost problem has only one demand node. Rather than
having this information in the ARCDATA= data set or the NODEDATA= data set,
use the SINK= option with an accompanying DEMAND= specification for this node.
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The SINK= option must be the name of a head node of at least one arc; thus, it must
have a character value. If the value of the SINK= option is not a valid SAS character

variable name (if, for example, it contains embedded blanks), it must be enclosed in
guotes.

SOURCE=sourcename
SOURCENODE=sourcename

identifies a supply node. The SOURCE= option is useful when you specify the
MAXFLOW or the SHORTPATH option and need to specify from which node the
shortest path or maximum flow originates. The SOURCE-= option also can be used
when a minimum cost problem has only one supply node. Rather than having
this information in the ARCDATA= data set or the NODEDATA= data set, use the
SOURCE-= option with an accompanying SUPPLY= amount of supply at this node.
The SOURCE-= option must be the name of a tail node of at least one arc; thus, it
must have a character value. If the value of the SOURCE-= option is not a valid SAS
character variable name (if, for example, it contains embedded blanks), it must be
enclosed in quotes.

SPARSECONDATA
SCDATA

indicates that the CONDATA= data set has data in the sparse data format. Otherwise,
it is assumed that the data are in the dense format.

Note: If the SPARSECONDATA option is not specified, and you are running SAS
software Version 6 or you have specified

options validvarname=v6;

all NAME list variable values in the ARCDATA= data set are uppercased. See the
“Case Sensitivity” section on page 143.

SUPPLY=s

specifies the supply at the source node specified by the SOURCE= option. The SUP-
PLY= option should be used only if the SOURCE= option is given in the PROC INT-
POINT statement and neither the SHORTPATH option nor the MAXFLOW option

is specified. If you are solving a minimum cost network problem and the SOURCE=
option is used to identify the source node and the SUPPLY= option is not specified,
then by default the supply at the source node is made equal to the network’s total
demand.

THRUNET

tells PROC INTPOINT to force through the network any excess supply (the amount
by which total supply exceeds total demand) or any excess demand (the amount by
which total demand exceeds total supply) as is required. If a network problem has
unequal total supply and total demand and the THRUNET option is not specified,
PROC INTPOINT drains away the excess supply or excess demand in an optimal
manner. The consequences of specifying or not specifying THRUNET are discussed
in the “Balancing Total Supply and Total Demand” section on page 151.



PROC INTPOINT Statement ¢ 115

TYPEOBS=charstr
specifies the keyword that identifies a type observation when using the sparse format
for data in the CONDATA= data set. The keyword is expected as a value of the SAS
variable in the CONDATA= data set named in the COLUMN list specification. The
default value of the TYPEOBS= option ISTYPE_ or _type_. If charstris not a
valid SAS variable name, enclose it in quotes.

Options to Halt Optimization
VERBOSE=v
limits the number of similar messages that are displayed on the SAS log.

For example, when reading the ARCDATA= data set, PROC INTPOINT might have
cause to issue the following message many times:

ERROR: The HEAD list variable value in obs i in the ARCDATA is
missing, - the TAIL list variable value of this obs
is nonmissing. This is an incomplete arc specification.

If there are lots of observations that have this fault, messages that are similar are
issued for only the first VERBOSE= such observations. After the ARCDATA= data
set has been read, PROC INTPOINT will issue the message

NOTE: More messages similar to the ones immediately above
could have been issued but were suppressed as
VERBOSE= v.

If observations in the ARCDATA= data set have this error, PROC INTPOINT stops

and you have to fix the data. Imagine that this error is only a warning and PROC
INTPOINT proceeded to other operations such as reading the CONDATA= data set.
If PROC INTPOINT finds there are numerous errors when reading that data set, the
number of messages issued to the SAS log are also limited by the VERBOSE= option.

When PROC INTPOINT finishes and messages have been suppressed, the message

NOTE: To see all messages, specify VERBOSE=v.

is issued. The value ofis the smallest value that should be specified for the VER-
BOSE= option so thatll messages are displayed if PROC INTPOINT is run again
with the same data and everything else.

The default value for the VERBOSE= option is 12.

ZERO2=z

Z2=z
specifies the zero tolerance level used when determining whether the final solu-
tion has been reached. ZERO2= is also used when outputting the solution to the
CONOUT= data set. Values withinof zero are set to 0.0, wheeeis the value of
the ZERO2= option. Flows close to the lower flow bound or capacity of arcs are re-
assigned those exact values. If there are nonarc variables, values close to the lower or
upper value bound of nonarc variables are reassigned those exact values. When solv-
ing an LP problem, values close to the lower or upper value bound of LP variables
are reassigned those exact values.
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The ZERO2= option works when determining whether optimality has been reached
or whether an element in the vectakz”, Ay*, As¥) is less than or greater than zero.

It is crucial to know that when determining the maximal value for the step lemgth

in the formula

(:Ek+1,yk+1,sk+1) — (:Bk,yk,sk) 4 a(Awk,Ayk,Ask)
See the description of the PDSTEPMULT= option for more details on this computa-

tion.

Two values are deemed to be close if one is withiof the other. The default value
for the ZERO2= option is 0.000001. Any value specified for the ZERO2= option that
is < 0.0 or > 0.0001 is not valid.

ZEROTOL=z

specifies the zero tolerance used when PROC INTPOINT must compare any real
number with another real number, or zero. For example gidy are real numbers,

then forz to be considered greater thanz must be at leasy + ZFROTOL. The
ZEROTOL= option is used throughout any PROC INTPOINT run.

ZEROTOL=z controls the way PROC INTPOINT performs all double precision com-
parisons; that is, whether a double precision number is equal to, not equal to, greater
than (or equal to), or less than (or equal to) zero or some other double precision num-
ber. A double precision number is deemed to be the same as another such value if
the absolute differences between them is less than or equal to the value of the ZERO-
TOL= option.

The default value for the ZEROTOL= option is 1.0E-14. You can specify the ZERO-
TOL= option in the INTPOINT statement. Valid values for the ZEROTOL= option
must be> 0.0 and < 0.0001. Do not specify a value too close to zero as this de-
feats the purpose of the ZEROTOL= option. Neither should the value be too large, as
comparisons might be incorrectly performed.

TOLDINF=t
RTOLDINF=t

specifies the allowed amount of dual infeasibility. In the “Interior Point Algorithmic
Details” section on page 66, the vectorfeas, is defined. If all elements of this
vector are< t, the solution is considered dual feasiblg:feas, is replaced by a
zero vector, which makes computations faster. This option is the dual equivalent to
the TOLPINF= option. Increasing the value of the TOLDINF= option too much can
lead to instability, but a modest increase can give the algorithm added flexibility and
decrease the iteration count. Valid valuestfare between.0F — 12 and1.0F — 1.

The default isl.0F — 7.

TOLPINF=t
RTOLPINF=t

specifies the allowed amount of primal infeasibility. This option is the dual equivalent
to the TOLDINF= option. In the “Interior Point: Upper Bounds” section on page 71,
the vectorin feas;, is defined. In the “Interior Point Algorithmic Details” section on
page 66, the vectam feas, is defined. If all elements in these vectors &re, the
solution is considered primal feasiblén feas, andin feas, is replaced by a zero
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vectors, which makes computations faster. Increasing the value of the TOLPINF=
option too much can lead to instability, but a modest increase can give the algorithm
added flexibility and decrease the iteration count. Valid valueg fime between
1.0F — 12 and1.0E — 1. The default isl.0E — 7.

TOLTOTDINF=t

RTOLTOTDINF=¢
specifies the allowed total amount of dual infeasibility. In the “Interior Point Algorith-
mic Details” section on page 66, the vectolfeas, is defined. Ify"" | infeasq <
t, the solution is considered dual feasible f eas, is replaced by a zero vector, which
makes computations faster. This option is the dual equivalent to the TOLTOTPINF=
option. Increasing the value of the TOLTOTDINF= option too much can lead to in-
stability, but a modest increase can give the algorithm added flexibility and decrease
the iteration count. Valid values farare betweeri.0F — 12 and1.0F — 1. The
default is1.0F — 7.

TOLTOTPINF=t

RTOLTOTPINF=t
specifies the allowed total amount of primal infeasibility. This option is the dual
equivalent to the TOLTOTDINF= option. In the “Interior Point: Upper Bounds”
section on page 71, the vectorfeas, is defined. In the “Interior Point Algorithmic
Details” section on page 66, the vecierfeas, is defined. Ify"" | infeasy, < tand
Yot infeasy <t the solution is considered primal feasible.feas, andin feas.
are replaced by a zero vector, which makes computations faster. Increasing the value
of the TOLTOTPINF= option too much can lead to instability, but a modest increase
can give the algorithm added flexibility and decrease the iteration count. Valid values
for tare between.0F — 12 and1.0E — 1. The default isl.0F — 7.

CHOLTINYTOL=c¢

RCHOLTINYTOL=c
specifies the cut-off tolerance for Cholesky factorization ofAlA~!. If a diagonal
value drops belove, the row is essentially treated as dependent and is ignored in the
factorization. Valid values fot are betweerl .0F — 30 and1.0E — 6. The default
value is1.0F — 8.

DENSETHR=d

RDENSETHR=d
specifies the density threshold for Cholesky factorization. When the symbolic factor-
ization encounters a column éf(whereL is the remaining unfactorized submatrix)
that has DENSETHR= proportion of nonzeros and the remaining pdrioat least
12 x 12, the remainder af is treated as dense. In practice, the lower right part of
the Cholesky triangular factor L is quite dense and it can be computationally more
efficient to treat it as 100% dense. The default valuedfte 0.7. A specification of
d<0.0 causes all dense processidg;1.0 causes all sparse processing.
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PDSTEPMULT=p
RPDSTEPMULT=p

specifies the step-length multiplier. The maximum feasible step-length chosen by the
Interior point algorithm is multiplied by the value of the PDSTEPMULT= option.
This number must be less than 1 to avoid moving beyond the barrier. An actual step-
length greater than 1 indicates numerical difficulties. Valid valuegpfare between

0.01 and 0.999999. The default value is 0.99995.

In the “Interior Point Algorithmic Details” section on page 66, the solution of the
next iteration is obtained by moving along a direction from the current iterations
solution.

(wk+1,yk+1,sk+1) — ((Ek,yk,sk) 4 a(Axk,Ayk,Ask)

Leta = Min{a : ¥ + aAz = 0|s¥ + aAs = 0}. If a < 1, thena =pa.
« is a value as large as possible butl.0 and not so large that B@“ or sf“ of
some variablé is not “too close” to zero.

PRSLTYPE=p
IPRSLTYPE=p

Preprocessing the Linear Programming problem often succeeds in allowing some
variables and constraints to be temporarily eliminated from the resulting LP that must
be solved. This reduces the solution time and possibly also the chance that the opti-
mizer will run into numerical difficulties. The task of preprocessing is inexpensive to
do.

You control how much preprocessing to do by specifying the PRSLTYR Evhere
pcanbe-1,0,1, 2, or 3:

-1 Do not perform preprocessing. For most problems, specifying
PRSLTYPE= -1 imotrecommended.
0 Given upper and lower bounds on each variable, the greatest and

least contribution to the row activity of each variable is computed.
If these are within the limits set by the upper and lower bounds on
the row activity, then the row is redundant and can be discarded.
Otherwise, whenever possible, the bounds on any of the variables
are tightened. For example, if all coefficients in a constraint are
positive and all variables have zero lower bounds, then the row’s
smallest contribution is zero. If the rhs value of this constraint is
zero, then if the constraint type is or <, all the variables in that
constraint are fixed to zero. These variables and the constraint are
removed. If the constraint type Is, the constraint is redundant. If
the rhs is negative and the constraintishe problem is infeasible.

If just one variable in a row is not fixed, the row to used to impose
an implicit upper or lower bound on the variable and then this row
is eliminated. The preprocessor also tries to tighten the bounds on
constraint right hand sides. PRSLTYPE=0 is the default.

1 When there are exactly two unfixed variables with coefficients in
an equality constraint, one variable is solved in terms of the other.
The problem will have one less variable. The new matrix will have



PROC INTPOINT Statement ¢ 119

at least two fewer coefficients and one less constraint. In other con-
straints where both variables appear, two coefficients are combined
into one. PRSLTYPE=0 reductions are also done.

2 It may be possible to determine that an equality constraint is not
constraining a variable. That is, if all variables are nonnegative,
thenz — >, y; = 0 does not constraim, since it must be nonneg-
ative if all they;’s are nonnegative. In this case,is eliminated
by subtracting this equation from all others containingThis is
useful when the only other entry faris in the objective function.
This reduction is performed if there is at most one other nonobjec-
tive coefficient. PRSLTYPE=0 reductions are also done.

3 All possible reductions are performed.

Preprocessing is iterative. As variables are fixed and eliminated, and constraints are
found to be redundant and they too are eliminated, and as variable bounds and con-
straint right hand sides are tightened, the LP to be optimized is modified to reflect
these changes. Another iteration of preprocessing of the modified LP may reveal
more variables and constraints that are eliminated, or tightened.

PRINTLEVEL2=p
is used when you want to see PROC INTPOINT's progress to the optimum. PROC
INTPOINT will produce a table on the SAS log. A row of the table is generated
during each iteration and may consist of values of

e the affine step complementarity
e the complementarity of the solution for the next iteration

o the total bound infeasibility " , in feas;; (see then feas, array in the “In-
terior Point: Upper Bounds” section on page 71)

e the total constraint infeasibility " , in feas.; (see theinfeas, array in the
“Interior Point Algorithmic Details” section on page 66)

o the total dual infeasibility) ;" , infeasq; (see then feas, array in the “Inte-
rior Point Algorithmic Details” section on page 66)

As optimization progresses, the values in all columns should converge to zero. If
you specify PRINTLEVEL2=2, all columns will appear in the table. If PRINT-
LEVEL2=1 is specified, only the affine step complementarity, the complementarity
of the solution for the next iteration, will appear. Some time is saved by not calculat-
ing the infeasibility values.

PRINTLEVEL2=2 is specified in all PROC INTPOINT runs in the “Examples” sec-
tion on page 162.
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Interior Point Algorithm Options: Stopping Criteria
MAXITERB=m
IMAXITERB=m
specifies the maximum number of iterations that the Interior point algorithm can per-
form. The default value form is 100. One of the most remarkable aspects of the
Interior Point algorithm is that for most problems, it usually needs to do a small
number of iterationsno matter the size of the problem

PDGAPTOL=p

RPDGAPTOL=p
specifies the Primal-Dual gap or Duality gap tolerance. Duality gap is defined in
the “Interior Point Algorithmic Details” section on page 66. If the relative gap
(dualitygap/(c’ x)) between the primal and dual objectives is smaller than the value
of the PDGAPTOL= option and both the primal and dual problems are feasible, then
PROC INTPOINT stops optimization with a solution that is deemed optimal. Valid
values forp are betweenl.0F — 12 and1.0F — 1. the default isl.0E — 7.

STOP_C=s
is used to determine whether optimization should stop. At the beginning of each iter-
ation, if complementarity (the value of the Complem-ity column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is= s, optimization
will stop. This option is discussed in the “Stopping Criteria” section on page 158.

STOP_DG=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if the duality gap (the value of the Dualityap column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is= s, optimization
will stop. This option is discussed in the “Stopping Criteria” section on page 158.

STOP_IB=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if total bound infeasibility} ;" , in feas;; (see theinfeas, array in the
“Interior Point: Upper Bounds” section on page 71; this value appears in the
Tot_infeasb column in the table produced when you specify PRINTLEVEL2=1 or
PRINTLEVEL2=2) is<= s, optimization will stop. This option is discussed in the
“Stopping Criteria” section on page 158.

STOP_IC=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if total constraint infeasibility " | in feas.; (see then feas. array in the
“Interior Point Algorithmic Details” section on page 66; this value appears in the
Tot_infeasc column in the table produced when you specify PRINTLEVEL2=2) is
<= s, optimization will stop. This option is discussed in the “Stopping Criteria”
section on page 158.

STOP_ID=s
is used to determine whether optimization should stop. At the beginning of each iter-
ation, if total dual infeasibility} """, in feasq; (See then feasq array in the “Interior
Point Algorithmic Details” section on page 66; this value appears in theiffieasd
column in the table produced when you specify PRINTLEVEL2=2is s, opti-
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mization will stop. This option is discussed in the “Stopping Criteria” section on
page 158.

AND_STOP_C=s
is used to determine whether optimization should stop. At the beginning of each iter-
ation, if complementarity (the value of the Complem-ity column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is= s, andthe other
conditions related to other ANCSTOP parameters are also satisfied, optimization
will stop. This option is discussed in the “Stopping Criteria” section on page 158.

AND_STOP_DG=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if the duality gap (the value of the Dualityap column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is= s, andthe other
conditions related to other ANCSTOP parameters are also satisfied, optimization
will stop. This option is discussed in the “Stopping Criteria” section on page 158.

AND_STOP_IB=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if total bound infeasibilityy """ , in feas;; (see theinfeas, array in the
“Interior Point: Upper Bounds” section on page 71; this value appears in the
Tot_infeasb column in the table produced when you specify PRINTLEVEL2=1 or
PRINTLEVEL2=2) is<= s, andthe other conditions related to other ANBTOP
parameters are also satisfied, optimization will stop. This option is discussed in the
“Stopping Criteria” section on page 158.

AND_STOP_IC=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if total constraint infeasibility ;" , in feas; (see then feas, array in the
“Interior Point Algorithmic Details” section on page 66; this value appears in the
Tot_infeasc column in the table produced when you specify PRINTLEVEL2=2) is
<= s, and the other conditions related to other ANBTOP parameters are also
satisfied, optimization will stop. This option is discussed in the “Stopping Criteria”
section on page 158.

AND_STOP_ID=s
is used to determine whether optimization should stop. At the beginning of each iter-
ation, if total dual infeasibilityd """, in feasq; (See then feasq array in the “Interior
Point Algorithmic Details” section on page 66; this value appears in theifffieasd
column in the table produced when you specify PRINTLEVEL2=2Xis s, and
the other conditions related to other ANBTOP parameters are also satisfied, op-
timization will stop. This option is discussed in the “Stopping Criteria” section on
page 158.

KEEPGOING_C=s
is used to determine whether optimization should stop. If a stopping condition is
met, if complementarity (the value of the Compleme-ity column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is s, optimization will
continue. This option is discussed in the “Stopping Criteria” section on page 158.
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KEEPGOING_DG=s

is used to determine whether optimization should stop. If a stopping condition is
met, if the duality gap (the value of the Dualitfyap column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is s, optimization will
continue. This option is discussed in the “Stopping Criteria” section on page 158.

KEEPGOING_IB=s

is used to determine whether optimization should stop. If a stopping condition is
met, if total bound infeasibilityy """, in feasy; (see theinfeas, array in the “Inte-

rior Point: Upper Bounds” section on page 71; this value appears in thénfedsb
column in the table produced when you specify PRINTLEVEL2=1 or PRINT-
LEVEL2=2) is> s, optimization will continue. This option is discussed in the “Stop-
ping Criteria” section on page 158.

KEEPGOING_IC=s

is used to determine whether optimization should stop. If a stopping condition is met,
if total constraint infeasibility) ;| infeas.; (see then feas. array in the “Interior
Point Algorithmic Details” section on page 66; this value appears in theifffelasc
column in the table produced when you specify PRINTLEVEL2=2) is, optimiza-

tion will continue. This option is discussed in the “Stopping Criteria” section on
page 158.

KEEPGOING_ID=s

is used to determine whether optimization should stop. If a stopping condition is met,
if total dual infeasibility) ;" , in feasq; (See then feasy array in the “Interior Point
Algorithmic Details” section on page 66; this value appears in theifitgasd col-
umn in the table produced when you specify PRINTLEVEL2=2} is, optimization
will continue. This option is discussed in the “Stopping Criteria” section on page 158.

AND_KEEPGOING_C=s

is used to determine whether optimization should stop. If a stopping condition is
met, if complementarity (the value of the Complem-ity column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is s, and the other
conditions related to other ANDKEEPGOING parameters are also satisfied, opti-
mization will continue. This option is discussed in the “Stopping Criteria” section on
page 158.

AND_KEEPGOING_DG=s

is used to determine whether optimization should stop. If a stopping condition is met,
if the duality gap (the value of the Dualitgap column in the table produced when
you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is- s, andthe other condi-
tions related to other ANDKEEPGOING parameters are also satisfied, optimization
will continue. This option is discussed in the “Stopping Criteria” section on page 158.

AND_KEEPGOING_IB=s

is used to determine whether optimization should stop. If a stopping condition is met,
if total bound infeasibility} " , infeasy; (see theinfeas, array in the “Interior
Point;: Upper Bounds” section on page 71; this value appears in thenfedsb
column in the table produced when you specify PRINTLEVEL2=2}is, andthe

other conditions related to other ANIKEEPGOING parameters are also satisfied,
optimization will continue. This option is discussed in the “Stopping Criteria” section
on page 158.
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AND_KEEPGOING_IC=s
is used to determine whether optimization should stop. If a stopping condition is met,
if total constraint infeasibility) ;" | in feas.; (see then feas. array in the “Interior
Point Algorithmic Details” section on page 66; this value appears in theiffeasc
column in the table produced when you specify PRINTLEVEL2=2}is, andthe
other conditions related to other ANIKEEPGOING parameters are also satisfied,
optimization will continue. This option is discussed in the “Stopping Criteria” section
on page 158.

AND_KEEPGOING_ID=s
is used to determine whether optimization should stop. If a stopping condition is
met, if total dual infeasibility} """ ; in feasq; (see then feasq array in the “Interior
Point Algorithmic Details” section on page 66; this value appears in theifffieasd
column in the table produced when you specify PRINTLEVEL2=2}is, andthe
other conditions related to other ANIKEEPGOING parameters are also satisfied,
optimization will continue. This option is discussed in the “Stopping Criteria” section
on page 158.

CAPACITY Statement

CAPACITY variable ;
CAPAC variable ;

UPPERBD variable ;

The CAPACITY statement identifies the SAS variable in the ARCDATA= data set
that contains the maximum feasible flow or capacity of the network arcs. If an ob-
servation contains nonarc variable information, the CAPACITY list variable is the
upper value bound for the nonarc variable named in the NAME list variable in that
observation.

When solving an LP, the CAPACITY statement identifies the SAS variable in the
ARCDATA= data set that contains the maximum feasible value of the LP variables.

The CAPACITY list variable must have numeric values. It is not necessary to have
a CAPACITY statement if the name of the SAS variable GAPAC_, _UPPER_,
_UPPERBD, or_HI_.

COEF Statement

COEF variables ;

The COEF list is used with the sparse input format of the CONDATA= data set. The
COEF list can contain more than one SAS variable, each of which must have numeric
values. If the COEF statement is not specified, the CONDATA= data set is searched
and SAS variables with names beginning witB6OE are used. The number of SAS
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variables in the COEF list must be no greater than the number of SAS variables in
the ROW list.

The values of the COEF list variables in an observation can be interpreted differently
than these variables’ values in other observations. The values can be coefficients in
the side constraints, costs and objective function coefficients, bound data, constraint
type data, or rhs data. If the COLUMN list variable has a value that is a name of an
arc or a nonarc variable, thigh COEF list variable is associated with the constraint

or special row name named in tii ROW list variable. Otherwise, the COEF list
variables indicate type values, rhs values, or missing values.

When solving an LP, the values of the COEF list variables in an observation can be
interpreted differently than these variables’ values in other observations. The val-
ues can be coefficients in the constraints, objective function coefficients, bound data,
constraint type data, or rhs data. If the COLUMN list variable has a value that is a
name of an LP variable, thigh COEEF list variable is associated with the constraint

or special row name named in thth ROW list variable. Otherwise, the COEF list
variables indicate type values, rhs values, or missing values.

COLUMN Statement
COLUMN variable ;

The COLUMN list is used with the sparse input format of the CONDATA= data set.

This list consists of one SAS variable in the CONDATA= data set that has as values
the names of arc variables, nonarc variables, or missing values. When solving an LP,
this list consists of one SAS variable in the CONDATA= data set that has as values
the names of LP variables, or missing values. Some, if not all, of these values also
can be values of the NAME list variables of the ARCDATA= data set. The COLUMN
list variable can have other special values (Refer to the TYPEOBS= and RHSOBS=
options). If the COLUMN list is not specified after the PROC INTPOINT statement,
the CONDATA= data set is searched and a SAS variable nan@@dLUMN_ is

used. The COLUMN list variable must have character values.

COST Statement

COST variable ;
OBJFN variable ;

The COST statement identifies the SAS variable in the ARCDATA= data set that
contains the per unit flow cost through an arc. If an observation contains nonarc
variable information, the value of the COST list variable is the objective function
coefficient of the nonarc variable named in the NAME list variable in that observation.
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If solving an LP, the COST statement identifies the SAS variable in the ARCDATA=
data set that contains the per unit objective function coefficient of an LP variable
named in the NAME list variable in that observation.

The COST list variable must have numeric values. It is not necessary to specify a
COST statement if the name of the SAS variable@OST_ or _LENGTH_

DEMAND Statement

DEMAND variable ;

The DEMAND statement identifies the SAS variable in the ARCDATA= data set
that contains the demand at the node named in the corresponding HEADNODE list
variable. The DEMAND list variable must have numeric values. It is not necessary
to have a DEMAND statement if the name of this SAS variableDEMAND_. See

the “Missing S Supply and Missing D Demand Values” section on page 146 for cases
when the SUPDEM list variable values can have other values. There should be no
DEMAND statement if you are solving an LP.

HEADNODE Statement

HEADNODE variable ;
HEAD variable ;

TONODE variable ;

TO variable ;

The HEADNODE statement specifies the SAS variable that must be present in the
ARCDATA=data set that contains the names of nodes toward which arcs are directed.
It is not necessary to have a HEADNODE statement if the name of the SAS variable
is _HEAD_ or _TO_. The HEADNODE variable must have character values.

There should be no HEAD statement if you are solving an LP.

ID Statement

ID variables ;

The ID statement specifies SAS variables containing values for pre- and post-optimal
processing and analysis. These variables are not processed by PROC INTPOINT
but are read by the procedure and written in the CONOUT= data set. For example,
imagine a network used to model a distribution system. The SAS variables listed on
the ID statement can contain information on the type of vehicle, the transportation
mode, the condition of the road, the time to complete the journey, the name of the
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driver, or other ancillary information useful for report writing or describing facets of
the operation that do not have bearing on the optimization. The ID variables can be
character, numeric, or both.

If no ID list is specified, the procedure forms an ID list of all SAS variables not
included in any other implicit or explicit list specification. If the ID list is specified,
any SAS variables in the ARCDATA= data set not in any list are dropped and do not
appear in the CONOUT= data set.

LO Statement

LO variable ;
LOWERBD variable ;

MINFLOW variable ;

The LO statement identifies the SAS variable in the ARCDATA= data set that con-
tains the minimum feasible flow or lower flow bound for arcs in the network. If an
observation contains nonarc variable information, the LO list variable has the value
of the lower bound for the nonarc variable named in the NAME list variable. If solv-
ing an LP, the LO statement identifies the SAS variable in the ARCDATA= data set
that contains the lower value bound for LP variables. The LO list variables must have
numeric values. It is not necessary to have a LO statement if the name of this SAS
variable is_LOWER_, _LO_, _LOWERBD, or _MINFLOW.

NAME Statement

NAME variable ;
ARCNAME variable ;

VARNAME variable ;

Each arc and nonarc variable in an NPSC, or each variable in an LP, that has data
in the CONDATA= data set must have a uniqgue name. This name is a value of
the NAME list variable. The NAME list variable must have character values (see
the NAMECTRL= option in the PROC INTPOINT statement for more information).

It is not necessary to have a NAME statement if the name of this SAS variable is
_NAME_.
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NODE Statement
NODE variable ;

The NODE list variable, which must be present in the NODEDATA= data set, has
names of nodes as values. These values must also be values of the TAILNODE list
variable, the HEADNODE list variable, or both. If this list is not explicitly specified,
the NODEDATA= data set is searched for a SAS variable with the naN@DE_.

The NODE list variable must have character values.

QUIT Statement
QUIT;

The QUIT statement indicates that PROC INTPOINT is to stop immediately. The
solution is not saved in the CONOUT=data set. The QUIT statement has no options.

RHS Statement
RHS variable ;

The RHS variable list is used when the dense format of the CONDATA= data set is
used. The values of the SAS variable specified in the RHS list are constraint right-
hand-side values. If the RHS list is not specified, the CONDATA= data set is searched
and a SAS variable with the namd&RHS_ is used. The RHS list variable must have
numeric values. If there is no RHS list and no SAS variable namRHS_, all
constraints are assumed to have zero right-hand-side values.

ROW Statement
ROW variables ;

The ROW list is used when either the sparse or dense format of the CONDATA= data
set is being used. SAS variables in the ROW list have values that are constraint or
special row names. The SAS variables in the ROW list must have character values.

If the dense data format is used, there must be only one SAS variable in this list. In
this case, if a ROW list is not specified, the CONDATA= data set is searched and the
SAS variable with the nameROW_ or _CON_ is used. If that search failed to find

a suitable SAS variable, data for each constraint must reside in only one observation.

If the sparse data format is used and the ROW statement is not specified, the CON-
DATA= data set is searched and SAS variables with names beginning R{EW or
_CON are used. The number of SAS variables in the ROW list must not be less than
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the number of SAS variables in the COEF list. Ttie ROW list variable is paired

with thesth COEF list variable. If the number of ROW list variables is greater than
the number of COEF list variables, the last ROW list variables have no COEF partner.
These ROW list variables that have no corresponding COEF list variable are used in
observations that have a TYPE list variable value. All ROW list variable values are
tagged as having the type indicated. If there is no TYPE list variable, all ROW list
variable values are constraint names.

RUN Statement

RUN;

The RUN statement causes optimization to be started. The RUN statement has no
options. If PROC INTPOINT is called and is not terminated because of an error
or a QUIT statement, and you have not used a RUN statement, a RUN statement
is assumed implicitly as the last statement of PROC INTPOINT. Therefore, PROC
INTPOINT reads that data, performs optimization, and saves the optimal solution in
the CONOUT= data set.

SUPDEM Statement
SUPDEM variable ;

The SAS variable in this list, which must be present in the NODEDATA= data set,
contains supply and demand information for the nodes in the NODE list. A positive
SUPDEM list variable value (s > 0) denotes that the node named in the NODE list
variable can supply units of flow. A negative SUPDEM list variable valuei (d >

0) means that this node demandsinits of flow. If a SAS variable is not explicitly
specified, a SAS variable with the nam8UPDEM_ or _SD_ in the NODEDATA=

data set is used as the SUPDEM variable. If a node is a transshipment node (neither
a supply nor a demand node), an observation associated with this node need not be
present in the NODEDATA= data set. If present, the SUPDEM list variable value
must be zero or a missing value. See the “Missing S Supply and Missing D Demand
Values” section on page 146 for cases when the SUPDEM list variable values can
have other values.

SUPPLY Statement

SUPPLY variable ;

The SUPPLY statement identifies the SAS variable in the ARCDATA= data set that
contains the supply at the node named in that observation’s TAILNODE list variable.
If a tail node does not supply flow, use zero or a missing value for the observation’s
SUPPLY list variable value. If a tail node has supply capability, a missing value
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indicates that the supply quantity is given in another observation. It is not necessary
to have a SUPPLY statement if the name of this SAS variabléeSOPPLY_. See

the “Missing S Supply and Missing D Demand Values” section on page 146 for cases
when the SUPDEM list variable values can have other values. There should be no
SUPPLY statement if you are solving an LP.

TAILNODE Statement

TAILNODE vatriable ;
TAIL variable ;

FROMNODE variable ;

FROM variable ;

The TAILNODE statement specifies the SAS variable that must (when solving an
NPSC problem) be present in the ARCDATA= data set that has as values the names
of tail nodes of arcs. The TAILNODE variable must have character values. It is not
necessary to have a TAILNODE statement if the name of the SAS variabl\is

or _FROML_. If the TAILNODE list variable value is missing, it is assumed that the
observation of the ARCDATA= data set contains information concerning a nonarc
variable. There should be no TAILNODE statement if you are solving an LP.

TYPE Statement

TYPE variable ;
CONTYPE variable ;

The TYPE list, which is optional, names the SAS variable that has as values keywords
that indicate either the constraint type for each constraint or the type of special rows
in the CONDATA= data set. The values of the TYPE list variable also indicate, in
each observation of the CONDATA= data set, how values of the VAR or COEF list
variables are to be interpreted and how the type of each constraint or special row
name is determined. If the TYPE list is not specified, the CONDATA= data set is
searched and a SAS variable with the narfié&/PE_ is used. Valid keywords for the
TYPE variable are given below. If there is no TYPE statement and no other method
is used to furnish type information (see the DEFCONTYPE= option), all constraints
are assumed to be of the type “less than or equal to” and no special rows are used.
The TYPE list variable must have character values and can be used when the data
in the CONDATA= data set is in either the sparse or dense format. If the TYPE list
variable value has a * as its first character, the observation is ignored because it is a
comment observation.
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TYPE List Variable Values
The following are valid TYPE list variable values. The letters in boldface denote the
characters that PROC INTPOINT uses to determine what type the value suggests.
You need to have at least these characters. Below, the minimal TYPE list variable
values have additional characters to aid you in remembering these values.

The valid TYPE list variable values are

< less than or equal to<)

= equal to (=)

> greater than or equal to>{
CAPAC capacity

COST cost

EQ equal to

FREE free row (used only for Linear Programs solved by Interior Point)
GE greater than or equal to
LE less than or equal to
LOW ERBD lower flow or value bound
LOW blank lower flow or value bound

MA XIMIZE maximize (opposite of cost)
MI NIMIZE minimize (same as cost)
OBJECTIVE objective function (same as cost)

RHS rhs of constraint

TYPE type of constraint

UPPCOST reserved for future use

UNREST unrestricted variable (used only for Linear Programs solved by In-

terior Point)
UPPER upper value bound or capacity; second letter must not be N

The valid TYPE list variable values in function order are

LE less than or equal toa<)

e EQ Equalto (2)

e GE Greater than or equal to>{
e COST

MI NIMIZE

MA XIMIZE

OBJECTIVE
cost or objective function coefficient

e CAPAC
UPPER capacity or upper value bound
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e LOWERBD
LOW blank Lower flow or value bound

e RHS rhs of constraint
e TYPE type of constraint

A TYPE list variable value that has the first characterauses the observation to be
treated as a comment. If the first character is a negative sign,henhe type. If
the first character is a zero, thenis the type. If the first character is a a positive
number, ther® is the type.

VAR Statement

VAR variables ;

The VAR variable list is used when the dense data format is used for the CONDATA=
data set. The names of these SAS variables are also names of the arc and nonarc
variables that have data in the CONDATA= data set. If solving an LP, the names
of these SAS variables are also names of the LP variables. If no explicit VAR list
is specified, all numeric SAS variables in the CONDATA= data set that are not in
other SAS variable lists are put onto the VAR list. The VAR list variables must have
numeric values. The values of the VAR list variables in some observations can be
interpreted differently than in other observations. The values can be coefficients in
the side constraints, costs and objective function coefficients, or bound data. When
solving an LP, the values of the SAS variables in the VAR list can be constraint
coefficients, objective function coefficients, or bound data. How these numeric values
are interpreted depends on the value of each observation’s TYPE or ROW list variable
value. If there are no TYPE list variables, the VAR list variable values are all assumed
to be side constraint coefficients.
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Detalls

Input Data Sets

PROC INTPOINT is designed so that there are as few rules as possible that you
must obey when inputting a problem’s data. Raw data are acceptable. This should
cut the amount of processing required to groom the data before it is input to PROC
INTPOINT. Data formats are so flexible that, due to space restrictions, all possible
forms for a problem’s data are not shown here. Try any reasonable form for your
problem’s data; it should be acceptable. PROC INTPOINT will outline its objections.

You can supply the same piece of data several ways. You do not have to restrict
yourself to using any particular one. If you use several ways, PROC INTPOINT
checks that the data are consistent each time that the data are encountered. After
all input data sets have been read, data are merged so that the problem is described
completely. The observations can be in any order.

ARCDATA= Data Set
See the “Getting Started: NPSC Problems” section on page 82 and the “Introductory
NPSC Example” section on page 83 for a description of this input data set.

Note: Information for an arc or nonarc variable can be specified in more than one

observation. For example, consider an arc directed from node A toward node B that
has a cost of 50, capacity of 100, and lower flow bound of 10 flow units. Some

possible observations in the ARCDATA= data set are

_tail. _head_ _cost _capac_ _lo_

A B 50 .

A B 100 .
A B . . 10
A B 50 100 .
A B 100 10
A B 50 . 10
A B 50 100 10

Similarly, for a nonarc variable that has an upper bound of 100, a lower bound of
10, and an objective function coefficient of 50, theAIL_ and_HEAD_ values are
missing.

When solving an LP that has an LP variable namsd.var with an upper bound of
100, a lower bound of 10, and an objective function coefficient of 50, some possible
observations in the ARCDATA= data set are

_hame_ _cost_ _capac_ _lo_
my_var 50 .

my_var . 100 .
my_var . . 10
my_var 50 100 .
my_var . 100 10
my_var 50 . 10

my_var 50 100 10
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CONDATA= Data Set
Regardless of whether the data in the CONDATA= data set is in the sparse or dense
format, you will receive a warning if PROC INTPOINT finds a constraint row that
has no coefficients. You will also be warned if any nonarc or LP variable has no
constraint coefficients.

Dense Input Format

If the dense format is used, most SAS variables in the CONDATA= data set belong
to the VAR list. The names of the SAS variables belonging to this list have names
of arc and nonarc variables or, if solving an LP, names of the LP variables. These
names can be values of the SAS variables in the ARCDATA= data set that belong to
the NAME list, or names of nonarc variables, or names in the ftailnhead, or

any combination of these three forms. Names in the fain.headare default arc
names, and if you use them, you must specify node names in the ARCDATA= data
set (values of the TAILNODE and HEADNODE list variables).

The CONDATA=data set can have three other SAS variables belonging, respectively,
to the ROW, the TYPE, and the RHS lists. = The CONDATA= data set of the oil
industry example in the “Introductory NPSC Example” section on page 83 uses the
dense data format.

Consider the SAS code that creates a dense format CONDATA= data set that has data
for three constraints. This data set was used in the “Introductory NPSC Example”
section on page 83:

data condi;
input m_e refl m_e ref2 thruputl rl_gas thruput2 r2_gas
_type_ $ rhs_;
datalines;
-2 . 1. ..>=-15
.2 .. 1.GE -15
.34 .. EQ 0
.. 34 = 0

You can use nonconstraint type values to furnish data on costs, capacities, lower flow
bounds (and, if there are nonarc or LP variables, objective function coefficients and
upper and lower bounds). You need not have such (or as much) data in the ARC-
DATA= data set. The first three observations in the following data set are examples
of observations that provide cost, capacity, and lower bound data:
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data condlb;
input m_e_refl m_e_ref2 thruputl rl_gas thruput2 r2_gas
_type_ $ _rhs_;
datalines;
63 81 200 . 220 . cost
95 80 175 140 100 100 capac

20 10 50 . 35 . lo .
-2 . 1 . . . >= -15
. -2 . . 1 . GE -15
-3 4 . . EQ 0

-3 4 = 0

If a ROW list variable is used, the data for a constraint can be spread over more
than one observation. To illustrate, the data for the first constraint (which is called
conl) and the cost and capacity data (in special rows caltestrow andcaprow,

respectively) will be spread over more than one observation in the following data set:

data condlb;
input _row_ $
m_e_refl m_e_ref2 thruputl rl_gas thruput2 r2_gas

_type_ $ _rhs_;
datalines;
costrow 63 . . .. .
costrow .81 20 O . . . cost
. . 220 . cost
caprow . capac

caprow 95 . 175 . 100 100 .
caprow . 80 175 140 .
lorow 20 10 50 . 35 . lo

conl -2 . 1 . . .
conl .o . . . . >= -15
con2 . -2 . . 1 . GE -15
con3 .. - 3 4 . . EQ 0

con4 .. . . -3 4 = 0

Using both ROW and TYPE lists, you can use special row names. Examples of these
arecostrow andcaprow in the last data set. It should be restated that in any of the
input data sets of PROC INTPOINT, the order of the observation does not matter.
However, the CONDATA= data set can be read more quickly if PROC INTPOINT
knows what type of constraint or special row a ROW list variable value is. For ex-
ample, when the first observation is read, PROC INTPOINT does not know whether
costrow is a constraint or special row and how to interpret the value 63 for the arc
with the namem_e_refl. When PROC INTPOINT reads the second observation,

it learns thatcostrow has cost type and that the values 81 and 200 are costs. When
the entire CONDATA= data set has been read, PROC INTPOINT knows the type of
all special rows and constraints. Data that PROC INTPOINT had to set aside (such
as the first observation 63 value and tdwstrow ROW list variable value, which at

the time had unknown type, but is subsequently known to be a cost special row) is
reprocessed. During this second pass, if a ROW list variable value has unassigned
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constraint or special row type, it is treated as a constraint with DEFCONTYPE= (or
DEFCONTYPE= default) type. Associated VAR list variable values are coefficients
of that constraint.

Sparse Input Format

The side constraints usually become sparse as the problem size increases. When
the sparse data format of the CONDATA= data set is used, only honzero constraint
coefficients must be specified. Remember to specify the SPARSECONDATA option

in the PROC INTPOINT statement. With the sparse method of specifying constraint
information, the names of arc and nonarc variables or, if solving an LP, the names of
LP variables do not have to be valid SAS variable names.

A sparse format CONDATA= data set for the oil industry example in the “Introduc-
tory NPSC Example” section on page 83 is displayed below.

title 'Setting Up Condata = Cond2 for PROC INTPOINT’;
data cond2;
input _column_ $ _rowl $ _coefl _row2 $ _coef2 ;
datalines;
m_e refl conl -2
m_e ref2 con2 -2 . .
thruputl conl 1 con3 -3

rl_gas . . con3 4
thruput2 con2 1 cond -3
r2_gas . . cond 4
_type_ conl 1 con2 1
_type_ con3 0 cond 0

_rhs_ conl -15 con2 -15

Recall that the COLUMN list variable valuestype_ and _rhs_ are the default
values of the TYPEOBS= and RHSOBS= options. Also, the default rhs value of
constraints ¢on3 and con4) is zero. The third to last observation has the value
_type_ for the COLUMN list variable. The. ROW1 variable value ixonl, and

the _COEF1_ variable has the value 1. This indicates that the constnt is
greater thanor equal to type (because the value Kisater thanzero). Similarly,

the data in the second to last observatiarROW?2 and_COEF2 variables indicate
thatcon2 is anequalityconstraint (Cequalszero).
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An alternative, using a TYPE list variable, is

title 'Setting Up Condata = Cond3 for PROC INTPOINT’;

data cond3;
input _column_ $ rowl $ coefl row2 $ coef2 type $ ;
datalines;

m_e refl conl -2 . . >=

m_e ref2 con2 -2 . .
thruputl conl 1 con3 -3.

rl_gas . . con3 4 .

thruput2 con2 1 cond -3.

r2_gas . . con4d 4 .
con3 . con4 . eq

conl -15 con2 -15 ge

If the COLUMN list variable is missing in a particular observation (the last 2 obser-
vations in the data setond3, for instance), the constraints named in the ROW list
variables all have the constraint type indicated by the value in the TYPE list variable.

It is for this type of observation that you are allowed more ROW list variables than
COEF list variables. If corresponding COEF list variables are not missing (for ex-
ample, the last observation in the datasand3), these values are the rhs values of
those constraints. Therefore, you can specify both constraint type and rhs in the same
observation.

As in the previous CONDATA= data set, if the COLUMN list variable is an arc or
nonarc variable, the COEF list variable values are coefficient values for that arc or
nonarc variable in the constraints indicated in the corresponding ROW list variables.
If in this same observation the TYPE list variable contains a constraint type, all con-
straints named in the ROW list variables in that observation have this constraint type
(for example, the first observation in the datas®id3). Therefore, you can specify
both constraint type and coefficient information in the same observation.

Also note that DEFCONTYPE=EQ could have been specified, saving you from hav-
ing to include in the data thabn3 andcon4 are of this type.

In the oil industry example, arc costs, capacities, and lower flow bounds are presented
in the ARCDATA= data set. Alternatively, you could have used the following input
data sets. Tharcd2 data set has only two SAS variables. For each arc, there is an
observation in which the arc’s tail and head node is specified:
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title3 'Setting Up Arcdata = Arcd2 for PROC INTPOINT’;
data arcd2;
input _from_&%$11. to &$15. ;
datalines;
middle east refinery 1
middle east refinery 2
u.s.a. refinery 1
u.s.a. refinery 2
refinery 1 rl
refinery 2 r2

rl refl gas
rl refl diesel
r2 ref2 gas
r2 ref2 diesel
refl gas servstnl gas
refl gas servstn2 gas

refl diesel servstnl diesel
refl diesel servstn2 diesel
ref2 gas servstnl gas
ref2 gas servstn2 gas
ref2 diesel servstnl diesel
ref2 diesel servstn2 diesel

title 'Setting Up Condata = Cond4 for PROC INTPOINT’;

data cond4;
input _column_&$27. _rowl $ _coefl _row2 $ _coef2 type $ ;
datalines;
conl -15 con2 -15 ge
costrow . . . cost
. . caprow . capac
middle east_refinery 1 conl -2
middle east_refinery 2 con2 -2 . .
refinery 1_rl conl 1 con3 -3
rl_refl gas . . con3 4 =
refinery 2_r2 con2 1 con4 -3 .
r2_ref2 gas . . cond 4 eq
middle east _refinery 1 costrow 63 caprow 95
middle east_refinery 2 costrow 81 caprow 80
u.s.a._refinery 1 costrow 55
u.s.a._refinery 2 costrow 49 .
refinery 1 rl costrow 200 caprow 175
refinery 2_r2 costrow 220 caprow 100
rl refl gas . . caprow 140
rl_refl diesel . . caprow 75
r2_ref2 gas . . caprow 100
r2_ref2 diesel . . caprow 75
refl gas_servstnl gas costrow 15 caprow 70
refl gas_servstn2 gas costrow 22 caprow 60

refl diesel_servstnl diesel costrow 18

refl diesel servstn2 diesel costrow 17 .
ref2 gas_servstnl gas costrow 17 caprow 35
ref2 gas_servstn2 gas costrow 31

ref2 diesel_servstnl diesel costrow 36
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ref2 diesel_servstn2 diesel costrow 23 . . .
middle east_refinery 1 .20 . . lo
middle east_refinery 2 .10 . . lo
refinery 1 rl . 50 . . lo
refinery 2_r2 . 35 . . lo
ref2 gas_servstnl gas . 5 . . lo

The first observation in theond4 data set definesonl andcon2 asgreater than

or equal to(>) constraints that both (by coincidence) have rhs values of -15. The
second observation defines the special omstrow as a cost row. Whenostrow

is a ROW list variable value, the associated COEF list variable value is interpreted
as a cost or objective function coefficient. PROC INTPOINT has to do less work
if constraint names and special rows are defined in observations near the top of a
data set, but this is not a strict requirement. The fourth to ninth observations contain
constraint coefficient data. Observations seven and nine have TYPE list variable
values that indicate that constraimisn3 andcon4 are equality constraints. The last

five observations contain lower flow bound data. Observations that have an arc or

nonarc variable name in the COLUMN list variable, a nonconstraint type TYPE list
variable value, and a value in (one of) the COEF list variables are valid.

The following data set is equivalent to thend4 data set:

title 'Setting Up Condata =

Cond5 for PROC INTPOINT,

data cond5;

input _column_&$27. _rowl $ _coefl _row2 $ _coef2 type $ ;

datalines;
middle east_refinery 1 conl -2 costrow 63
middle east_refinery 2 con2 -2 lorow 10
refinery 1 rl . con3 -3 =
rl_refl gas caprow 140 con3 4
refinery 2_r2 con2 1 con4 -3 .
r2_ref2 gas . cond 4 eq
. CON1 -15 CON2 -15 GE
ref2 diesel_servstnl diesel 36 costrow cost

caprow . capac

. lorow . . . lo
middle east_refinery 1 caprow 95  lorow 20
middle east_refinery 2 caprow 80 costrow 81 .
u.s.a._refinery 1 . . 55 cost
u.s.a._refinery 2 costrow 49 . .
refinery 1 rl conl 1 caprow 175

refinery 1_rl

lorow 50 costrow 200

refinery 2_r2 costrow 220 caprow 100
refinery 2_r2 . 35 . . lo
rl _refl diesel caprow2 75 . capac
r2_ref2 gas caprow 100
r2_ref2 diesel caprow2 75 .

refl gas_servstnl gas costrow 15 caprow 70

refl gas_servstn2 gas caprow2 60 costrow 22

refl diesel_servstnl diesel . costrow 18

refl diesel _servstn2 diesel costrow 17
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ref2 gas_servstnl gas costrow 17 lorow 5
ref2 gas_servstnl gas . . caprow2 35
ref2 gas_servstn2 gas . 31 . . cost

ref2 diesel_servstn2 diesel . . costrow 23

Converting from an NPSC to an LP Problem

If you have data for a linear programming program that has an embedded network, the
steps required to change that data into a form that is acceptable by PROC INTPOINT
are

1. Identify the nodal flow conservation constraints. The coefficient matrix of these
constraints (a submatrix of the LP’s constraint coefficient matrix) has only two
nonzero elements in each column, -1 and 1.

2. Assign a node to each nodal flow conservation constraint.

3. The rhs values of conservation constraints are the corresponding node’s sup-
plies and demands. Use this information to create the NODEDATA= data set.

4. Assign an arc to each column of the flow conservation constraint coefficient
matrix. The arc is directed from the node associated with the row that has
the 1 element in it and directed toward to the node associated with the row
that has the-1 element in it. Set up the ARCDATA= data set that has two
SAS variables. This data set could resemble ARCDATA=arcd2. These will
eventually be the TAILNODE and HEADNODE list variables when PROC
INTPOINT is used. Each observation consists of the tail and head node of
each arc.

5. Remove from the data of the linear program all data concerning the nodal flow
conservation constraints.

6. Putthe remaining data into a CONDATA= data set. This data set will probably
resemble CONDATA=cond4 or CONDATA=cond5.
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The Sparse Format Summary

The following list illustrates possible CONDATA= data set observation sparse for-
mats. al, b1, b2, b3 and c1 have asGOLUMN_ variable value either the name of
an arc (possibly in the forrtail _head or the name of a nonarc variable (if you are
solving an NPSC), or the name of the LP variable (if you are solving an LP). These
are collectively referred to asariable in the tables that follow.

e If there is no TYPE list variable in the CONDATA= data set, the problem must
be constrained and there is no nonconstraint data in the CONDATA= data set:

_COLUMN_ _ROWx_ _COERx_ _ROWy_
(no _COEFy)
(may not be
in CONDATA)
al variable constraint  lhs coef e +
a2 _TYPE_ or constraint -101 | |
TYPEOBS= | [
a3 _RHS_ or constraint  rhs value | constraint |
RHSOBS= or | or |
missing | missing |
ad _TYPE_ or constraint missing | |
TYPEOBS= | [
ab RHS_ or constraint missing | |
RHSOBS= or e +
missing

Observations of the form a4 and a5 serve no useful purpose but are still allowed
to make problem generation easier.

e Ifthere are no ROW list variables in the data set, the problem has no constraints
and the information is nonconstraint data. There must be a TYPE list variable
and only one COEF list variable in this case. The COLUMN list variable has as
values the names of arcs or nonarc variables and must not have missing values
or special row names as values:

_COLUMN_ _TYPE_ _COEFx_
bl variable UPPERBD capacity
b2 variable LOWERBD lower flow

b3 variable COST cost
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e Using a TYPE list variable for constraint data implies the following:

cl
c2

c3

c4
c5

cb
c7

_COLUMN_ _TYPE_ _ROWXx_ _COEFx_ _ROWy_
(no _COEFy))
(may not be
in CONDATA)
variable missing +-----+ |hs coef +------------ +
_TYPE_or missing| ¢ | -101 | [
TYPEOBS= | o | | |
_RHS_ or missing | n | rhs value | constraint |
missing | s | [ or |
or RHSOBS= | t | | missing |
variable con type | r | |hs coef | |
RHS _or contype | a | rhs value | |
missing | i ] | |
or RHSOBS= | n | | |
missing TYPE | t | -101 [ |
missing RHS +-----+ rhs value +------------ +

If the observation is in form c4 or ¢5, and th€ OEFx_ values are missing,
the constraint is assigned the type data specified in ThRéPE_ variable.

e Using a TYPE list variable for arc and nonarc variable data implies the follow-

ing:

di
d2
d3

d4

d5

_COLUMN_  _TYPE_ _ROWx_ _COEFx_ _ROWy_
(no _COEFy))
(may not be
in CONDATA)
+ + + + T +
variable | UPPERBD | | missing | capacity | missing |
variable | LOWERBD | | or | lowerflow | or |
variable | COST | | special | cost | special |
I | | row I | row I
| | | name | | name |
| R | |
missing | | | special | | |
I | | row I I I
e + | name | R +
variable missing | | value that  missing

| lis interpreted
| |according to
S + _ROWx_

The observation with form d1 to d5 can have ROW list variable values. Obser-
vation d4 must have ROW list variable values. The ROW value is put into the
ROW name tree so that when dealing with observation d4 or d5, the COEF list
variable value is interpreted according to the type of ROW list variable value.
For example, the following three observations define tROWx_ variable
values uprow, lo_row and carow as being an upper value bound row, lower
value bound row, and cost row, respectively:
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_COLUMN_ _TYPE_ _ROWx_ _COEFx_

. UPPERBD up_row .
variable_a LOWERBD lo_row lower flow
variable_b COST Cco_row cost

PROC INTPOINT is now able to correctly interpret the following observation:
_COLUMN_ _TYPE_ ROW1__COEFl1__ROW2__COEF2_ ROW3_ _COEF3_

var_c . up_row upval lo_row loval co_row  cost

If the TYPE list variable value is a constraint type and the value of the COL-
UMN list variable equals the value of the TYPEOBS= option or the default
value_TYPE_, the TYPE list variable value is ignored.

NODEDATA= Data Set

See the “Getting Started: NPSC Problems” section on page 82 and the “Introductory
NPSC Example” section on page 83 for a description of this input data set.

Output Data Set

For NPSC problems, the procedure determines the flow that should pass through each
arc as well as the value that should be assigned to each nonarc variable. The goal is
that the minimum flow bounds, capacities, lower and upper value bounds, and side
constraints are not violated. This goal is reached when total cost incurred by such a
flow pattern and value assignment is feasible and optimal. The solution found must
also conserve flow at each node.

For LP problems, the procedure determines the value that should be assigned to each
variable. The goal is that the lower and upper value bounds and the constraints are not
violated. This goal is reached when the total cost incurred by such a value assignment
is feasible and optimal.

The CONOUT= data set can be produced and contains a solution obtained after per-
forming optimization.

CONOUT= Data Set

The CONOUT= data set contains the following variables, and their possible values
in an observation are

_FROM_ a tail node of an arc. This is a missing value if an observation has
information about a nonarc variable.

_TO_ a head node of an arc. This is a missing value if an observation has
information about a nonarc variable.

_COST_ the cost of an arc or the objective function coefficient of a nonarc
variable.

_CAPAC_ the capacity of an arc or upper value bound of a nonarc variable

_LO_ the lower flow bound of an arc or lower value bound of a nonarc
variable

_NAME_ a name of an arc or nonarc variable
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_SUPPLY_ the supply of the tail node of the arc in the observation. This is
a missing value if an observation has information about a nonarc
variable.

_DEMAND_ the demand of the head node of the arc in the observation. This is
a missing value if an observation has information about a nonarc

variable.
_FLOW_ the flow through the arc or value of the nonarc variable
_FCOST_ flow cost, the product of COST_ and_FLOW_
_RCOST_ the reduced cost of the arc or nonarc variable
_STATUS_ the status of the arc or nonarc variable

The variables present in the ARCDATA= data set are present in a CONOUT= data
set. For example, if there is a variable caltad in the ARCDATA= data set and you
specified the SAS variable list:

from tail;

thentail is a variable in the CONOUT= data sets instead BROM_. Any ID list
variables also appear in the CONOUT= data sets.

Case Sensitivity

Whenever the INTPOINT procedure has to compare character strings, whether they
are node names, arc names, nonarc names, LP variable names, or constraint names,
if the two strings have different lengths, or on a character by character basis the
character is differendr has different casesPROC INTPOINT judges the character
strings to be different.

Not only is this rule enforced when one or both character strings are obtained as
values of SAS variables in PROC INTPOINT's input data sets, it also should be
obeyed if one or both character strings were originally SAS variable names, or were
obtained as the values of options or statements parsed to PROC INTPOINT. For ex-
ample, if the network has only one node that has supply capability, or if you are
solving a MAXFLOW or SHORTPATH problem, you can indicate that node using
the SOURCE option. If you specify:

proc intpoint source=NotableNode

then PROC INTPOINT looks for a value of the TAILNODE list variable thaiis-
tableNode.

Version 6 of the SAS System converts text that makes up statements into uppercase.
The name of the node searched for would be NOTABLENODE, even if this was your
SAS code:

proc intpoint source=NotableNode
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If you want PROC INTPOINT to behave as it did in Version 6, specify:
options validvarname=v6;
If the SPARSECONDATA option is not specified, and you are running SAS software
Version 6, or you are running SAS software Version 7 onward and have specified:
options validvarname=v6;
all values of the SAS variables that belong to the NAME list are uppercased. This is
because the SAS System has uppercased all SAS variable names, particularly those
in the VAR list of the CONDATA= data set.
Entities that contain blanks must be enclosed in quotes.
Loop Arcs
Loop arcs (which are arcs directed toward nodes from which they originate) are pro-
hibited. Rather, introduce a dummy intermediate node in loop arcs. For example,
replace ar€A,A) with (A,B) and(B,A). B is the name of a new node, and it must be
distinct for each loop arc.
Multiple Arcs

Multiple arcs with the same tail and head nodes are prohibited. PROC INTPOINT
checks to ensure there are no such arcs before proceeding with the optimization. In-
troduce a new dummy intermediate node in multiple arcs. This node must be distinct
for each multiple arc. For example, if some network has three arcs directed from
nodeA toward nodeB, then replace one of these three with af8sC) and (C,B)

and replace another one witA,D) and(D,B). C andD are new nodes added to the
network.

Flow and Value Bounds

The capacity and lower flow bound of an arc can be equal. Negative arc capacities
and lower flow bounds are permitted. If both arc capacities and lower flow bounds
are negative, the lower flow bound must be at least as negative as the capacity. An arc
(A, B) that has a negative flow ef f units can be interpreted as an arc that conveys

f units of flow from nodeB to nodeA.

The upper and lower value bound of a nonarc variable can be equal. Negative upper
and lower bounds are permitted. If both are negative, the lower bound must be at least
as negative as the upper bound.

When solving an LP, the upper and lower value bound of an LP variable can be equal.
Negative upper and lower bounds are permitted. If both are negative, the lower bound
must be at least as negative as the upper bound.

In short, for any problem to be feasible, a lower bound muskhbime associated
upper bound.
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Tightening Bounds and Side Constraints

If any piece of data is furnished to PROC INTPOINT more than once, PROC INT-
POINT checks for consistency so that no conflict exists concerning the data values.
For example, if the cost of some arc is seen to be one value and as more data are read,
the cost of the same arc is seen to be another value, PROC INTPOINT issues an error
message on the SAS log and stops. There are two exceptions to this:

e The bounds of arcs and nonarc variables, or the bounds of LP variables, are
made as tight as possible. If several different values are given for the lower
flow bound of an arc, the greatest value is used. If several different values are
given for the lower bound of a nonarc or LP variable, the greatest value is used.
If several different values are given for the capacity of an arc, the smallest value
is used. If several different values are given for the upper bound of a nonarc or
LP variable, the smallest value is used.

e Several values can be given for inequality constraint right-hand-sides. For a
particular constraint, the lowest rhs value is used for the rhs if the constraint is
of less than or equal ttype. For a particular constraint, the greatest rhs value
is used for the rhs if the constraint is gfeater than or equal ttype.

Reasons for Infeasibility

Before optimization commences, PROC INTPOINT tests to ensure that the problem
is not infeasible by ensuring that, with respect to supplies, demands, and arc flow
bounds, flow conservation can be obeyed at each node:

e Let IN be the sum of lower flow bounds of arcs directed toward a node plus
the node’s supply. LeDUT be the sum of capacities of arcs directed from that
node plus the node’s demand.JINV exceeds)UT', not enough flow can leave
the node.

e Let OUT be the sum of lower flow bounds of arcs directed from a node plus
the node’s demand. L&tV be the total capacity of arcs directed toward the
node plus the node’s supply. 1UT exceedd N, not enough flow can arrive
at the node.

Reasons why a network problem can be infeasible are similar to those previously
mentioned but apply to a set of nodes rather than for an individual node.
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Consider the network illustrated in Figure 5.10.

NODE_1----------------- >NODE_2
/ capac=55 \
/ l0o=50 \

NODE_3 NODE_4
supply=100 \ / demand=120
\ /
\ /
\ capac=62 /
\ l0=60 /
NODE_5----------------- >NODE_6

Figure 5.10. An Infeasible Network

The demand of NODE4 is 120. That can never be satisfied because the maximal
flow through arcs (NODE1, NODE_2) and (NODE5, NODE_6) is 117. More
specifically, the implicit supply of NODE2 and NODES6 is only 117, which is
insufficient to satisfy the demand of other nodes (real or implicit) in the network.

Furthurmore, the lower flow bounds of arcs (NODE NODE_2) and (NODE.S5,
NODE_6) are greater than the flow that can reach the tail nodes of these arcs, that,
by coincidence, is the total supply of the network. The implicit demand of nodes
NODE_1 and NODEJS5 is 110, which is greater than the amount of flow that can
reach these nodes.

Missing S Supply and Missing D Demand Values

In some models, you may want a node to be either a supply or demand node but you
want the node to supply or demand the optimal number of flow units. To indicate
that a node is such a supply node, use a missing S value in the SUPPLY list variable
in the ARCDATA= data set or the SUPDEM list variable in the NODEDATA= data
set. To indicate that a node is such a demand node, use a missing D value in the
DEMAND list variable in the ARCDATA= data set or the SUPDEM list variable in

the NODEDATA= data set.

Suppose the oil example in the “Introductory NPSC Example” section on page 83 is
changed so that crude oil can be obtained from either the Middle East or U.S.A. in
any amounts. You should specify that the nodddle east is a supply node, but you

do not want to stipulate that it supplies 100 units, as before. The nade. should

also remain a supply node, but you do not want to stipulate that it supplies 80 units.
You must specify that these nodes have missing S supply capabilities:
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titte  'Oil Industry Example’;
titte3 'Crude Oil can come from anywhere’;

data miss_s;
missing S;
input _node_&$15. _sd_;
datalines;
middle east S
u.s.a. S
servstnl gas -95
servstnl diesel -30
servstn2 gas -40

servstn2 diesel -15

The following PROC INTPOINT run uses the same ARCDATA= and CONDATA=
data sets used in the “Introductory NPSC Example” section on page 83:

proc intpoint
bytes=100000

nodedata=miss_s /* the supply (missing S) and */

/* demand data */
arcdata=arcdl /* the arc descriptions */
condata=condl [* the side constraints */
conout=solution; /* the solution data set */

run;

proc print;
var from_ to__cost _capac_ _lo_ _flow__fcost ;
sum _fcost_;

run;

The following messages appear on the SAS log:

NOTE: Number of nodes= 14 .

NOTE: Number of supply nodes= 2 .

NOTE: Of these, 2 have unspecified (.S) supply capability.

NOTE: Number of demand nodes= 4 .

NOTE: Total supply= 0 , total demand= 180 .

NOTE: Number of arcs= 18 .

NOTE: Number of <= side constraints= 0 .

NOTE: Number of == side constraints= 2 .

NOTE: Number of >= side constraints= 2 .

NOTE: Number of side constraint coefficients= 8 .

NOTE: The following messages relate to the equivalent
Linear Program solved by the Interior Point
algorithm.

NOTE: Number of <= constraints= 0 .

NOTE: Number of == constraints= 17 .

NOTE: Number of >= constraints= 2 .

NOTE: Number of constraint coefficients= 48 .

NOTE: Number of variables= 20 .

NOTE: After preprocessing, number of <= constraints= 0.

NOTE: After preprocessing, number of == constraints= 8.
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NOTE: After preprocessing, number of >= constraints= 2.

NOTE: The preprocessor eliminated 9 constraints from the
problem.

NOTE: The preprocessor eliminated 20 constraint
coefficients from the problem.

NOTE: After preprocessing, number of variables= 11.

NOTE: The preprocessor eliminated 9 variables from the
problem.

NOTE: 2 columns, 0 rows and 2 coefficients were added to
the problem to handle unrestricted variables,
variables that are split, and constraint slack or
surplus variables.

NOTE: There are 21 nonzero elements in A * A transpose.

NOTE: Of the 10 rows and columns, 4 are sparse.

NOTE: There are 15 nonzero superdiagonal elements in the
sparse rows of the factored A * A transpose. This
includes fill-in.

NOTE: There are 5 operations of the form
uli,jl=uli,jl-ulq,jl*ulq,i/u[g,q] to factorize the
sparse rows of A * A transpose.

NOTE: Bound feasibility attained by iteration 1.

NOTE: Dual feasibility attained by iteration 1.

NOTE: Constraint feasibility attained by iteration 2.

NOTE: Primal-Dual Predictor-Corrector Interior point
algorithm performed 7 iterations.

NOTE: Objective = 50075.

NOTE: The data set WORK.SOLUTION has 18 observations and
14 variables.

NOTE: There were 18 observations read from the data set
WORK.ARCD1.

NOTE: There were 6 observations read from the data set
WORK.MISS_S.

NOTE: There were 4 observations read from the data set
WORK.COND1.

NOTE: The data set WORK.SOLUTION has 18 observations and
14 variables.

The CONOUT= data set is shown in Figure 5.11.
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Obs

©CO~NOUAWNE

Oil Industry Example
Crude Oil can come from anywhere
_from_ _to_ _cost_  _capac_ _lo_ _FLOW_ _FCOST_
refinery 1 rl 200 175 50 145.00 29000.00
refinery 2 r2 220 100 35 35.00 7700.00
rl refl diesel 0 75 0 36.25 0.00
rl refl gas 0 140 0 108.75 0.00
r2 ref2 diesel 0 75 0 8.75 0.00
r2 ref2 gas 0 100 0 26.25 0.00
middle east refinery 1 63 95 20 20.00 1260.00
u.s.a. refinery 1 55 99999999 0 125.00 6875.00
middle east refinery 2 81 80 10 10.00 810.00
u.s.a. refinery 2 49 99999999 0 25.00 1225.00
refl diesel servstnl diesel 18 99999999 0 30.00 540.00
ref2 diesel servstnl diesel 36 99999999 0 0.00 0.00
refl gas servstnl gas 15 70 0 68.75 1031.25
ref2 gas servstnl gas 17 35 5 26.25 446.25
refl diesel servstn2 diesel 17 99999999 0 6.25 106.25
ref2 diesel servstn2 diesel 23 99999999 0 8.75 201.25
refl gas servstn2 gas 22 60 0 40.00 880.00
ref2 gas servstn2 gas 31 99999999 0 0.00 0.00
50075.00

Figure 5.11. Missing S SUPDEM values in NODEDATA

The optimal supplies of nodesiddle east andu.s.a. are 145 and 35 units, re-
spectively. For this example, the same optimal solution is obtained if these nodes had
supplies less than these values (each supplies 1 unit, for example) and the THRUNET
option was specified in the PROC INTPOINT statement. With the THRUNET option
active, when total supply exceeds total demand, the specified honmissing demand
values are the lowest number of flow units that must be absorbed by the correspond-
ing node. This is demonstrated in the following PROC INTPOINT run. The missing

S is most useful when nodes are to supply optimal numbers of flow units and it turns
out that for some nodes, the optimal supply is zero:
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missing S;
input _node_&$15. _sd_;
datalines;
middle east 1
u.s.a. 1
servstnl gas -95
servstnl diesel -30
servstn2 gas -40
servstn2 diesel -15

proc intpoint
bytes=100000
thrunet

nodedata=miss_s_x /* No supply (missing S) */
arcdata=arcdl [* the arc descriptions */
condata=condl1 /* the side constraints */
conout=solution; [* the solution data set */
run;
proc print;
var from_ to__cost_ _capac_ _lo_ _flow_ _fcost ;
sum _fcost_;
run;

The following messages appear on the SAS log. Note that the Total supply= 2, not
zero as in the last run:

NOTE: Number of nodes= 14 .

NOTE: Number of supply nodes= 2

NOTE: Number of demand nodes= 4

NOTE: Total supply= 2 , total demand= 180 .

NOTE: Number of arcs= 18 .

NOTE: Number of <= side constraints= 0 .

NOTE: Number of == side constraints= 2 .

NOTE: Number of >= side constraints= 2 .

NOTE: Number of side constraint coefficients= 8 .
NOTE: The following messages relate to the equivalent

Linear Program solved by the Interior Point

algorithm.
NOTE: Number of <= constraints= 0 .
NOTE: Number of == constraints= 17 .
NOTE: Number of >= constraints= 2 .
NOTE: Number of constraint coefficients= 48 .
NOTE: Number of variables= 20 .
NOTE: After preprocessing, number of <= constraints= 0.

NOTE:
NOTE:
NOTE:

After preprocessing, number of constraints= 8.
After preprocessing, number of >= constraints= 2.
The preprocessor eliminated 9 constraints from the
problem.

The preprocessor eliminated 20 constraint
coefficients from the problem.

After preprocessing, number of variables= 11.

The preprocessor eliminated 9 variables from the

NOTE:

NOTE:
NOTE:
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problem.

NOTE: 2 columns, 0 rows and 2 coefficients were added to
the problem to handle unrestricted variables,
variables that are split, and constraint slack or
surplus variables.

NOTE: There are 21 nonzero elements in A * A transpose.

NOTE: Of the 10 rows and columns, 4 are sparse.

NOTE: There are 15 nonzero superdiagonal elements in the
sparse rows of the factored A * A transpose. This
includes fill-in.

NOTE: There are 5 operations of the form
ufi,jl=uli,jl-ula,jl*u[q,il/u[g,q] to factorize the
sparse rows of A * A transpose.

NOTE: Bound feasibility attained by iteration 1.

NOTE: Dual feasibility attained by iteration 1.

NOTE: Constraint feasibility attained by iteration 2.

NOTE: Primal-Dual Predictor-Corrector Interior point
algorithm performed 7 iterations.

NOTE: Objective = 50075.

NOTE: The data set WORK.SOLUTION has 18 observations and
14 variables.

NOTE: There were 18 observations read from the data set
WORK.ARCDL1.

NOTE: There were 6 observations read from the data set
WORK.MISS_S X.

NOTE: There were 4 observations read from the data set
WORK.COND1.

NOTE: The data set WORK.SOLUTION has 18 observations and
14 variables.

If total supply exceeds total demand, any missing S values are ignored. If total de-
mand exceeds total supply, any missing D values are ignored.

Balancing Total Supply and Total Demand

When Total Supply Exceeds Total Demand
When total supply of a network problem exceeds total demand, PROC INTPOINT
adds an extra node (called tbgcess nodeto the problem and sets the demand at
that node equal to the difference between total supply and total demand. There are
three ways that this excess node can be joined to the network. All three ways entall
PROC INTPOINT generating a set of arcs (henceforth referred to agetherated
arcs) that are directed toward the excess node. The total amount of flow in generated
arcs equals the demand of the excess node. The generated arcs originate from one of
three sets of nodes.

When you specify the THRUNET option, the set of nodes that generated arcs origi-
nate from are all demand nodes, even those demand nodes with unspecified demand
capability. You indicate that a node has unspecified demand capability by using a
missing D value instead of an actual value for demand data (discussed in the “Miss-
ing S Supply and Missing D Demand Values” section on page 146). The value speci-
fied as the demand of a demand node is in effect a lower bound of the number of flow
units that node can actually demand. For missing D demand nodes, this lower bound
is zero.
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If you do not specify the THRUNET option, the way in which the excess node is
joined to the network depends on whether there are demand nodes with unspecified
demand capability (nodes with missing D demand) or not.

If there are missing D demand nodes, these nodes are the set of hodes that generated
arcs originate from. The value specified as the demand of a demand node, if not
missing D, is the number of flow units that node can actually demand. For a missing

D demand node, the actual demand of that node may be zero or greater.

If there are no missing D demand nodes, the set of nodes that generated arcs originate
from are the set of supply nodes. The value specified as the supply of a supply node is
in effect an upper bound of the number of flow units that node can actually supply. For
missing S supply nodes (discussed in the “Missing S Supply and Missing D Demand
Values” section on page 146), this upper bound is zero, so missing S nodes when
total supply exceeds total demand are transhippment nodes, that is, nodes that neither
supply nor demand flow.

When Total Supply Is Less Than Total Demand

When total supply of a network problem is less than total demand, PROC INTPOINT
adds an extra node (called thecess nogdo the problem and sets the supply at that
node equal to the difference between total demand and total supply. There are three
ways that this excess node can be joined to the network. All three ways entail PROC
INTPOINT generating a set of arcs (henceforth referred to ageheratecarcs) that
originate from the excess node. The total amount of flow in generated arcs equals the
supply of the excess node. The generated arcs are directed toward one of three sets
of nodes.

When you specify the THRUNET option, the set of nodes that generated arcs are
directed toward are all supply nodes, even those supply hodes with unspecified supply
capability. You indicate that a node has unspecified supply capability by using a
missing S value instead of an actual value for supply data (discussed in the “Missing
S Supply and Missing D Demand Values” section on page 146). The value specified
as the supply of a supply node is in effect a lower bound of the number of flow units
that the node can actually supply. For missing S supply nodes, this lower bound is
zero.

If you do not specify the THRUNET option, the way in which the excess node is
joined to the network depends on whether there are supply nodes with unspecified
supply capability (nodes with missing S supply) or not.

If there are missing S supply nodes, these nodes are the set of hodes that generated
arcs are directed toward. The value specified as the supply of a supply node, if not
missing S, is the number of flow units that the node can actually supply. For a missing

S supply node, the actual supply of that node may be zero or greater.

If there are no missing S supply nodes, the set of nodes that generated arcs are directed
toward are the set of demand nodes. The value specified as the demand of a demand
node is in effect an upper bound of the number of flow units that node can actually
demand. For missing D demand nodes (discussed in the “Missing S Supply and
Missing D Demand Values” section on page 146), this upper bound is zero, so missing
D nodes when total supply is less than total demand are transhippment nodes, that is,
nodes that neither supply nor demand flow.
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How to Make the Data Read of PROC INTPOINT More Efficient

This section contains information that is useful when you want to solve large
constrained network problems. However, much of this information is also use-
ful if you have a large linear programming problem. All of the options de-
scribed in this section that are not directly applicable to networks (options such as
ARCS_ONLY_ARCDATA ARC_SINGLE_OBS, NNODES, and NARCS) can be
specified to improve the speed at which LP data is read.

Large Constrained Network Problems

Paging

Many of the models presented to PROC INTPOINT are enormous. They can be

considered large by linear programming standards; problems with thousands, even
millions, of variables and constraints. When dealing with side constrained network

programming problems, models can have not only a linear programming component
of that magnitude, but also a larger, possitmychlarger, network component.

The majority of network problem’s decision variables are arcs. Like an LP decision
variable, an arc has an objective function coefficient, upper and lower value bounds,
and a name. Arcs can have coefficients in constraints. Therefore, an arc is quite
similar to an LP variable and places the same memory demands on optimization
software as an LP variable. But a typical network model has many more arcs and
nonarc variables than the typical LP model has variables. And arcs have tail and head
nodes. Storing and processing node names require huge amounts of memory. To
make matters worse, node names occupy memory at times when a lot of other data
should reside in memory as well.

While memory requirements are lower for a model with embedded network compo-
nent compared with the equivalent loRce optimization startghe same is usually

not trueduring the data read Even though nodal flow conservation constraints in

the LP should not be specified in the constrained network formulation, the memory
requirements to read the latter are greater because each arc (unlike an LP variable)
originates at one node and is directed toward another.

PROC INTPOINT has facilities to read data when the available memory is insufficient
to store all the data at once. PROC INTPOINT does this by allocating memory for
different purposes; for example, to store an array or receive data read from an input
SAS data set. After that memory has filled, the information is written to disk and
PROC INTPOINT can resume filling that memory with new information. Often,
information must be retrieved from disk so that data previously read can be examined
or checked for consistency. Sometimes, to prevent any data from being lost, or to
retain any changes made to the information in memory, the contents of the memory
must be sent to disk before other information can take its place. This process of
swapping information to and from disk is called paging. Paging can be very time
consuming, so it is crucial to minimize the amount of paging performed.

There are several steps you can take to make PROC INTPOINT read the data of
network and linear programming models more efficiently, particularly when memory

is scarce and the amount of paging must be reduced. PROC INTPOINT will then be
able to tackle large problems in what can be considered reasonable amounts of time.
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The Order of Observations

PROC INTPOINT is quite flexible in the ways data can be supplied to it. Data can

be given by any reasonable means. PROC INTPOINT has convenient defaults that
can save you work when generating the data. There can be several ways to supply
the same piece of data, and some pieces of data can be given more than once. PROC
INTPOINT reads everything, then merges it all together. However, this flexibility and
convenience come at a price; PROC INTPOINT may not assume the data has a char-
acteristic that, if possessed by the data, could save time and memory during the data
read. Several options can indicate that the data has some exploitable characteristic.

For example, an arc cost can be specified once or several times in the ARCDATA=
data set or the CONDATA= data set, or both. Every time it is given in the ARC-
DATA= data set, a check is made to ensure that the new value is the same as any
corresponding value read in a previous observation of the ARCDATA= data set. Ev-
ery time itis given in the CONDATA= data set, a check is made to ensure that the new
value is the same as the value read in a previous observation of the CONDATA= data
set, or previously in the ARCDATA= data set. PROC INTPOINT would save time if

it knew that arc cost data would be encountered only once while reading the ARC-
DATA= data set, so performing the time-consuming check for consistency would not
be necessary. Also, if you indicate that the CONDATA= data set contains data for
constraints only, PROC INTPOINT will not expect any arc information, so memory
will not be allocated to receive such data while reading the CONDATA= data set.
This memory is used for other purposes and this might lead to a reduction in paging.
If applicable, use the ARCSINGLE_OBS or the CONSINGLE_OBS option, or

both, and the NONREPLIC=COEFS specification to improve how the ARCDATA=
data set and the CONDATA= data set are read.

PROC INTPOINT allows the observations in input data sets to be in any order. How-
ever, major time savings can result if you are prepared to order observations in partic-
ular ways. Time spent by the SORT procedure to sort the input data sets, particularly
the CONDATA= data set, may be more than made up for when PROC INTPOINT
reads them, because PROC INTPOINT has in memory information possibly used
when the previous observation was read. PROC INTPOINT can assume a piece of
data is either similar to that of the last observation read or is new. In the first case,
valuable information such as an arc or a nonarc variable number or a constraint num-
ber is retained from the previous observation. In the last case, checking the data with
what has been read previously is not necessary.

Even if you do not sort the CONDATA= data set, grouping observations that contain
data for the same arc or nonarc variable or the same row pays off. PROC INTPOINT
establishes whether an observation being read is similar to the observation just read.

In practice, many input data sets for PROC INTPOINT have this characteristic, be-

cause it is natural for data for each constraint to be grouped together (when using
the dense format of the CONDATA= data set) or data for each column to be grouped
together (when using the sparse format of the CONDATA= data set). If data for each

arc or nonarc is spread over more than one observation of the ARCDATA= data set,
it is natural to group these observation together.
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Use the GROUPED= parameter to indicate whether observations of the ARCDATA=
data set, the CONDATA= data set, or both, are grouped in a way that can be exploited
during data read.

You can save time if the type data for each row appears near the top of the CON-
DATA= data set, especially if it has the sparse format. Otherwise, when reading
an observation, if PROC INTPOINT does not know if a row is a constraint or spe-
cial row, the data is set aside. Once the data set has been completely read, PROC
INTPOINT must reprocess the data it set aside. By then, it knows the type of each
constraint or row or, if its type was not provided, it is assumed to have a default type.

Better Memory Utilization
In order for PROC INTPOINT to make better utilization of available memory, you
can now specify options that indicate the approximate size of the model. PROC
INTPOINT then knows what to expect. For example, if you indicate that the problem
has no nonarc variables, PROC INTPOINT will not allocate memory to store nonarc
data. That memory is better utilized for other purposes. Memory is often allocated
to receive or store data of some type. If you indicate that the model does not have
much data of a particular type, the memory that would otherwise have been allocated
to receive or store that data can be used to receive or store data of another type.

These are the problem size options:

e NNODES= approximate number of nodes
e NARCS= approximate number of arcs
NNAS= approximate number of nonarc variables or LP variables

NCONS= approximate number of NPSC side constraints or LP constraints

NCOEFS= approximate number of NPSC side constraint coefficients or LP
constraint coefficients

These options will sometimes be referred to as Nxxxx= options.

You do not need to specify all these options for the model, but the more you do,
the better. If you do not specify some or all of these options, PROC INTPOINT
guesses the size of the problem by using what it already knows about the model.
Sometimes PROC INTPOINT guesses the size of the model by looking at the number
of observations in the ARCDATA= and the CONDATA= data sets. However, PROC
INTPOINT uses rough rules of thumb, that typical models are proportioned in certain
ways (for example, if there are constraints, arcs, nonarc variables, or LP variables
usually have about five constraint coefficients). If your model has an unusual shape
or a disproportionate number of something, you are encouraged to use these options.

If you do use the options, if you do not know the exact values to spesigrestimate

the values. For example, if you specify NARCS=10000 but the model has 10100 arcs,
when dealing with the last 100 arcs, PROC INTPOINT might have to page out data
for 10000 arcs each time one of the last arcs must be dealt with. Memory could have
been allocated for all 10100 arcs without affecting (much) the rest of the data read,
so NARCS=10000 could be more of a hindrance than a help.
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The point of these Nxxxx= options is to indicate the model size when PROC INT-
POINT does not know it. When PROC INTPOINT knows the “real” value, that value
is used instead of Nxxxx= .

ARCS_ONLY_ARCDATA indicates that data for only arcs are in the ARCDATA=
data set. Memory would not be wasted to receive data for nonarc variables.

Use the memory usage parameters:

e BYTES=size of PROC INTPOINT main working memory in number of bytes

¢ MEMREP indicates that memory usage report is to be displayed on the SAS
log

Specifying an appropriate value for the BYTES= parameter is particularly important.
Specify as large a number as possible, but not so large a number that will cause PROC
INTPOINT (that is, the SAS System running underneath PROC INTPOINT) to run
out of memory.

PROC INTPOINT reports its memory requirements on the SAS log if you specify the
MEMREP option.

Use Defaults to Reduce the Amount of Data

Use the parameters that specify default values as much as possible. For example,
if there are lots of arcs with the same cost vatyyeise DEFCOSTzfor arcs that

have that cost. Use missing values in the COST variable in the ARCDATA= data set
instead ofc. PROC INTPOINT ignores missing values, but must read, store, and pro-
cess nonmissing values, even if they are equal to a default option or could have been
equal to a default parameter had it been specified. Sometimes, using default parame-
ters makes the need for some SAS variables in the ARCDATA= and the CONDATA=
data sets no longer necessary, or reduces the quantity of data that must be read. The
default options are:

e DEFCOST= default cost of arcs, objective function of nonarc variables or LP
variables

e DEFMINFLOW-= default lower flow bound of arcs, lower bound of nonarc
variables or LP variables

e DEFCAPACITY= default capacity of arcs, upper bound of nonarc variables or
LP variables

e DEFCONTYPE=LE or DEFCONTYPEz=
DEFCONTYPE=EQ or DEFCONTYPE=
DEFCONTYPE=GE or DEFCONTYPE>=

DEFCONTYPE=LE is the default.

The default options themselves have defaults. For example, you do not need to spec-
ify DEFCOST=0 in the PROC INTPOINT statement. You should still have missing
values in the COST variable in the ARCDATA= data set for arcs that have zero costs.

If the network has only one supply node, one demand node, or both, use

e SOURCE=name of single node that has supply capability
e SUPPLY=the amount of supply of SOURCE
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e SINK= name of single node that demands flow
e DEMAND=the amount of flow SINK demands

Do not specify that a constraint has zero right-hand-side values. That is the default.
The only time it might be practical to specify a zero rhs is in observations of the
CONDATA read early so that PROC INTPOINT can infer that a row is a constraint.
This could prevent coefficient data from being put aside because PROC INTPOINT
did not know the row was a constraint.

Names of Things
To cut data read time and memory requirements, reduce the number of bytes in the
longest node name, the longest arc name, the longest nonarc variable name, the
longest LP variable name, and the longest constraint name to 8 bytes or less. The
longer a name, the more bytes must be stored and compared with other names.

If an arc has no constraint coefficients, do not give it a name in the NAME list variable
in the ARCDATA= data set. Names for such arcs serve no purpose.

PROC INTPOINT can have a default name for each arc. If an arc is directed
from node tailname toward nodeheadname the default name for that arc is
tailname_headname If you do not want PROC INTPOINT to use these default arc
names, specify NAMECTRL=1. Otherwise, PROC INTPOINT must use memory for
storing node names and these node names must be searched often.

If you want to use the defauthilname_headname namehat is, NAMECTRL=2

or NAMECTRL=3, do not use underscores in node names. If the CONDATA has
a dense format and has a variable in the VAR BstB_C_D, or if the value
A_B_C_D is encountered as a value of the COLUMN list variable when reading
the CONDATA= data set that has the sparse format, PROC INTPOINT first looks for
a node named A. If it finds it, it looks for a node callBd C_D. It then looks for

a node with the nam@_B and possibly a node with nant&_D. A search is then
conducted for a node nameéd_B_C and possibly a node named D is done. Un-
derscores could have caused PROC INTPOINT to look unnecessarily for nonexistent
nodes. Searching for node names can be expensive, and the amount of memory to
store node names is often large. It might be better to assign the arcAafteC_D
directly to an arc by having that value as a NAME list variable value for that arc in
the ARCDATA= data set and specify NAMECTRL=1.

Other Ways to Speed-up Data Reads
Arcs and nonarc variables, or LP variables, can have associated with them values or
guantities that have no bearing with the optimization. This information is given in the
ARCDATA= data set in the ID list variables. For example, in a distribution problem,
information such as truck number and driver's name can be associated with each arc.
This is useful when the optimal solution saved in the CONOUT= data set is analyzed.
However, PROC INTPOINT needs to reserve memory to process this information
when data is being read. For large problems when memory is scarce, it might be
better to remove ancilliary data from the ARCDATA. After PROC INTPOINT runs,
use SAS software to merge this information into the CONOUT= data set that contains
the optimal solution.
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Stopping Criteria

There are several reasons why PROC INTPOINT stops Interior Point optimization.
Optimization stops when:

¢ the number of iteration equals MAXITERB#

e the relative gapdualitygap/(c’z)) between the primal and dual objectives
is smaller than the value of the PDGAPTOL= option, and both the primal and
dual problems are feasible. Duality gap is defined in the “Interior Point Algo-
rithmic Details” section on page 66.

PROC INTPOINT may stop optimization when it detects that the rate at which the
complementarity or duality gap is being reduced is too slow; that is, that there are
consecutive iterations when the complementarity or duality gap has stopped getting
smaller and the infeasibilities, if nonzero, have also stalled. Sometimes this indicates
that the problem is infeasible.

The reasons to stop optimization outlined in the previous paragraph will be termed
the usualstopping conditions in the following explanation.

However, when solving some problems, especially if the problems are large, the usual
stopping criteria are inappropriate. PROC INTPOINT might stop optimizing prema-
turely. If it were allowed to perform additional optimization, a better solution would
be found. On other occasions, PROC INTPOINT might do too much work. A suf-
ficiently good solution might be reached several iterations before PROC INTPOINT
eventually stops.

You can see PROC INTPOINT’s progress to the optimum by specifying PRINT-
LEVEL2=2. PROC INTPOINT will produce a table on the SAS log. A row of
the table is generated during each iteration and consists of values of the affine step
complementarity, the complementarity of the solution for the next iteration, the total
bound infeasibility} ;" , in feas;; (see then feas, array in the “Interior Point: Up-

per Bounds” section on page 71), and the total constraint infeasibiljty, in feas.;

(see thenfeas. array in the “Interior Point Algorithmic Details” section on page 66),

the total dual infeasibility} " | infeasq; (see theinfeas, array in the “Interior

Point Algorithmic Details” section on page 66). As optimization progresses, the val-
ues in all columns should converge to zero.

To tailor stopping criteria to your problem, you can use two sets of parame-
ters: the STOPx and the KEEPGOINGx parameters. The STQR parameters
(STOR_C, STOR.DG, STOR.IB, STOP_IC, STOPR_ID) are used to test for some
condition at the beginning of each iteration and if met, to stop optimizing imme-
diately. The KEEPGOINGx parameters (KEEPGOING, KEEPGOING.DG,
KEEPGOING.IB, KEEPGOINGLIC, KEEPGOINGL.ID) are used when PROC
INTPOINT would ordinarily stop optimizing but does not if some conditions are
not met.

For the sake of conciseness, a set of options might be referred to as the part of the
option name they have in common followed by the suffix x. For example, STOP
STOPR_DG, STOR.IB, STOP_IC, and STORID will collectively be referred to as
STORx.
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At the beginning of each iteration, PROC INTPOINT will test whether complemen-
tarity is <= STOPR_C (provided you specified a STQE parameter) and if it is,
PROC INTPOINT will stop optimizing. If the duality gap is= STOR_DG (pro-
vided you specified a STQPG parameter), PROC INTPOINT will stop optimizing
immediately. This is true as well for the other STOfparameters that are related to
infeasibilities, STOPRIB, STOP_IC, and STOPRID.

For example, if you want PROC INTPOINT to stop optimizing for the usual stopping
conditions, plus the additional condition, complementasity: 100 or duality gap
<= 0.001, then use:

proc intpoint stop_c=100 stop_dg=0.001

If you want PROC INTPOINT to stop optimizing for the usual stopping conditions,
plus the additional condition, complementarity= 1000and duality gap<= 0.001
andconstraint infeasibility<= 0.0001, then use:

proc intpoint
and_stop_c=1000 and_stop_dg=0.01 and_stop_ic=0.0001

Unlike the STORx parameters that cause PROC INTPOINT to stop optimiz-
ing when any one of them is satisfied, the corresponding ASIDOP_Xx param-
eters (AND_STOR_C, AND_STOR_DG, AND_STOR.IB, AND_STOR.IC, and
AND_STOR._ID) cause PROC INTPOINT to stop only if all (more precisely, all that
are specified) options are satisfied. For example, if PROC INTPOINT should stop
optimizing when

e complementarity<= 100o0r duality gap<= 0.001 or

e complementarity<= 1000and duality gap<= 0.001and constraint infeasi-
bility <= 0.000

then use:

proc intpoint
stop_c=100 stop_dg=0.001
and_stop_c=1000 and_stop_dg=0.01 and_stop_ic=0.0001

Just as the STQR parameters have ANCSTOR_x partners, the KEEPGOING
parameters have ANIKEEPGOING x partners. The role of the KEEPGOIN&
and AND_KEEPGOING_x parameters is to prevent optimization from stopping too
early, even though a usual stopping criteria is met.

When PROC INTPOINT detects that it should stop optimizing for a usual stopping
condition,

e it will test whether complementarity js KEEPGOING_C (provided you spec-
ified a KEEPGOINGC parameter), and if it is, PROC INTPOINT will per-
form more optimization.
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e Otherwise, PROC INTPOINT will then test whether the primal-dual gap is
KEEPGOING.DG (provided you specified a KEEPGOINGG parameter),
and if itis, PROC INTPOINT will perform more optimization.

e Otherwise, PROC INTPOINT will then test whether the total bound in-
feasibility >, infeas,; > KEEPGOING.IB (provided you specified a
KEEPGOING.IB parameter), and if it is, PROC INTPOINT will perform
more optimization.

e Otherwise, PROC INTPOINT will then test whether the total constraint in-
feasibility > ", infeas.; > KEEPGOING.IC (provided you specified a
KEEPGOINGLIC parameter), and if it is, PROC INTPOINT will perform
more optimization.

e Otherwise, PROC INTPOINT will then test whether the total dual in-
feasibility >°"" | infeasqs; > KEEPGOING.ID (provided you specified a
KEEPGOINGLID parameter), and if it is, PROC INTPOINT will perform
more optimization.

e Otherwise it will test whether complementarity isAND_KEEPGOING.C
(provided you specified a ANCKEEPGOING.C parameter),and the
primal-dual gap is> AND_KEEPGOING.DG (provided you specified
a AND_KEEPGOING.DG parameter),and the total bound infeasibil-
ity i infeasy;, > AND_KEEPGOING.IB (provided you specified
a AND_KEEPGOING.IB parameter), and the total constraint infeasi-
bility »°*,infeas; > AND_KEEPGOING.IC (provided you speci-
fied a AND_KEEPGOINGLIC parameter),and the total dual infeasibil-
ity > infeasq; > AND_KEEPGOING.ID (provided you specified a
AND_KEEPGOING.ID parameter), and if it is, PROC INTPOINT will
perform more optimization.

If all these tests to decide whether more optimization should be performed are false,
optimization is stopped.

The following PROC INTPOINT example will be used to illustrate how several stop-
ping criteria options can be used together:

proc intpoint
stop_c=1000
and_stop_c=2000 and_stop dg=0.01
and_stop_ib=1 and_stop_ic=1 and_stop_id=1
keepgoing_c=1500
and_keepgoing_c=2500 and_keepgoing_dg=0.05
and_keepgoing_ib=1 and_keepgoing_ic=1 and_keepgoing_id=1

At the beginning of each iteration, PROC INTPOINT will stop optimizing if

e complementarity<= 1000 or

e complementarity<= 2000 and duality gag:= 0.01 and the total bound, con-
straint, and dual infeasibilities are eaelx= 1
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When PROC INTPOINT determines it should stop optimizing because a usual stop-
ping condition is met, it will stop optimizing only if

e complementarity<= 1500 or

e complementarity<= 2500 and duality gag:= 0.05 and the total bound, con-
straint, and dual infeasibilities are eaeh= 1
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Examples

The following examples illustrate some of the capabilities of PROC INTPOINT.
These examples, together with the other SAS/OR examples, can be found in the SAS
sample library.

In order to illustrate variations in the use of the INTPOINT procedure, Example 5.1
through Example 5.5 use data from a company that produces two sizes of televisions.
The company makes televisions with a diagonal screen measurement of either 19
inches or 25 inches. These televisions are made between March and May at both
of the company’s two factories. Each factory has a limit on the total number of
televisions of each screen dimension that can be made during those months.

The televisions are distributed to one of two shops, stored at the factory where they
were made, and sold later or shipped to the other factory. Some sets can be used
to fill back-orders from the previous months. Each shop demands a number of each
type of TV for the months March through May. The following network in Figure
5.12 illustrates the model. Arc costs can be interpreted as production costs, storage
costs, back-order penalty costs, inter-factory transportation costs, and sales profits.
The arcs can have capacities and lower flow bounds.

f1 mar

/\\
fact1 f1_apl J—\
f1_may

production
]
~

fact2

Figure 5.12. TV Problem
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There are two similarly structured networks, one for the 19-inch televisions and the
other for the 25-inch screen TVs. The minimum cost production, inventory, and
distribution plan for both TV types can be determined in the same run of PROC
INTPOINT. To ensure that node names are unambiguous, the names of nodes in the
19-inch network have suffix1, and the node names in the 25-inch network have
suffix _2.

Example 5.1. Production, Inventory, Distribution Problem

The following code shows how to save a specific problem’s data in data sets and solve
the model with PROC INTPOINT:

titte "Production Planning/Inventory/Distribution’;

titte2 'Minimum Cost Flow problem’;

title3;

data nodeO;
input _node_ $ _supdem_ ;
datalines;

factl_1 1000

fact2_1 850

factl 2 1000

fact2_2 1500

shopl_1  -900

shop2_1 -900

shopl_2  -900

shop2_2 -1450

data arcO;
input _tail_ $ _head_ $ _cost_ _capac_ _lo_ diagonal factory
key id $10. mth_made $ _name_&$17. ;
datalines;
factl_ 1 fl_mar_1 127.9 500 50 19 1 production March prod f1 19 mar
factl 1 fl_apr 1  78.6 600 50 19 1 production April prod f1 19 apl
factl 1 fl_may 1 95.1 400 50 19 1 production May

fl_mar_1 f1_apr_1 15 50 . 19 1 storage March .

fl_apr_1 f1_may_ 1 12 50 . 19 1 storage April .

fl_apr_1 f1_mar_1 28 20 . 19 1 backorder April back f1 19 apl
fl._ may 1 f1_apr 1 28 20 . 19 1 backorder May  back f1 19 may
fl_mar_1 f2 mar_1 11 . .19 . flto?2 March .

fl_apr_1 f2_apr_1 11 . .19 . fl_to 2 April .

fl_may 1 f2_may 1 16 . .19 . flto?2 May

fl_mar_1 shopl 1 -327.65 250 . 19 1 sales March .

fl_apr_1 shopl_1 -300 250 . 19 1 sales April .

fl_may_ 1 shopl 1 -285 250 . 19 1 sales May

fl_mar_1 shop2_1 -362.74 250 . 19 1 sales March .

fl_apr_1 shop2_1 -300 250 . 19 1 sales April .

fl_may_ 1 shop2_1 -245 250 . 19 1 sales May

fact2_1 f2_mar_1 88.0 450 35 19 2 production March prod f2 19 mar
fact2_1 f2_apr_1  62.4 480 35 19 2 production April prod f2 19 apl
fact2_1 f2_may_1 133.8 250 35 19 2 production May

f2_mar_1 f2_apr_1 18 30 . 19 2 storage March .

f2_apr_1 f2_may_1 20 30 . 19 2 storage April .

f2_apr_1 f2_mar_1 17 15 . 19 2 backorder April back f2 19 apl
f2_may 1 f2_apr_1 25 15 . 19 2 backorder May back f2 19 may
f2_mar_1 f1_mar_1 10 40 . 19 . f2_to_1 March .

f2_apr_1 f1_apr_1 11 40 .19 . f2. to 1 April .
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f2_may_ 1 f1_may 1 13 40 .19 . f2. to 1 May .
f2_mar_1 shopl_1 -297.4 250 . 19 2 sales March .
f2_apr_1 shopl_1 -290 250 . 19 2 sales April .
f2_may_1 shopl_1 -292 250 . 19 2 sales May .
f2_mar_1 shop2_1 -272.7 250 . 19 2 sales March .
f2_apr_1 shop2_1 -312 250 . 19 2 sales April .
f2_may_1 shop2_1 -299 250 . 19 2 sales May

factl 2 fl_mar_2 217.9 400 40 25 1 production March prod f1 25 mar
factl_ 2 fl_apr 2 1745 550 50 25 1 production April prod f1 25 apl
factl 2 fl_may 2 133.3 350 40 25 1 production May

fl_mar_2 fl_apr_.2 20 40 . 25 1 storage March .

fl_apr_2 fl_may 2 18 40 . 25 1 storage April .

fl_apr_2 f1_mar_2 32 30 . 25 1 backorder April back f1 25 apl
fl_may 2 fl_apr 2 41 15 . 25 1 backorder May  back f1 25 may
fl_mar_2 f2_mar_2 23 . .25 .flto?2 March .

fl_apr_2 f2_apr_ 2 23 . .25 . fl to 2 April .

fl_may 2 f2_may 2 26 . .25 . fl to 2 May

fl_mar_2 shopl 2 -559.76 . . 25 1 sales March .

fl_apr_2 shopl_2 -524.28 . . 25 1 sales April .

fl_may_2 shopl_2 -475.02 . . 25 1 sales May

fl_mar_2 shop2_2 -623.89 . . 25 1 sales March .

fl_apr_2 shop2_2 -549.68 . . 25 1 sales April .

fl_may_2 shop2_2 -460.00 . . 25 1 sales May

fact2_2 f2_mar_2 182.0 650 35 25 2 production March prod f2 25 mar
fact2_2 f2_apr_2 196.7 680 35 25 2 production April prod f2 25 apl
fact2_2 f2_may_2 201.4 550 35 25 2 production May

f2_mar_2 f2_apr_2 28 50 . 25 2 storage March .

f2_apr_2 f2_may 2 38 50 . 25 2 storage April .

f2_apr_2 f2_mar_2 31 15 . 25 2 backorder April back f2 25 apl
f2_may 2 f2_apr 2 54 15 . 25 2 backorder May  back f2 25 may
f2_mar_2 f1_mar_2 20 25 .25 . f2_to_1 March .

f2_apr_2 fl_apr 2 21 25 .25 . f2_to_1 April .

f2_may 2 f1_may 2 43 25 .25 .f2to 1 May .

f2_mar_2 shopl_2 -567.83 500 . 25 2 sales March .

f2_apr_2 shopl_2 -542.19 500 . 25 2 sales April .

f2_may_2 shopl_2 -461.56 500 . 25 2 sales May .

f2_mar_2 shop2_2 -542.83 500 . 25 2 sales March .

f2_apr_2 shop2_2 -559.19 500 . 25 2 sales April .

f2_may_2 shop2_2 -489.06 500 . 25 2 sales May

proc intpoint
bytes=1000000
printlevel2=2
nodedata=nodeO
arcdata=arcO
conout=arcl;
run;
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proc print data=arc1l,;
var _from_ to_ _cost_ _capac_ _lo_ _flow_ _fcost_

diagonal factory key_id mth_made;

sum _fcost_;

run;

The following notes appear on the SAS log:

Iter

[Eny

NOTE:
NOTE:
NOTE:
NOTE:
NOTE:
NOTE:

NOTE:
NOTE:
NOTE:
NOTE:
NOTE:
NOTE:

NOTE:
NOTE:
NOTE:

NOTE:

Complem_aff Complem-ity Duality_gap Tot_infeasb Tot_infeasc Tot_infeasd

Number of nodes= 20 .

Number of supply nodes= 4 .

Number of demand nodes= 4 .

Total supply= 4350 , total demand= 4150 .
Number of arcs= 64 .

The following messages relate to the equivalent
Linear Program solved by the Interior Point

algorithm.
Number of <= constraints= 0 .
Number of == constraints= 21 .

Number of >= constraints= 0 .

Number of constraint coefficients= 136 .

Number of variables= 68 .

0 columns, 0 rows and O coefficients were added to
the problem to handle unrestricted variables,
variables that are split, and constraint slack or
surplus variables.

There are 54 nonzero elements in A * A transpose.
Of the 21 rows and columns, 14 are sparse.

There are 59 nonzero superdiagonal elements in the
sparse rows of the factored A * A transpose. This
includes fill-in.

There are 80 operations of the form
u[i,j]=uli,jl-ulq,j]*u[q,i}/u[g,q] to factorize the

sparse rows of A * A transpose.

0 -1.000000 167086681 0.835362 52835 26238
1 35446536 17335378 0.912917 1663.290349 825.996205
2 1957002 878825 0.416636 0 1.956907E-12
3 550439 237247 0.155174 0
4 126652 53958 0.039021 0
5 27526 18386 0.013499 0
6 9153.811245 3029.529789 0.002242 0 0
7 905.846996 614.526357 0.000455 0 0
8 219.526873 73.592013 0.000054542 0 0
9 11.383058 2.111334 0.000001565 0 0
0 0.089558 0.000361 2.672549E-10 0 0
NOTE: Primal-Dual Predictor-Corrector Interior point
algorithm performed 10 iterations.
NOTE: Objective = -1281110.35.
NOTE: The data set WORK.ARC1 has 64 observations and 18
variables.
NOTE: There were 64 observations read from the data set
WORK.ARCO.
NOTE: There were 8 observations read from the data set
WORK.NODEQ.
NOTE: The data set WORK.ARC1 has 64 observations and 18

variables.
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The solution is given in the CONOUT=arcl data sets. In the CONOUT= data set,

shown in Output 5.1.1, the variablesagonal, factory, key_id, and mth_made

form an implicit ID list. Thediagonal variable has one of two values, 19 or Z&c-

tory also has one of two values, 1 or 2, to denote the factory where either production
or storage occurs, from where TVs are either sold to shops or satisfy back-orders.
production, storage, sales, andbackorder are values of th&ey_id variable.

Other values of this variabldl_to_2 andf2_to_1, are used when flow through

arcs represents the transportation of TVs between factoriesnithemade variable

has valuesviarch, April, andMay, the months when TVs that are modeled as flow
through an arc were made (assuming that no televisions are stored for more than one
month and none manufactured in May are used to fill March back-orders).

These ID variables can be used after the PROC INTPOINT run to produce reports and
perform analysis on particular parts of the company’s operation. For example, reports
can be generated for production numbers for each factory; optimal sales figures for
each shop; and how many TVs should be stored, used to fill back-orders, sent to the
other factory, or any combination of these, for TVs with a particular screen, those
produced in a particular month, or both.

Output5.1.1. CONOUT=ARC1

d m
_ _if t
_ _ _ c _ F aa k h
t h c a F C gc e _
a e o] p _ L O ot y m
i a s a | O S no _ a
| d t c o w T ar i d
_ _ _ o _ _ly d e
factl 1 fl_apr 1 78.6 600 50 600.000 47160.00 19 1 production April
fl_mar_1 f1_apr_1 15.0 50 0 0.000 0.00 19 1 storage March
fl_may_1 fl_apr_1 28.0 20 0 0.000 0.00 19 1 backorder May
f2_apr_1 f1_apr_ 1 11.0 40 0  0.000 0.00 19 . f2_to_1 April
factl_2 fl_apr_2 174.5 550 50 550.000 95975.00 25 1 production April
fl_mar_2 f1_apr_2 20.0 40 0  0.000 0.00 25 1 storage March
fl_may_2 fl_apr_2 41.0 15 0 15.000 615.00 25 1 backorder May
f2_apr_2 f1_apr_2 21.0 25 0 0.000 0.00 25 . f2_to_1 April
factl_1 fl_mar_1 127.9 500 50 345.000 44125.49 19 1 production March
fl_apr_1 fl_mar_1 28.0 20 0 20.000 560.00 19 1 backorder April
f2_mar_1 f1_mar_1 10.0 40 0 40.000 400.00 19 . f2_to_1 March
factl 2 fl_mar_2 217.9 400 40 400.000 87160.00 25 1 production March
fl_apr_2 fl_mar_2 32.0 30 0 30.000 960.00 25 1 backorder April
f2_mar_2 f1_mar_2 20.0 25 0 25.000 500.00 25 . f2_to_1 March
factl_1 fl_may_1 95.1 400 50 50.000 4755.01 19 1 production May
fl_apr_1 f1_may_1 12.0 50 0 50.000 600.00 19 1 storage April
f2_may_1 f1_may_1 13.0 40 0  0.000 0.00 19 . f2_to_1 May
factl_2 fl_may 2 133.3 350 40 40.000 5332.00 25 1 production May
fl_apr_2 f1l_may_2 18.0 40 0  0.000 0.00 25 1 storage April
f2_may_2 fl_may_2 43.0 25 0 0.000 0.00 25 . f2_to_1 May
fl_apr_1 f2_apr_1 11.0 99999999 0 30.000 330.00 19 . f1_to_2 April
fact2_1 f2_apr_1 62.4 480 35 480.000 29952.00 19 2 production April
f2_mar_1 f2_apr_1 18.0 30 0 0.000 0.00 19 2 storage March
f2_may_1 f2_apr_1 25.0 15 0 0.000 0.00 19 2 backorder May
fl_apr_2 f2_apr_ 2 23.0 99999999 0  0.000 0.00 25 . f1_to_2 April
fact2_2 f2_apr_2 196.7 680 35 680.000 133756.00 25 2 production April
f2_mar_2 f2_apr_2 28.0 50 0 0.000 0.00 25 2 storage March
f2_may_2 f2_apr_2 54.0 15 0 15.000 810.00 25 2 backorder May
fl_mar_1 f2_mar_1 11.0 99999999 0 0.000 0.00 19 . f1_to_2 March
fact2_1 f2_mar_1 88.0 450 35 290.000 25520.00 19 2 production March
f2_apr_1 f2_mar_1 17.0 15 0 0.000 0.00 19 2 backorder April
fl_mar_2 f2_mar_2 23.0 99999999 0  0.000 0.00 25 . f1_to_2 March
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d m
_ _if t
_ _ _ c _ F aak h
t h c a F C gce _
a e o) p _ L O oty m
i a s a | O S no _ a
| d t c o w T ari d
_ _ _ L _ _lyd e
fact2_2 f2_mar_2 182.00 650 35 645.000 117390.00 25 2 production March
f2_apr_2 f2_mar_2  31.00 15 0 0.000 0.00 25 2 backorder April
fl_may_1 f2_may_1  16.00 99999999 0 100.000 1600.00 19 . f1_to_2 May
fact2_1 f2_may_1 133.80 250 35 35.000 4683.00 19 2 production May
f2_apr_1 f2_may_1 20.00 30 0 15.000 300.00 19 2 storage April
fl_may_2 f2_may_2  26.00 99999999 0  0.000 0.00 25 . f1_to_2 May
fact2_2 f2_may_2 201.40 550 35 35.000 7049.00 25 2 production May
f2_apr_2 f2_may_2  38.00 50 0 0.000 0.00 25 2 storage April
fl_mar_1 shopl_1 -327.65 250 0 155.000 -50785.73 19 1 sales March
fl_apr_1 shopl_1 -300.00 250 0 250.000 -75000.00 19 1 sales April
fl_may_1 shopl_1 -285.00 250 0 0.000 0.00 19 1 sales May
f2_mar_1 shopl_1 -297.40 250 0 250.000 -74350.00 19 2 sales March
f2_apr_1 shopl_1 -290.00 250 0 245.000 -71050.02 19 2 sales April
f2_may_1 shopl_1 -292.00 250 0 0.000 0.00 19 2 sales May
fl_mar_2 shopl_2 -559.76 99999999 O 0.000 0.00 25 1 sales March
fl_apr_2 shopl_ 2 -524.28 99999999 0 0.000 0.00 25 1 sales April
fl_may_2 shopl_2 -475.02 99999999 0O 25.000 -11875.50 25 1 sales May
f2_mar_2 shopl_2 -567.83 500 0 500.000 -283915.00 25 2 sales March
f2_apr_2 shopl_2 -542.19 500 0 375.000 -203321.25 25 2 sales April
f2_may_2 shopl_2 -461.56 500 O 0.000 0.00 25 2 sales May
fl_mar_1 shop2_1 -362.74 250 0 250.000 -90685.00 19 1 sales March
fl_apr_1 shop2_1 -300.00 250 0 250.000 -75000.00 19 1 sales April
fl_may_1 shop2_1 -245.00 250 0 0.000 0.00 19 1 sales May
f2_mar_1 shop2_1 -272.70 250 O 0.000 0.00 19 2 sales March
f2_apr_1 shop2_1 -312.00 250 0 250.000 -78000.00 19 2 sales April
f2_may_1 shop2_1 -299.00 250 0 150.000 -44850.00 19 2 sales May
fl_mar_2 shop2_2 -623.89 99999999 0 455.000 -283869.95 25 1 sales March
fl_apr_2 shop2_2 -549.68 99999999 0 535.000 -294078.80 25 1 sales April
fl_may_2 shop2_2 -460.00 99999999 0 0.000 0.00 25 1 sales May
f2_mar_2 shop2_2 -542.83 500 0 120.000 -65139.60 25 2 sales March
f2_apr_2 shop2_2 -559.19 500 0 320.000 -178940.80 25 2 sales April
f2_may_2 shop2_2 -489.06 500 O 20.000 -9781.20 25 2 sales May

Example 5.2. Altering Arc Data

This example examines the effect of changing some of the arc costs. The back-
order penalty costs are increased by 20 percent. The sales profit of 25-inch TVs sent
to the shops in May is increased by 30 units. The backorder penalty costs of 25-
inch TVs manufactured in May for April consumption is decreased by 30 units. The
production cost of 19-inch and 25-inch TVs made in May are decreased by 5 units
and 20 units, respectively. How does the optimal solution of the network after these
arc cost alterations compare with the optimum of the original network?

These SAS statements produce the new NODEDATA= and ARCDATA= data sets:

titte2 'Minimum Cost Flow problem- Altered Arc Data’;

data arc2;
set arcl,
oldcost=_cost_;
oldfc=_fcost_;

oldflow=_flow_;
if key_id="backorder’
then _cost = cost_*1.2;
else if _tail_='f2_may_2’ then _cost = cost_-30;
if key_id="production’ & mth_made="May’ then
if diagonal=19 then _cost_=_cost_-5;
else _cost = cost_-20;



168 ¢

Chapter 5. The INTPOINT Procedure

proc intpoint
bytes=100000
printlevel2=2
nodedata=nodeO
arcdata=arc2
conout=arc3;

run;

proc print data=arc3;

var _tail_ _head_ _capac_

run;

_cost_ _flow_ _fcost_ oldcost oldflow oldfc
diagonal factory key_id mth_made;
[* to get this variable order */

sum oldfc _fcost_;

The following notes appear on the SAS log:

Iter

NOTE:
NOTE:
NOTE:
NOTE:
NOTE:
NOTE:

NOTE:
NOTE:
NOTE:
NOTE:
NOTE:
NOTE:

NOTE:
NOTE:
NOTE:

NOTE:

Complem_aff Complem-ity Duality_gap Tot_infeasb Tot_infeasc Tot_infeasd
0 -1.000000 167898972 0.834344 52835 26238
1 35575010 17420416 0.911474 1664.001693  826.349461
2 1969763 739523 0.369979 0 1.267542E-12
3 373828 189905 0.127240 0
4 117843 45042 0.032721 0
5 26090 15668 0.011493 0
6 8608.105391 2994.589912 0.002212 0 0
7 1477.385197 411.268625 0.000304 0 0
8 103.724839  24.733676 0.000018304 0 0
9 2.140932 0.002805 2.0758339E-9 0 0
NOTE: Primal-Dual Predictor-Corrector Interior point algorithm

performed 9 iterations.
NOTE: Objective = -1285086.45.
NOTE: The data set WORK.ARC3 has 64 observations and 21

Number of nodes= 20 .

Number of supply nodes= 4 .

Number of demand nodes= 4 .

Total supply= 4350 , total demand= 4150 .

Number of arcs= 64 .

The following messages relate to the equivalent Linear
Program solved by the Interior Point algorithm.
Number of <= constraints= 0 .

Number of == constraints= 21 .

Number of >= constraints= 0 .

Number of constraint coefficients= 136 .

Number of variables= 68 .

0 columns, 0 rows and O coefficients were added to
the problem to handle unrestricted variables,
variables that are split, and constraint slack or
surplus variables.

There are 54 nonzero elements in A * A transpose.
Of the 21 rows and columns, 14 are sparse.

There are 59 nonzero superdiagonal elements in the
sparse rows of the factored A * A transpose. This
includes fill-in.

There are 80 operations of the form
uli,j]=uli,jl-u[q,j]*u[q,i)/u[g,q] to factorize the

sparse rows of A * A transpose.

variables.

_lo_ _supply_ _demand_ _name_

0
0
0

35092

O OoOoo
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NOTE: There were 64 observations read from the data set

WORK.ARC?2.
NOTE: There were 8 observations read from the data set

WORK.NODEOQO.
NOTE: The data set WORK.ARC3 has 64 observations and 21

variables.

The solution is displayed in Output 5.2.1.
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Output 5.2.1. CONOUT=ARC3
_tail_  _head_  _capac_ _lo_ _SUPPLY_ _DEMAND_ _name_ _cost_ _FLOW_
factl_1 fl_apr_1 600 50 1000 prod f1 19 apl 78.6 540.000
fl_mar_1 f1_apr_1 50 O 15.0 0.000
fl_may_1 f1_apr_1 20 0 back f1 19 may 33.6 0.000
f2_apr_1 f1_apr_1 40 0 . 11.0 0.000
factl_2 fl_apr_2 550 50 1000 prod f1 25 apl 174.5 250.000
fl_mar_2 f1_apr_2 40 O 20.0 0.000
fl_may_2 f1_apr_2 15 0 back f1 25 may 49.2 15.000
f2_apr_2 fl1_apr_2 25 0 . 21.0 0.000
factl_1 fl1_mar_1 500 50 1000 prod f1 19 mar 127.9 340.000
fl_apr_1 f1_mar_1 20 O . back f1 19 apl 33.6 20.000
f2_mar_1 f1_mar_1 40 O . 10.0 40.000
factl_2 fl1_mar_2 400 40 1000 prod f1 25 mar 217.9 400.000
fl_apr_2 f1_mar_2 30 0 . back f1 25 apl 38.4 30.000
f2_mar_2 f1_mar_2 25 0 . 20.0 25.000
factl 1 fl_may_1 400 50 1000 90.1 115.000
fl_apr_1 f1_may_1 50 0 . 12.0  0.000
f2_may_1 f1_may_1 40 0 . 13.0  0.000
factl_2 fl1_may_2 350 40 1000 113.3 350.000
fl_apr_2 f1_may_2 40 O . 18.0  0.000
f2_may_2 fl_may_2 25 0 13.0 0.000
fl_apr_1 f2_apr_1 99999999 0 . 11.0 20.000
fact2_1 f2_apr_1 480 35 850 prod f2 19 apl  62.4 480.000
f2_mar_1 f2_apr_1 30 0 18.0 0.000
f2_may_1 f2_apr_1 15 0 back f2 19 may 30.0 0.000
fl_apr_2 f2_apr_2 99999999 0 . 23.0 0.000
fact2_2 f2_apr_2 680 35 1500 prod f2 25 apl 196.7 680.000
f2_mar_2 f2_apr_2 50 0 28.0 0.000
_FCOST_ oldcost oldflow oldfc diagonal factory key_id mth_made
42443.99 78.6  600.000 47160.00 19 1 production  April
0.00 15.0 0.000 0.00 19 1 storage March
0.00 28.0 0.000 0.00 19 1 backorder May
0.00 11.0 0.000 0.00 19 . f2_to_1 April
43625.00 1745 550.000 95975.00 25 1 production April
0.00 20.0 0.000 0.00 25 1 storage March
738.00 41.0 15.000 615.00 25 1 backorder May
0.00 21.0 0.000 0.00 25 . f2_to_1 April
43486.01 127.9  345.000 44125.49 19 1 production March
672.00 28.0 20.000 560.00 19 1 backorder April
400.00 10.0 40.000 400.00 19 . f2_to_1 March
87160.00 217.9  400.000  87160.00 25 1 production ~ March
1152.00 32.0 30.000 960.00 25 1 backorder April
500.00 20.0 25.000 500.00 25 . f2_to_1 March
10361.50 95.1 50.000 4755.01 19 1 production May
0.00 12.0 50.000 600.00 19 1 storage April
0.00 13.0 0.000 0.00 19 . f2_to_1 May
39655.00 133.3 40.000 5332.00 25 1 production May
0.00 18.0 0.000 0.00 25 1 storage April
0.00 43.0 0.000 0.00 25 f2_to_1 May
220.00 11.0 30.000 330.00 19 . fl_to_2 April
29952.00 62.4  480.000  29952.00 19 2 production  April
0.00 18.0 0.000 0.00 19 2 storage March
0.00 25.0 0.000 0.00 19 2 backorder May
0.00 23.0 0.000 0.00 25 . fl_to_2 April
133756.00 196.7  680.000 133756.00 25 2 production  April
0.00 28.0 0.000 0.00 25 2 storage March
_tail_ _head_  _capac_ _lo_ _SUPPLY_ _DEMAND_ _name_ _cost_ _FLOW_
f2_may_2 f2_apr_2 15 0 back f2 25 may 64.8  0.000
fl_mar_1 f2_mar_1 99999999 0 . 11.0  0.000
fact2_1 f2_mar_1 450 35 850 prod f2 19 mar  88.0 290.000
f2_apr_1 f2_mar_1 15 0 back f2 19 apl 20.4  0.000
fl_mar_2 f2_mar_2 99999999 0 23.0 0.000
_FCOST_ oldcost oldflow oldfc diagonal factory key_id mth_made
0.00 54.0 15.000 810.00 25 2 backorder May
0.00 11.0 0.000 0.00 19 . fl_to_2 March
25520.00 88.0 290.000  25520.00 19 2 production ~ March
0.00 17.0 0.000 0.00 19 2 backorder April
0.00 23.0 0.000 0.00 25 fl_to_2 March
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_tail_  _head_ _capac_ _lo_ _SUPPLY_ _DEMAND_ _name_ _cost_ _FLOW_
fact2_2 f2_mar_2 650 35 1500 . prod f2 25 mar 182.00 635.000
f2_apr_2 f2_mar_2 15 0 . . back f2 25 apl 37.20  0.000
fl_may_1 f2_may_1 99999999 0 . . 16.00 115.000
fact2_1 f2_may_1 250 35 850 . 128.80 35.000
f2_apr_1 f2_may_1 30 O 20.00  0.000
fl_may_2 f2_may_2 99999999 0 . . 26.00 335.000
fact2_2 f2_may 2 550 35 1500 . 181.40 35.000
f2_apr_2 f2_may_2 50 O . . 38.00 0.000
fl_mar_1 shopl_1 250 O 900 -327.65 150.000
f1_apr_1 shopl_1 250 O 900 -300.00 250.000
fi_may_1 shopl_1 250 0 900 -285.00  0.000
f2_mar_1 shopl_1 250 0 . 900 -297.40 250.000
f2_apr_1 shopl_1 250 O . 900 -290.00 250.000
f2_may_1 shopl_1 250 O 900 -292.00  0.000
fl_mar_2 shopl_2 99999999 0 900 -559.76  0.000
fl_apr_2 shopl_2 99999999 0 900 -524.28  0.000
fl_may_2 shopl_2 99999999 0 900 -475.02  0.000
f2_mar_2 shopl_2 500 O 900 -567.83 500.000
f2_apr_2 shopl_2 500 O . 900 -542.19 400.000
f2_may_2 shopl_2 500 O . 900 -491.56  0.000
fl_mar_1 shop2_1 250 0 900 -362.74 250.000
f1_apr_1 shop2_1 250 0 900 -300.00 250.000
fl_may_1 shop2_1 250 O 900 -245.00  0.000
f2_mar_1 shop2_1 250 O 900 -272.70  0.000
f2_apr_1 shop2_1 250 O 900 -312.00 250.000
f2_may_1 shop2_1 250 0 . 900 -299.00 150.000
fl_mar_2 shop2_2 99999999 0 . 1450 -623.89 455.000

_FCOST_ oldcost oldflow oldfc diagonal factory key_id mth_made
115570.00 182.00 645.000 117390.00 25 2 production March
0.00 31.00 0.000 0.00 25 2 backorder  April
1840.00  16.00 100.000 1600.00 19 . fl_to_2 May
4508.00 133.80 35.000 4683.00 19 2 production May
0.00 20.00 15.000 300.00 19 2 storage April
8710.00 26.00  0.000 0.00 25 . fl_to_2 May
6349.00 201.40 35.000 7049.00 25 2 production May
0.00 38.00 0.000 0.00 25 2 storage April
-49147.54 -327.65 155.000 -50785.73 19 1 sales March
-75000.00 -300.00 250.000 -75000.00 19 1 sales April
0.00 -285.00 0.000 0.00 19 1 sales May
-74350.00 -297.40 250.000 -74350.00 19 2 sales March
-72499.97 -290.00 245.000 -71050.02 19 2 sales April
0.00 -292.00  0.000 0.00 19 2 sales May
0.00 -559.76  0.000 0.00 25 1 sales March
0.00 -524.28  0.000 0.00 25 1 sales April
-0.02 -475.02 25.000 -11875.50 25 1 sales May
-283915.00 -567.83 500.000 -283915.00 25 2 sales March
-216875.98 -542.19 375.000 -203321.25 25 2 sales April
0.00 -461.56  0.000 0.00 25 2 sales May
-90685.00 -362.74 250.000 -90685.00 19 1 sales March
-75000.00 -300.00 250.000 -75000.00 19 1 sales April
0.00 -245.00  0.000 0.00 19 1 sales May
0.00 -272.70  0.000 0.00 19 2 sales March

-78000.00 -312.00 250.000 -78000.00 19 2 sales April

-44850.00 -299.00 150.000 -44850.00 19 2 sales May
-283869.95 -623.89 455.000 -283869.95 25 1 sales March
_tail_ _head_ _capac_ _lo_ _SUPPLY_ _DEMAND_ _hame_ _cost_ _FLOW_
fl_apr_2 shop2_2 99999999 0 . 1450 -549.68 235.000
fl_may 2 shop2_2 99999999 0 . 1450 -460.00  0.000
f2_mar_2 shop2_2 500 0 . 1450 -542.83 110.000
f2_apr_2 shop2_2 500 O . 1450 -559.19 280.000
f2_may_2 shop2_2 500 O . 1450 -519.06 370.000

_FCOST_ oldcost oldflow oldfc diagonal factory key_id mth_made
-129174.80 -549.68 535.000 -294078.80 25 1 sales April
0.00 -460.00  0.000 0.00 25 1 sales May

-59711.31 -542.83 120.000 -65139.60 25 2 sales March
-156573.22 -559.19 320.000 -178940.80 25 2 sales April
-192052.18 -489.06 20.000 -9781.20 25 2 sales May
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Example 5.3. Adding Side Constraints

The manufacturer of Gizmo chips, which are parts needed to make televisions, can
supply only 2,600 chips to factory 1 and 3,750 chips to factory 2 in time for produc-
tion in each of the months March and April. However, Gizmo chips will not be in
short supply in May. Three chips are required to make each 19-inch TV while the 25-
inch TVs require four chips each. To limit the production of televisions produced at
factory 1 in March so that the TVs have the correct number of chips, a side constraint
calledFACT1 MAR GIZMO is used. The form of this constraint is

3 * prod f1 19 mar + 4 * prod f1 25 mar

<= 2600

prod f1 19 mar is the name of the arc directed from the nddetl_1 toward
nodefl_mar_1 and, in the previous constraint, designates the flow assigned to this

arc. The ARCDATA= and CONOUT= data sets have arc names in a variable called
_name_.

The other side constraints (shown below) are cala@€T2 MAR GIZMO, FACT1
APL GIZMO, andFACT2 APL GIZMO.

3 *prod f2 19 mar + 4 * prod f2 25 mar <= 3750
3 *prod f1 19 apl + 4 * prod f1 25 apl <= 2600
3 * prod f2 19 apl + 4 * prod f2 25 apl <= 3750

To maintain customer goodwill, the total number of backorders is not to exceed 50
sets. The side constraifOTAL BACKORDER that models this restriction is

back f1 19
back f2 19
back f1 19
back f2 19

apl +
apl +
may +
may +

back f1 25 apl +
back f2 25 apl +
back f1 25 may +

back f2 25 may <=

50

The sparse CONDATA= data set format is used. All side constraints are of less than
or equal type. Because this is the default type value for the DEFCONTYPE= op-
tion, type information is not necessary in the following CONDATA=con3. Also,
DEFCONTYPE=<='does not have to be specified in the PROC INTPOINT state-
ment that follows. Notice that thecolumn_ variable value CHIP/BO LIMIT indi-
cates that an observation of then3 data set contains rhs information. Therefore,
specify RHSOBS="CHIP/BO LIMIT"

titte2 'Adding Side Constraints’;
data con3;
input _column_ &$14. _row_ &$15. _coef_ ;
datalines;

prod f1 19 mar
prod f1 25 mar
CHIP/BO LIMIT
prod f2 19 mar
prod f2 25 mar
CHIP/BO LIMIT
prod f1 19 apl

FACT1 MAR GIZMO 3
FACT1 MAR GIZMO 4
FACT1 MAR GIZMO 2600
FACT2 MAR GIZMO 3
FACT2 MAR GIZMO 4
FACT2 MAR GIZMO 3750
FACT1 APL GIZMO 3
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prod f1 25 apl FACT1 APL GIZMO 4
CHIP/BO LIMIT FACT1 APL GIZMO 2600
prod f2 19 apl FACT2 APL GIZMO 3
prod f2 25 apl FACT2 APL GIZMO 4
CHIP/BO LIMIT FACT2 APL GIZMO 3750
back f1 19 apl TOTAL BACKORDER 1
back f1 25 apl TOTAL BACKORDER 1
back f2 19 apl TOTAL BACKORDER 1
back f2 25 apl TOTAL BACKORDER 1
back f1 19 may TOTAL BACKORDER
back f1 25 may TOTAL BACKORDER
back f2 19 may TOTAL BACKORDER
back f2 25 may TOTAL BACKORDER
CHIP/BO LIMIT  TOTAL BACKORDER

)

i

The four pairs of data sets that follow can be used as ARCDATA= and NODEDATA=
data sets in the following PROC INTPOINT run. The set used depends on which cost
information the arcs are to have.

ARCDATA=arc0 NODEDATA=node0
ARCDATA=arcl NODEDATA=node0
ARCDATA=arc2 NODEDATA=node0
ARCDATA=arc3 NODEDATA=node0

arc0, node0, andarcl were created in Example 5.1. The first two data sets are the
original input data sets.

In the previous exampl&rc2 was created by modifyingrcl to reflect different arc
costs.arc2 andnodeO can also be used as the ARCDATA= and NODEDATA= data
sets in a PROC INTPOINT run.

If you are going to continue optimization using the changed arc costs, it is probably
best to usarc3 andnode0 as the ARCDATA= and NODEDATA= data sets.

PROC INTPOINT is used to find the changed cost network solution that obeys the
chip limit and backorder side constraints. An explicit ID list has also been specified
so that the variablesldcost, oldfc, andoldflow do not appear in the subsequent
output data sets:

proc intpoint
bytes=1000000
printlevel2=2
nodedata=node0 arcdata=arc3
condata=con3 sparsecondata rhsobs="CHIP/BO LIMIT’
conout=arc4;
id diagonal factory key id mth_made;
run;
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proc print data=arc4;
var _tail_ _head_ _cost_ _capac_ _lo_ _flow_ _fcost_;
[* to get this variable order */
sum _fcost_;
run;

The following messages appear on the SAS log:

Iter

NOTE: The following variables in ARCDATA do not belong to any
SAS variable list. These will be ignored.

_FLOW_

_FCOST_
_RCOST_
_ANUMB_
_TNUMB_
_STATUS_
oldcost
oldfc
oldflow

NOTE: Number of nodes= 20 .

NOTE: Number of supply nodes= 4 .

NOTE: Number of demand nodes= 4 .

NOTE: Total supply= 4350 , total demand= 4150 .

NOTE: Number of arcs= 64 .

NOTE: Number of <= side constraints= 5 .

NOTE: Number of == side constraints= 0 .

NOTE: Number of >= side constraints= 0 .

NOTE: Number of side constraint coefficients= 16 .

NOTE: The following messages relate to the equivalent
Linear Program solved by the Interior Point
algorithm.

NOTE: Number of <= constraints= 5 .

NOTE: Number of == constraints= 21 .

NOTE: Number of >= constraints= 0 .

NOTE: Number of constraint coefficients= 152 .

NOTE: Number of variables= 68 .

NOTE: 5 columns, 0 rows and 5 coefficients were added to
the problem to handle unrestricted variables,
variables that are split, and constraint slack or
surplus variables.

NOTE: There are 82 nonzero elements in A * A transpose.

NOTE: Of the 26 rows and columns, 14 are sparse.

NOTE: There are 80 nonzero superdiagonal elements in the
sparse rows of the factored A * A transpose. This
includes fill-in.

NOTE: There are 68 operations of the form
uli,j]=uli,jl-u[q,j]*u[q,i)/u[g,q] to factorize the
sparse rows of A * A transpose.

Complem_aff Complem-ity Duality_gap Tot_infeasb Tot_infeasc Tot_infeasd

0 -1.000000 174740627 0.834344 52835 40217 46058
1 48947018 21567675 0.910848 2958.654286 2252.108767 2470.152448

2 4201633 1377647 0.520587 0 1.331557E-11  46.321197
3 377792 253074 0.163432 0 0 8.455959
4 124457 71148 0.051146 0 0 1.425193
5 46811 28865 0.021063 0 0 0.532792
6 11689 6377.059370 0.004710 0 0 0.092989
7 3201.780084 1923.406854 0.001424 0 0 0.019251

8 468.068267 245.400716 0.000182 0 0 0.002654
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9 29.762950 5.252240 0.000003889 0

10 0.005544 0.000290 -4.924982E-9 0

NOTE: Primal-Dual Predictor-Corrector Interior point algorithm
performed 10 iterations.

NOTE: Objective = -1282708.625.

NOTE: The data set WORK.ARC4 has 64 observations and 14
variables.

NOTE: There were 64 observations read from the data set
WORK.ARC3.

NOTE: There were 8 observations read from the data set
WORK.NODEQO.

NOTE: There were 21 observations read from the data set
WORK.CONS3.

NOTE: The data set WORK.ARC4 has 64 observations and 14

variables.

L
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Output 5.3.1. CONOUT=ARC4
Adding Side Constraints
Obs _tail_ _head_ _cost_ _capac_  _lo_ _FLOW_ _FCOST_
1 factl_1l fl_apr_1 78.60 600 50 533.333 41920.00
2 flmarl fl_apr 1l 15.00 50 0 0.000 0.00
3 flmay 1 fl apr_1l 33.60 20 0 0.000 0.00
4 f2_apr.1 fl_apr 1 11.00 40 0 0.000 0.00
5 factl_2 f1_apr_2 174.50 550 50 250.000 43625.00
6 fl.mar2 fl_apr 2 20.00 40 0 0.000 0.00
7 fl.may 2 fl apr_2 49.20 15 0 0.000 0.00
8 f2_apr_2 fl_apr 2 21.00 25 0 0.000 0.00
9 factl_1 fl_mar_1 127.90 500 50 333.333 42633.33
10 fl_apr.l1 fl_mar 1 33.60 20 0 20.000 672.00
11 f2_mar_1 fl_mar_1 10.00 40 0 40.000 400.00
12 factl_2 fl_mar_2 217.90 400 40 400.000 87160.00
13 fl_apr.2 fl_mar_2 38.40 30 0 30.000 1152.00
14 f2_mar 2 fl_mar_ 2 20.00 25 0 25.000 500.00
15 factl_1 fl_may_1 90.10 400 50 128.333 11562.83
16 fl_apr 1 fl_may_1 12.00 50 0 0.000 0.00
17 f2_may 1 fl_may 1 13.00 40 0 0.000 0.00
18 factl_2 fl_may_2 113.30 350 40 350.000 39655.00
19 fl apr.2 fl_may 2 18.00 40 0 0.000 0.00
20 f2_may_ 2 fl_may 2 13.00 25 0 0.000 0.00
21 fl_apr 1 f2_apr_1 11.00 99999999 0 13.333 146.67
22 fact2_1 f2_apr_1 62.40 480 35 480.000 29952.00
23  f2_mar 1 f2_apr_1 18.00 30 0 0.000 0.00
24  f2_may 1 f2_apr 1 30.00 15 0 0.000 0.00
25 fl_apr_2 f2_apr_2 23.00 99999999 0 0.000 0.00
26 fact2_2 f2_apr_2 196.70 680 35 577.500 113594.25
27 f2_mar_2 f2_apr_2 28.00 50 0 0.000 0.00
28 f2_may 2 f2_apr 2 64.80 15 0 0.000 0.00
29 fl_mar 1 f2_mar 1 11.00 99999999 0 0.000 0.00
30 fact2_1 f2_mar_1 88.00 450 35 290.000 25520.00
31 f2_apr 1 f2_mar_1l 20.40 15 0 0.000 0.00
32 fl_mar_2 f2_mar_2 23.00 99999999 0 0.000 0.00
33 fact2_2 f2_mar_2 182.00 650 35 650.000 118300.00
34 f2_apr_2 f2_mar_2 37.20 15 0 0.000 0.00
35 fl_may_1 f2_may_1 16.00 99999999 0 115.000 1840.00
36 fact2_1 f2_may_1 128.80 250 35 35.000 4508.00
37 f2_apr1 f2_may_ 1 20.00 30 0 0.000 0.00
38 fl_may 2 f2_may 2 26.00 99999999 0 350.000 9100.00
39 fact2_2 f2_may_2 181.40 550 35 122.500 22221.50
40 f2_apr 2 f2_may 2 38.00 50 0 0.000 0.00
41 fl_mar_1 shopl_1 -327.65 250 0 143.333 -46963.17
42 fl_apr_1  shopl_1 -300.00 250 0 250.000 -75000.00
43  fl_may_1  shopl_1 -285.00 250 0 13.333 -3800.00
44  f2_mar_1  shopl_1 -297.40 250 0 250.000 -74350.00
45 f2_apr 1  shopl_1 -290.00 250 0 243.333 -70566.67
46 f2_may_1 shopl_1 -292.00 250 0 0.000 0.00
47  fl_mar_2  shopl_2 -559.76 99999999 0 0.000 0.00
48  fl_apr_2  shopl_2 -524.28 99999999 0 0.000 0.00
49 fl_may 2  shopl_2 -475.02 99999999 0 0.000 0.00
50 f2_mar_2  shopl_2 -567.83 500 0 500.000  -283915.00
51 f2_apr_ 2  shopl_2 -542.19 500 0 400.000  -216876.00
52 f2_may_2  shopl_2 -491.56 500 0 0.000 0.00
53 fl_mar_1 shop2_1 -362.74 250 0 250.000 -90685.00
54 fl_apr 1  shop2_1 -300.00 250 0 250.000 -75000.00
55 fl_may_1 shop2_1 -245.00 250 0 0.000 0.00
Adding Side Constraints
Obs _tail_ _head_ _cost_ _capac_  _lo_ _FLOW_ _FCOST_
56 f2_mar_1 shop2_1 -272.70 250 0 0.0 0.00
57 f2_apr_.1 shop2_1 -312.00 250 0 250.0 -78000.00
58 f2_may_1 shop2_1 -299.00 250 0 150.0 -44850.00
59 fl_mar 2 shop2_2 -623.89 99999999 0 455.0 -283869.95
60 fl_apr_2 shop2_2 -549.68 99999999 0 220.0 -120929.60
61 fl_may_2 shop2_2 -460.00 99999999 0 0.0 0.00
62 f2_mar_2 shop2_2 -542.83 500 0 125.0 -67853.75
63 f2_apr_2 shop2_2  -559.19 500 0 177.5 -99256.23
64 f2_may 2 shop2_2 -519.06 500 0 472.5 -245255.85

-1282708.63




Example 5.4.  Using Constraints and More Alteration to Arc Data ¢ 177

Example 5.4. Using Constraints and More Alteration to Arc
Data

Suppose the 25-inch screen TVs produced at factory 1 in May can be sold at either
shop with an increased profit of 40 dollars each. What is the new optimal solution?

titte2 'Using Constraints and Altering arc data’;
data new_arc4;
set arc4;
oldcost=_cost_;
oldflow=_flow_;
oldfc=_fcost_;
if _tail_=fl_may 2’
& (_head_='shopl_2’ | _head_='shop2_2’)
then _cost = cost_-40;

proc intpoint
bytes=1000000
printlevel2=2
arcdata=new_arc4 nodedata=node0
condata=con3 sparsecondata rhsobs="CHIP/BO LIMIT’
conout=arc5;
run;
proc print data=arc5 (drop = _status_ _rcost );
var _tail_ _head_ _cost_ _capac_ _lo_
_supply_ _demand_ _name_
_flow_ _fcost_ oldflow oldfc;
[* to get this variable order */
sum oldfc _fcost_;
run;

The following messages appear on the SAS log:

NOTE: Number of nodes= 20 .

NOTE: Number of supply nodes= 4 .

NOTE: Number of demand nodes= 4 .

NOTE: Total supply= 4350 , total demand= 4150 .

NOTE: Number of arcs= 64 .

NOTE: Number of <= side constraints= 5 .

NOTE: Number of == side constraints= 0 .

NOTE: Number of >= side constraints= 0 .

NOTE: Number of side constraint coefficients= 16 .

NOTE: The following messages relate to the equivalent
Linear Program solved by the Interior Point
algorithm.

NOTE: Number of <= constraints= 5 .

NOTE: Number of == constraints= 21 .

NOTE: Number of >= constraints= 0 .

NOTE: Number of constraint coefficients= 152 .

NOTE: Number of variables= 68 .

NOTE: 5 columns, 0 rows and 5 coefficients were added to
the problem to handle unrestricted variables,
variables that are split, and constraint slack or
surplus variables.

NOTE: There are 82 nonzero elements in A * A transpose.

NOTE: Of the 26 rows and columns, 14 are sparse.

NOTE: There are 80 nonzero superdiagonal elements in the
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Iter Complem_aff Complem-ity Duality_gap Tot_infeasb Tot_infeasc Tot_infeasd

[EEY

sparse rows of the factored A * A transpose. This
includes fill-in.

NOTE: There are 68 operations of the form

uli,j]=uli,jl-u[q,j]*u[q,i)/u[g,q] to factorize the
sparse rows of A * A transpose.

0 -1.000000 176072547 0.833846 52835 40217 46430
1 49323199 21763015 0.910646 2971.887954 2262.182150 2506.228441
2 4256602 1419262 0.526045 0 6.291145E-11 51.536868
3 371793 247491 0.159553 0 0 8.939364
4 119362 60394 0.043112 0 0 1.565229
5 27925 21537 0.015622 0 0 0.576834
6 10494 6617.424035 0.004839 0 0 0.124639
7 3367.128699 1357.529806 0.000996 0 0 0.001406
8 498.362201 156.077166 0.000115 0 0 0.000163
9 28.159576 1.000647 0.000000735 0 0 0
0 0.000549 0.000050153 -8.10256E-11 0 0 0
NOTE: Primal-Dual Predictor-Corrector Interior point algorithm

performed 10 iterations.
NOTE: Objective = -1295661.8.
NOTE: The data set WORK.ARC5 has 64 observations and 17

variables.
NOTE: There were 64 observations read from the data set

WORK.NEW_ARCA4.
NOTE: There were 8 observations read from the data set

WORK.NODEQ.
NOTE: There were 21 observations read from the data set

WORK.CONS3.
NOTE: The data set WORK.ARC5 has 64 observations and 17

variables.
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Output5.4.1. CONOUT=ARC5
_tail_ _head_ _cost_ _capac_ _lo_ _SUPPLY_ _DEMAND_
factl_1 fl_apr_1 78.6 600 50 1000
fl_mar_1 fl_apr_1 15.0 50 0
fl_may_1 fl_apr_1 33.6 20 0
f2_apr_1 fl_apr_1 11.0 40 0 .
factl_2 fl_apr_2 174.5 550 50 1000
fl_mar_2 fl_apr_2 20.0 40 0
fl_may_2 fl_apr_2 49.2 15 0
f2_apr_2 fl_apr_2 21.0 25 0 .
factl_1 fl_mar_1 127.9 500 50 1000
fl_apr_1 fl_mar_1 33.6 20 0 .
f2_mar_1 fl_mar_1 10.0 40 0 .
factl_2 fl_mar_2 217.9 400 40 1000
fl_apr_2 fl_mar_2 38.4 30 0 .
f2_mar_2 fl_mar_2 20.0 25 0 .
factl_1 fl_may_1 90.1 400 50 1000
fl_apr_1 fl_may_1 12.0 50 0 .
f2_may_1 fl_may_1 13.0 40 0 .
factl_2 fl_may_2 113.3 350 40 1000
fl_apr_2 fl_may_2 18.0 40 0 .
f2_may_2 fl_may_2 13.0 25 0
fl_apr_1 f2_apr_1 11.0 99999999 0 .
fact2_1 f2_apr_1 62.4 480 35 850
f2_mar_1 f2_apr_1 18.0 30 0
f2_may_1 f2_apr_1 30.0 15 0
f1_apr_2 f2_apr_2 23.0 99999999 0 .
fact2_2 f2_apr_2 196.7 680 35 1500
f2_mar_2 f2_apr_2 28.0 50 0
_name_ _FLOW_ _FCOST_ oldflow oldfc
prod f1 19 apl 533.333 41920.00 533.333 41920.00
0.000 0.00 0.000 0.00
back f1 19 may 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
prod f1 25 apl 250.000 43625.00 250.000 43625.00
0.000 0.00 0.000 0.00
back f1 25 may 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
prod f1 19 mar 333.333 42633.33 333.333 42633.33
back f1 19 apl 20.000 672.00 20.000 672.00
40.000 400.00 40.000 400.00
prod f1 25 mar 400.000 87160.00 400.000 87160.00
back f1 25 apl 30.000 1152.00 30.000 1152.00
25.000 500.00 25.000 500.00
128.333 11562.83 128.333 11562.83
0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
350.000 39655.00 350.000 39655.00
0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
13.333 146.67 13.333 146.67
prod f2 19 apl 480.000 29952.00 480.000 29952.00
0.000 0.00 0.000 0.00
back f2 19 may 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
prod f2 25 apl 550.000 108185.00 577.500 113594.25
0.000 0.00 0.000 0.00
_tail_ _head_ _cost_ _capac_ _lo_ _SUPPLY_ _DEMAND_
f2_may_2 f2_apr_2 64.8 15 0
fl_mar_1 f2_mar_1 11.0 99999999 0 .
fact2_1 f2_mar_1 88.0 450 35 850
f2_apr_1 f2_mar_1 20.4 15 0
fl_mar_2 f2_mar_2 23.0 99999999 0 .
fact2_2 f2_mar 2 182.0 650 35 1500
f2_apr_2 f2_mar_2 37.2 15 0 .
_name_ _FLOW_ _FCOST_ oldflow oldfc
back f2 25 may 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
prod f2 19 mar 290.000 25520.00 290.000 25520.00
back f2 19 apl 0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
prod f2 25 mar 650.000 118300.00 650.000 118300.00
back f2 25 apl 0.000 0.00 0.000 0.00
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_tail_ _head_ _cost_ _capac_ _lo_ _SUPPLY_ _DEMAND_
fl_may_1 f2_may_1 16.00 99999999 0 .
fact2_1 f2_may_1 128.80 250 35 850
f2_apr_1 f2_may_1 20.00 30 0
fl_may_2 f2_may_2 26.00 99999999 0 .
fact2_2 f2_may_2 181.40 550 35 1500
f2_apr_2 f2_may_2 38.00 50 0 . .
fl_mar_1 shopl_1 -327.65 250 0 900
fl_apr_1 shopl_1 -300.00 250 0 900
fl_may_1 shopl_1 -285.00 250 0 900
f2_mar_1 shopl_1 -297.40 250 0 900
f2_apr_1 shopl_1 -290.00 250 900
f2_may_1 shopl_1 -292.00 250 0 900
fl_mar_2 shopl_2 -559.76 99999999 0 900
f1_apr_2 shopl_2 -524.28 99999999 0 900
f1_may_2 shopl_2 -515.02 99999999 0 900
f2_mar_2 shopl_2 -567.83 500 0 900
f2_apr_2 shopl_2 -542.19 500 0 900
f2_may_2 shopl_2 -491.56 500 0 900
fl_mar_1 shop2_1 -362.74 250 0 900
fl_apr_1 shop2_1 -300.00 250 0 900
fl_may_1 shop2_1 -245.00 250 0 900
f2_mar_1 shop2_1 -272.70 250 0 900
f2_apr_1 shop2_1 -312.00 250 0 900
f2_may_1 shop2_1 -299.00 250 0 900
fl_mar_2 shop2_2 -623.89 99999999 0 1450
f1_apr_2 shop2_2 -549.68 99999999 0 1450
fl_may_2 shop2_2 -500.00 99999999 0 1450
_name_ _FLOW_ _FCOST_ oldflow oldfc
115.000 1840.00 115.000 1840.00
35.000 4508.00 35.000 4508.00
0.000 0.00 0.000 0.00
0.000 0.00 350.000 9100.00
150.000 27210.00 122.500 22221.50
0.000 0.00 0.000 0.00
143.333 -46963.17 143.333 -46963.17
250.000 -75000.00 250.000 -75000.00
13.333 -3800.00 13.333 -3800.00
250.000 -74350.00 250.000 -74350.00
243.333 -70566.67 243.333 -70566.67
0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
350.000 -180257.00 0.000 0.00
500.000 -283915.00 500.000 -283915.00
50.000 -27109.50 400.000 -216876.00
0.000 0.00 0.000 0.00
250.000 -90685.00 250.000 -90685.00
250.000 -75000.00 250.000 -75000.00
0.000 0.00 0.000 0.00
0.000 0.00 0.000 0.00
250.000 -78000.00 250.000 -78000.00
150.000 -44850.00 150.000 -44850.00
455.000 -283869.95 455.000 -283869.95
220.000 -120929.60 220.000 -120929.60
0.000 0.00 0.000 0.00
_tail_ _head_ _cost_ _capac_ _lo_ _SUPPLY_ _DEMAND_
f2_mar_2 shop2_2 -542.83 500 0 1450
f2_apr_2 shop2_2 -559.19 500 0 1450
f2_may 2 shop2_2 -519.06 500 0 1450
_name_ _FLOW_ _FCOST_ oldflow oldfc
125.000 -67853.75 125.000 -67853.75
500.000 -279595.00 177.500 -99256.23
150.000 -77859.00 472.500 -245255.85
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Example 5.5. Nonarc Variables in the Side Constraints

You can verify that th&ACT2 MAR GIZMO constraint has a left-hand-side activity

of 3,470, which is not equal to theRHS_ of this constraint. Not all of the 3,750
chips that can be supplied to factory 2 for March production are used. It is suggested
that all the possible chips be obtained in March and those not used be saved for April
production. Because chips must be kept in an air-controlled environment, it costs one
dollar to store each chip purchased in March until April. The maximum number of
chips that can be stored in this environment at each factory is 150. In addition, a
search of the parts inventory at factory 1 turned up 15 chips available for their March
production.

Nonarc variables are used in the side constraints that handle the limitations of supply
of Gizmo chips. A nonarc variable callétl unused mar has as a value the number

of chips that are not used at factory 1 in March. Another nonarc varitébleyused

mar, has as a value the number of chips that are not used at factory 2 in March.
f1 chips from mar has as a value the number of chips left over from March used
for production at factory 1 in April. Similarlyf2 chips from mar has as a value

the number of chips left over from March used for April production at factory 2 in
April. The last two nonarc variables have objective function coefficients of 1 and
upper bounds of 150. The Gizmo side constraints are

3*prod f1 19 mar + 4*prod f1 25 mar + f1 unused chips = 2615
3*prod f2 19 apl + 4*prod f2 25 apl + f2 unused chips = 3750
3*prod f1 19 apl + 4*prod f1 25 apl - f1 chips from mar = 2600
3*prod f2 19 apl + 4*prod f2 25 apl - f2 chips from mar = 3750
f1 unused chips + f2 unused chips -

f1 chips from mar - f2 chips from mar >= 0

The last side constraint states that the number of chips not used in March is not less
than the number of chips left over from March and used in April. Here, this constraint
is calledCHIP LEFTOVER.

The following SAS code creates a new data set containing constraint data. It seems
that most of the constraints are now equalities, so you specify DEFCONTYPE=EQ
in the PROC INTPOINT statements from now on and provide constraint type data for
constraints that are not “equal to” type, using the default TYPEOBS valt¥PE_

as the_COLUMNL_ variable value to indicate observations that contain constraint
type data. Also, from now on, the default RHSOBS value is used:
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titte2 'Nonarc Variables in the Side Constraints’;

data coné;

input _column_ &$17. _row_ &$15. _coef_ ;

datalines;
prod f1 19 mar
prod f1 25 mar
f1 unused chips
_RHS_
prod f2 19 mar
prod f2 25 mar
f2 unused chips
_RHS_
prod f1 19 apl
prod f1 25 apl
f1 chips from mar
_RHS_
prod f2 19 apl
prod f2 25 apl
f2 chips from mar
_RHS_
f1 unused chips
f2 unused chips
fl chips from mar
f2 chips from mar
_TYPE_
back f1 19
back f1 25
back f2 19
back f2 25
back f1 19
back f1 25
back f2 19
back f2 25
_TYPE_
_RHS_

apl
apl
apl
apl
may
may
may
may

FACT1 MAR GIZMO 3
FACT1 MAR GIZMO 4
FACT1 MAR GIZMO 1
FACT1 MAR GIZMO 2615
FACT2 MAR GIZMO 3
FACT2 MAR GIZMO 4
FACT2 MAR GIZMO 1
FACT2 MAR GIZMO 3750
FACT1 APL GIZMO 3
FACT1 APL GIZMO 4
FACT1 APL GIZMO -1
FACT1 APL GIZMO
FACT2 APL GIZMO 3
FACT2 APL GIZMO 4
FACT2 APL GIZMO -1
FACT2 APL GIZMO
CHIP LEFTOVER 1
CHIP LEFTOVER 1
CHIP LEFTOVER -1
CHIP LEFTOVER -1
CHIP LEFTOVER 1
TOTAL BACKORDER 1
TOTAL BACKORDER 1
TOTAL BACKORDER 1
TOTAL BACKORDER 1
TOTAL BACKORDER
TOTAL BACKORDER
TOTAL BACKORDER
TOTAL BACKORDER
TOTAL BACKORDER -1
TOTAL BACKORDER 50

2600

3750

e

The nonarc variablegl chips from mar andf2 chips from mar have objective
function coefficients of 1 and upper bounds of 150. There are various ways in which
this information can be furnished to PROC INTPOINT. If there were a TYPE list
variable in the CONDATA= data set, observations could be in the form:

_COLUMN_ _TYPE_ _ROW_ _COEF_
f1 chips from mar objfn . 1
f1 chips from mar upperbd 150
f2 chips from mar objfn . 1
f2 chips from mar upperbd 150



It is desirable to assign ID list variable values to all the nonarc variables:
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data arc6;

set arc5;
drop oldcost oldfc oldflow _flow__fcost _status_ _rcost_;

data arc6_b;

f1
f2
fl
f2

input _name_ &$17. _cost_ _capac_ factory key id $ ;
datalines;

unused chips . . 1 chips
unused chips . . 2 chips
chips from mar 1 150 1 chips

chips from mar 1 150 2 chips

proc append force

base=arc6 data=arc6_b;

proc intpoint

bytes=1000000

printlevel2=2

nodedata=node0 arcdata=arc6
condata=con6 defcontype=eq sparsecondata
conout=arc7;

run;

The following messages appear on the SAS log:

NOTE: Number of nodes= 20 .

NOTE: Number of supply nodes= 4 .

NOTE: Number of demand nodes= 4 .

NOTE: Total supply= 4350 , total demand= 4150 .
NOTE: Number of arcs= 64 .

NOTE: Number of nonarc variables= 4 .

NOTE: Number of <= side constraints= 1 .

NOTE: Number of == side constraints= 4 .

NOTE: Number of >= side constraints= 1 .

NOTE: Number of side constraint coefficients= 24 .
NOTE: The following messages relate to the equivalent

Linear Program solved by the Interior Point
algorithm.

NOTE: Number of <= constraints= 1 .

NOTE: Number of == constraints= 25 .

NOTE: Number of >= constraints= 1 .

NOTE: Number of constraint coefficients= 160 .

NOTE: Number of variables= 72 .

NOTE: 2 columns, 0 rows and 2 coefficients were added to

the problem to handle unrestricted variables,
variables that are split, and constraint slack or
surplus variables.

NOTE: There are 86 nonzero elements in A * A transpose.
NOTE: Of the 27 rows and columns, 16 are sparse.
NOTE: There are 102 nonzero superdiagonal elements in the

sparse rows of the factored A * A transpose. This
includes fill-in.

NOTE: There are 160 operations of the form

Ilter Complem_aff Complem-ity Duality_gap Tot_infeasb Tot_infeasc Tot_infeasd

0

u[i,j]=uli,jl-ulq,j]*u[q,i}/u[g,q] to factorize the
sparse rows of A * A transpose.

-1.000000 180211988 0.837584 55030 38331

L
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1 54358286 27998179 0.909216 4949.974964 3447.853782 6457.752523
2 9372834 2493303 0.657738 0 8.594938E-10 196.155157
3 360076 311567 0.192309 0 0 24.426434
4 133734 91250 0.064112 0 0 5.827344
5 66155 36320 0.026230 0 0
6 18053 8903.419999 0.006517 0 0 0
7 3897.577387 1910.615008 0.001402 0 0 0
8 847.313077 362.303033 0.000266 0 0 0
9 146.082127 45.122412 0.000033136 0 0 0
10 6.217057 0.574649 0.000000422 0 0 0
11 0.002810 0.000029061 2.152507E-11 0 0 0
NOTE: Primal-Dual Predictor-Corrector Interior point algorithm

performed 11 iterations.
NOTE: Objective = -1295542.742.
NOTE: The data set WORK.ARC7 has 68 observations and 14

variables.
NOTE: There were 68 observations read from the data set

WORK.ARCSG.
NOTE: There were 8 observations read from the data set

WORK.NODEQ.
NOTE: There were 31 observations read from the data set

WORK.CONG6.
NOTE: The data set WORK.ARC7 has 68 observations and 14

variables.

The optimal solution data set, CONOUT=ARC7 in Output 5.5.1 follow:

proc print data=arc7?,;
var _tail_ _head_ _name_ _cost_ _capac_ _lo_

_flow_ _fcost_;

sum _fcost_;

run;

0



Example 5.5.

Output 5.5.1.

CONOUT=ARCY

Nonarc Variables in the Side Constraints

L

Nonarc Variables in the Side Constraints

Obs _tail_  _head_ _name_ _cost_ _capac_ _lo_ _FLOW_ _FCOST_
1 factl_1 f1_apr_1 prod f1 19 apl 78.60 600 50 540.000  42444.00
2 fl_mar_1 f1_apr_1 15.00 50 0 0.000 0.00
3 fl_may_1 fl_apr_1 back f1 19 may  33.60 20 0 0.000 0.00
4 f2_apr_1 f1_apr_1 11.00 40 0 0.000 0.00
5 factl_2 fl_apr_2 prod f1 25 apl 174.50 550 50 250.000 43625.00
6 fl_mar_2 f1_apr_2 20.00 40 0 0.000 0.00
7 fl_may_2 fl_apr_2 back f1 25 may  49.20 15 0 0.000 0.00
8 f2_apr_2 fl1_apr_2 21.00 25 0 25.000 525.00
9 factl_1 fl_mar_1 prod f1 19 mar 127.90 500 50 338.333  43272.83
10 f1_apr_1 f1_mar_1 back f1 19 apl 33.60 20 0  20.000 672.00
11 f2_mar_1 f1_mar_1 10.00 40 0  40.000 400.00
12 factl_2 fl_mar_2 prod f1 25 mar 217.90 400 40 400.000 87160.00
13 f1_apr_2 fl_mar_2 back f1 25 apl 38.40 30 0  30.000 1152.00
14 f2_mar_2 f1_mar_2 20.00 25 0  25.000 500.00
15 factl_1 fl_may_1 90.10 400 50 116.667 10511.67
16 f1_apr_1 f1_may_1 12.00 50 O 0.000 0.00
17 f2_may_1 f1_may_1 13.00 40 0 0.000 0.00
18 factl_2 fl_may_2 113.30 350 40 350.000 39655.00
19 f1_apr_2 fl_may 2 18.00 40 0 0.000 0.00
20 f2_may_2 f1_may_2 13.00 25 0 0.000 0.00
21 f1_apr_1 f2_apr_1 11.00 99999999 0  20.000 220.00
22 fact2_1 f2_apr_1 prod f2 19 apl 62.40 480 35 480.000 29952.00
23 f2_mar_1 f2_apr_1 18.00 30 0 0.000 0.00
24 f2_may_1 f2_apr_1 back f2 19 may  30.00 15 0 0.000 0.00
25 f1_apr_2 f2_apr 2 23.00 99999999 0 0.000 0.00
26 fact2_2 f2_apr_2 prod f2 25 apl 196.70 680 35 577.500 113594.25
27 f2_mar_2 f2_apr_2 28.00 50 O 0.000 0.00
28 f2_may_2 f2_apr_2 back f2 25 may  64.80 15 0 0.000 0.00
29 f1_mar_1 f2_mar_1 11.00 99999999 0 0.000 0.00
30 fact2_1 f2_mar_1 prod f2 19 mar  88.00 450 35 290.000 25520.00
31 f2_apr_1 f2_mar_1 back f2 19 apl 20.40 15 0 0.000 0.00
32 fl_mar_2 f2_mar_2 23.00 99999999 0 0.000 0.00
33 fact2_2 f2_mar_2 prod f2 25 mar 182.00 650 35 650.000 118300.00
34 f2_apr_2 f2_mar_2 back f2 25 apl 37.20 15 0 0.000 0.00
35 fl_may_1 f2_may_1 16.00 99999999 0 115.000 1840.00
36 fact2_1 f2_may 1 128.80 250 35  35.000 4508.00
37 f2_apr_1 f2_may_1 20.00 30 0 0.000 0.00
38 f1_may_2 f2_may_2 26.00 99999999 0 0.000 0.00
39 fact2_2 f2_may_2 181.40 550 35 122,500 22221.50
40 f2_apr_2 f2_may_2 38.00 50 O 0.000 0.00
41 f1_mar_1 shopl_1 -327.65 250 0 148.333 -48601.42
42 f1_apr_1 shopl_1 -300.00 250 0 250.000 -75000.00
43 fl_may_1 shopl_1 -285.00 250 0 1.667 -475.00
44 f2_mar_1 shopl_1 -297.40 250 0 250.000 -74350.00
45 f2_apr_1 shopl_1 -290.00 250 0 250.000 -72500.00
46 f2_may_1 shopl_1 -292.00 250 0O 0.000 0.00
47 f1_mar_2 shopl_2 -559.76 99999999 0 0.000 0.00
48 f1_apr_2 shopl_2 -524.28 99999999 0 0.000 0.00

9 fl_may_2 shopl_2

50 f2_mar_2 shopl_2

1 f2_apr_2 shopl_2
2 f2_may_2 shopl_2

53 fl_mar_1 shop2_1
54 f1_apr_1 shop2_1

Obs

5 f1_may_1 shop2_1

Nonarc Variables in

_tail_ _head_ _hame_

f2_mar_1 shop2_1

f2_apr_1 shop2_1

f2_may_1 shop2_1

fl_mar_2 shop2_2

fl_apr_2 shop2_2

fl_may_2 shop2_2

f2_mar_2 shop2_2

f2_apr_2 shop2_2

f2_may_2 shop2_2
fl chips from mar
f1 unused chips
f2 chips from mar
f2 unused chips

-515.02 99999999

-567.83 500
-542.19 500
-491.56 500
-362.74 250
-300.00 250
-245.00 250

0 347.500 -178969.45
0 500.000 -283915.00

0
0
0

0
0

the Side Constraints

_cost_ _capac_
-272.70 250
-312.00 250
-299.00 250

-623.89 99999999
-549.68 99999999
-500.00 99999999

-542.83 500
-559.19 500

-519.06 500
1.00 150
0.00 99999999
1.00 150

0.00 99999999

_lo_

0
0

o
ocCPoco~ o4

0
0
0
0

52.500
0.000
250.000

250.000
0.000

_FLOW_

0.0
250.0
150.0
455.0
245.0
25
125.0
500.0
122.5
20.0
0.0
0.0
280.0

-28464.98
0.00
-90685.00
-75000.00
0.00

_FCOST_

0.00
-78000.00
-44850.00
-283869.95
-134671.60
-1250.00
-67853.75
-279595.00
-63584.85
20.00
0.00
0.00

-1295542.74
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The optimal value of the nonarc variald& unused chips is 280. This means that
although there are 3,750 chips that can be used at factory 2 in March, only 3,470
are used. As the optimal value tif unused chips is zero, all chips available for
production in March at factory 1 are used. The nonarc varigblhips from mar

also has zero optimal value. This means that the April production at factory 2 does
not need any chips that could have been held in inventory since March. However,
the nonarc variablél chips from mar has value of 20. Thus, 3,490 chips should be
ordered for factory 2 in March. Twenty of these chips should be held in inventory
until April, then sent to factory 1.

Example 5.6. Solving an LP Problem with Data in MPS Format

In this example, PROC INTPOINT is ultimately used to solve an LP. But prior to
that, there is SAS code that is used to read a MPS format file and initialize an in-
put SAS data set. MPS was an optimization package developed for IBM computers
many years ago and the format by which data had to be supplied to that system be-
came the industry standard for other optimization software packages, including those
developed recently. The MPS format is described in Murtagh (1981). If you have an
LP with has data in MPS format in a file /your-directorys/your-filename.dat, then the
following SAS code should be run:

filename w ’/your-directorys/your-filename.dat’;
data raw;
infile w Irecl=80 pad;
input fieldl $ 2-3 field2 $ 5-12 field3 $ 15-22
field4 25-36 field5 $ 40-47 field6 50-61;
run;
%sasmpsxs;
data Ip;
set;
if _type ="FREE" then _type ="MIN";
if lag(_type_)="*HS" then _type ="RHS";
run;
proc sort data=Ip;by _col_;run;

proc intpoint
arcdata=Ip
condata=Ip sparsecondata rhsobs=rhs grouped=condata
conout=solutn /* SAS data set for the optimal solution */
bytes=20000000
nnas=1700 ncoefs=4000 ncons=700
printlevel2=2 memrep;

run;

proc Ip
data=lp sparsedata
endpause time=3600 maxit1=100000 maxit2=100000;
run;
show status;
quit;

You will have to specify the appropriate path and file name in which your MPS format
data resides.
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%sasmpsxs; is a SAS macro provided within SAS/OR software. The MPS format
resembles the sparse format of the CONDATA= data set for PROC INTPOINT. The
SAS macro%sasmpsxs; examines the MPS data and transfers it into a SAS data
set while automatically taking into account how the MPS format differs slightly from
PROC INTPOINT's sparse format.

The parameters NNAS==1700, NCOEFS=4000, and NCONS=700 indicate the ap-
proximate (over-estimated) number of variables, coefficients and constraints this
model has. You must change these to your problems dimensions. Knowing these,
PROC INTPOINT is able to utilize memory better and read the data faster. These
parameters are optional.

The PROC SORT preceeding PROC INTPOINT is not necessary, but sorting the SAS
data set can speed up PROC INTPOINT when it reads the data. After the sort, data
for each column is grouped together. GROUPED=condata can be specified.

For small problems, presorting and specifying those additional options is not going to
greatly influence PROC INTPOINT'’s run time. However, when problems are large,
presorting and specifying those additional options can be very worthwhile.

If you generate the model yourself, you will be familiar enough with it to know
what to specify for the RHSOBS= parameter. If the value of the SAS variable in the
COLUMN list is equal to the character string specified as the RHSOBS= option, the
data in that observation is interpreted as right-hand-side data as opposed to coefficient
data. If you do not know what to specify for the RHSOBBs=charstr, you should

first run PROC LP and optionally set maxitl=1 and maxit2=1. PROC LP will output
aProblem Summary that includes the line

Rhs Variable rhs-charstr.

BYTES=20000000 is the size of working memory PROC INTPOINT is allowed.

The options PRINTLEVEL2=2 and MEMREP indicate that you want to see an iter-
ation log and messages about memory usage. Specifying these options are optional.
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Chapter 6
The NETDRAW Procedure

Overview

Two new options have been added to the NETDRAW procedure:

e the option to number pages of a network diagram
e the option to display hierarchical networks in a top-down format

Syntax

ACTNET Statement

The following new options are available in the ACTNET statement after a slash (/).
Both these options are valid only for graphics quality network diagrams.

PAGENUMBER

PAGENUM
numbers the pages of the network diagram on the top right-hand corner of the page
if the diagram exceeds one page. The numbering scheme is from left to right, top to
bottom (unless the REVERSEY option is specified).

ROTATE
rotates the network diagram to change the orientation of the network to be from top
to bottom instead of from left to right. For example, you can use this option to draw a
Bill of Materials diagram that is traditionally drawn from top to bottom with the Final
Product drawn at the top of the tree. Note that this option is similar to the graphics
option, ROTATE (GOPTIONS ROTATE). However, some device drivers ignore the
global graphics option, ROTATE (for example, the SASGDDMX driver). Use the
ROTATE option on the ACTNET statement for such device drivers. In addition, use
the ROTATETEXT option to rotate the text within each node.
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Chapter 7
The NETFLOW Procedure

Overview

Enhancements to the NETFLOW procedure include the following:

e The TOLTOTDINF and TOLTOTPINF options have been added to the NET-
FLOW and RESET statements for controlling when the Interior Point algo-
rithm considers that the total dual and primal infeasibilities have been reduced
to an amount close enough to zero so that from then on infeasibilities are no
longer used in the computations.

e The PRINTLEVELZ2 option has been added to the NETFLOW and RESET
statements to indicate that information regarding Interior Point optimization
convergence is output to the SAS log.

e There are several new options that allow you to specify when Interior Point
optimization should stop, and when optimization should continue when the
usual stopping criteria are met. See the “Stopping Criteria” section on page 206
for detalils.

e When solving a network problem (by either the Simplex or Interior Point al-
gorithms) and the network’s total supply differs from the total demand, PROC
NETFLOW attaches anEXCESS. node to the network to either supply or
demand the difference. The way thEXCESS_ node is attached is now fully
documented. See the “Balancing Total Supply and Total Demand” section on
page 199 for detalils.

e More details about the Interior Point algorithm used by the NETFLOW pro-
cedure are provided in the “Interior Point Algorithmic Details” section on
page 201.

Syntax

The following new or updated options are available in the NETFLOW and RESET
statements:

TOLTOTDINF=¢

RTOLTOTDINF=t
specifies the allowed total amount of dual infeasibility. In the “Interior Point Algorith-
mic Details” section on page 201, the vecioy eas, is defined. Iy | infeasqs <
t, the solution is deemed feasible.feas, is replaced by a zero vector, which makes
computations faster. This option is the dual equivalent to the TOLTOTPINF= option.
Valid values fort are between.0F — 12 and1.0E — 1. The default isl.0F — 7.
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TOLTOTPINF=t

RTOLTOTPINF=t
specifies the allowed total amount of primal infeasibility. This option is the dual
equivalent to the TOLTOTDINF= option. In the “Interior Point: Upper Bounds”
section on page 209, the vectarf easy, is defined. In the “Interior Point Algorithmic
Details” section on page 201, the vecierfeas, is defined. Ify " | infeasy <t
and}"", infeas <t the solution is deemed feasiblén feas;, andin feas, are
replaced by a zero vector, which makes computations faster. Increasing the value of
the TOLTOTPINF= option too much can lead to instability, but a modest increase can
give the algorithm added flexibility and decrease the iteration count. Valid values for
tare between.0F — 12 and1.0F — 1. The default isl.0F — 7.

PRINTLEVEL2=p
is used when you want to see PROC NETFLOW's progress to the optimum. PROC
NETFLOW will produce a table on the SAS log. A row of the table is generated
during each iteration and may consist of values of

¢ the affine step complementarity
¢ the complementarity of the solution for the next iteration

o the total bound infeasibility """ , in feas;; (see then feas, array in the “In-
terior Point: Upper Bounds” section on page 209)

o the total constraint infeasibility ;" | in feas; (see theinfeas, array in the
“Interior Point Algorithmic Details” section on page 201)

o the total dual infeasibility}"" ; infeasg; (see thenfeas, array in the “Inte-
rior Point Algorithmic Details” section on page 201)

As optimization progresses, the values in all columns should converge to zero. If
you specify PRINTLEVEL2=2, all columns will appear in the table. If PRINT-
LEVEL2=1 is specified, only the affine step complementarity, the complementarity
of the solution for the next iteration, will appear. Some time is saved by not calculat-
ing the infeasibility values.

Interior Point Algorithm Options: Stopping Criteria

STOP_C=s
is used to determine whether optimization should stop. At the beginning of each iter-
ation, if complementarity (the value of the Complem-ity column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is= s, optimization
will stop. This option is discussed in the “Stopping Criteria” section on page 206.

STOP_DG=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if the duality gap (the value of the Dualityap column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is= s, optimization
will stop. This option is discussed in the “Stopping Criteria” section on page 206.
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STOP_IB=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if total bound infeasibilityp"" , infeas;; (see theinfeas, array in the
“Interior Point: Upper Bounds” section on page 209; this value appears in the
Tot_infeasb column in the table produced when you specify PRINTLEVEL2=1 or
PRINTLEVEL2=2) is<= s, optimization will stop. This option is discussed in the
“Stopping Criteria” section on page 206.

STOP_IC=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if total constraint infeasibility ;" , in feas; (see then feas, array in the
“Interior Point Algorithmic Details” section on page 201; this value appears in the
Tot_infeasc column in the table produced when you specify PRINTLEVEL2=2) is
<= s, optimization will stop. This option is discussed in the “Stopping Criteria”
section on page 206.

STOP_ID=s
is used to determine whether optimization should stop. At the beginning of each iter-
ation, if total dual infeasibilityy ", in feasq; (See then feasq array in the “Interior
Point Algorithmic Details” section on page 201, this value appears in therfeasd
column in the table produced when you specify PRINTLEVEL2=2)is s, opti-
mization will stop. This option is discussed in the “Stopping Criteria” section on
page 206.

AND_STOP_C=s
is used to determine whether optimization should stop. At the beginning of each iter-
ation, if complementarity (the value of the Complem-ity column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is= s, andthe other
conditions related to other ANCSTOP parameters are also satisfied, optimization
will stop. This option is discussed in the “Stopping Criteria” section on page 206.

AND_STOP_DG=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if the duality gap (the value of the Dualityap column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is= s, andthe other
conditions related to other ANCSTOP parameters are also satisfied, optimization
will stop. This option is discussed in the “Stopping Criteria” section on page 206.

AND_STOP_IB=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if total bound infeasibilityy """, in feas;; (see theinfeas, array in the
“Interior Point: Upper Bounds” section on page 209; this value appears in the
Tot_infeasb column in the table produced when you specify PRINTLEVEL2=1 or
PRINTLEVEL2=2) is<= s, andthe other conditions related to other ANBTOP
parameters are also satisfied, optimization will stop. This option is discussed in the
“Stopping Criteria” section on page 206.
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AND_STOP_IC=s
is used to determine whether optimization should stop. At the beginning of each
iteration, if total constraint infeasibility_"" ; in feas,; (see then feas. array in the
“Interior Point Algorithmic Details” section on page 201; this value appears in the
Tot_infeasc column in the table produced when you specify PRINTLEVEL2=2) is
<= s, and the other conditions related to other ANBTOP parameters are also
satisfied, optimization will stop. This option is discussed in the “Stopping Criteria”
section on page 206.

AND_STOP_ID=s
is used to determine whether optimization should stop. At the beginning of each iter-
ation, if total dual infeasibility} """, in feasq; (See then feasq array in the “Interior
Point Algorithmic Details” section on page 201, this value appears in therfieasd
column in the table produced when you specify PRINTLEVEL2=2)is s, andthe
other conditions related to other ANISTOP parameters are also satisfied, optimiza-
tion will stop. This option is discussed in the “Stopping Criteria” section on page 206.

KEEPGOING_C=s
is used to determine whether optimization should stop. If a stopping condition is
met, if complementarity (the value of the Complem-ity column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is s, optimization will
continue. This option is discussed in the “Stopping Criteria” section on page 206.

KEEPGOING_DG=s
is used to determine whether optimization should stop. If a stopping condition is
met, if the duality gap (the value of the Dualityap column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is s, optimization will
continue. This option is discussed in the “Stopping Criteria” section on page 206.

KEEPGOING_IB=s
is used to determine whether optimization should stop. If a stopping condition
is met, if total bound infeasibility}""" , infeasy (see theinfeas, array in the
“Interior Point: Upper Bounds” section on page 209; this value appears in the
Tot_infeasb column in the table produced when you specify PRINTLEVEL2=1 or
PRINTLEVEL2=2) is> s, optimization will continue. This option is discussed in
the “Stopping Criteria” section on page 206.

KEEPGOING_IC=s
is used to determine whether optimization should stop. If a stopping condition is met,
if total constraint infeasibility} ;" | infeas.; (see then feas. array in the “Interior
Point Algorithmic Details” section on page 201; this value appears in tharffeasc
column in the table produced when you specify PRINTLEVEL2=2) is, optimiza-
tion will continue. This option is discussed in the “Stopping Criteria” section on
page 206.

KEEPGOING_ID=s
is used to determine whether optimization should stop. If a stopping condition is met,
if total dual infeasibility ;" | infeasg; (see then feasq array in the “Interior Point
Algorithmic Details” section on page 201, this value appears in theifitgasd col-
umn in the table produced when you specify PRINTLEVEL2=2} is, optimization
will continue. This option is discussed in the “Stopping Criteria” section on page 206.
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AND_KEEPGOING_C=s
is used to determine whether optimization should stop. If a stopping condition is
met, if complementarity (the value of the Compleme-ity column in the table produced
when you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is s, and the other
conditions related to other ANDKEEPGOING parameters are also satisfied, opti-
mization will continue. This option is discussed in the “Stopping Criteria” section on
page 206.

AND_KEEPGOING_DG=s
is used to determine whether optimization should stop. If a stopping condition is met,
if the duality gap (the value of the Dualitgap column in the table produced when
you specify PRINTLEVEL2=1 or PRINTLEVEL2=2) is- s, andthe other condi-
tions related to other ANDKEEPGOING parameters are also satisfied, optimization
will continue. This option is discussed in the “Stopping Criteria” section on page 206.

AND_KEEPGOING_IB=s
is used to determine whether optimization should stop. If a stopping condition is met,
if total bound infeasibility """ | infeas;; (see theinfeas, array in the “Interior
Point: Upper Bounds” section on page 209; this value appears in thénfieesisb
column in the table produced when you specify PRINTLEVEL2=2}is, andthe
other conditions related to other ANIKEEPGOING parameters are also satisfied,
optimization will continue. This option is discussed in the “Stopping Criteria” section
on page 206.

AND_KEEPGOING_IC=s
is used to determine whether optimization should stop. If a stopping condition is met,
if total constraint infeasibility} ;" | in feas.; (see then feas. array in the “Interior
Point Algorithmic Details” section on page 201; this value appears in thaffebsc
column in the table produced when you specify PRINTLEVEL2=2}is, andthe
other conditions related to other ANIKEEPGOING parameters are also satisfied,
optimization will continue. This option is discussed in the “Stopping Criteria” section
on page 206.

AND_KEEPGOING_ID=s
is used to determine whether optimization should stop. If a stopping condition is
met, if total dual infeasibility} ", in feasq; (See then feasq array in the “Interior
Point Algorithmic Details” section on page 201, this value appears in therfeasd
column in the table produced when you specify PRINTLEVEL2=2}is, andthe
other conditions related to other ANIKEEPGOING parameters are also satisfied,
optimization will continue. This option is discussed in the “Stopping Criteria” section
on page 206.

Details

Balancing Total Supply and Total Demand

When Total Supply Exceeds Total Demand
When total supply of a network problem exceeds total demand, PROC NETFLOW
can add an extra node (called ticess nogeo the problem and set the demand at



200

¢ Chapter 7. The NETFLOW Procedure

that node equal to the difference between total supply and total demand. There are
three ways that this excess node can be joined to the network. All three ways entail
PROC NETFLOW generating a set of arcs (henceforth referred to agetierated

arcs) that are directed toward the excess node. The total amount of flow in generated
arcs equals the demand of the excess node. The generated arcs originate from one of
three sets of nodes.

When you specify the THRUNET option, the set of nodes that generated arcs origi-
nate from are all demand nodes, even those demand nodes with unspecified demand
capability. You indicate that a node has unspecified demand capability by using a
missing D value instead of an actual value for demand data. The value specified as
the demand of a demand node is in effect a lower bound of the number of flow units
that node can actually demand. For missing D demand nodes, this lower bound is
zero.

If you do not specify the THRUNET option, the way in which the excess node is
joined to the network depends on whether there are demand nodes with unspecified
demand capability (nodes with missing D demand) or not.

If there are missing D demand nodes, these nodes are the set of hodes that generated
arcs originate from. The value specified as the demand of a demand node, if not
missing D, is the number of flow units that node actually demands. For a missing D
demand node, the actual demand of that node may be zero or greater.

If there are no missing D demand nodes, the set of nodes that generated arcs originate
from are the set of supply nodes. The value specified as the supply of a supply node
is in effect an upper bound of the number of flow units that node can actually supply.
For missing S supply nodes this upper bound is zero, so missing S nodes when total
supply exceeds total demand are transhippment nodes, nodes that neither supply nor
demand flow.

When Total Supply Is Less Than Total Demand

When total supply of a network problem is less than total demand, PROC NETFLOW
can add an extra node (called tvecess nodeo the problem and set the supply at

that node equal to the difference between total demand and total supply. There are
three ways that this excess node can be joined to the network. All three ways entail
PROC NETFLOW generating a set of arcs (henceforth referred to agetierated

arcs) that originate from the excess node. The total amount of flow in generated arcs
equals the supply of the excess node. The generated arcs are directed toward one of
three sets of nodes.

When you specify the THRUNET option, the set of nodes that generated arcs are
directed toward are all supply nodes, even those supply nodes with unspecified supply
capability. You indicate that a node has unspecified supply capability by using a
missing S value instead of an actual value for supply data. The value specified as the
supply of a supply node is in effect a lower bound of the number of flow units that
node can actually supply. For missing S supply nodes, this lower bound is zero.

If you do not specify the THRUNET option, the way in which the excess node is
joined to the network depends on whether there are supply nodes with unspecified
supply capability (nodes with missing S supply) or not.



Interior Point Algorithmic Details ¢+ 201

If there are missing S supply nodes, these nodes are the set of nodes that generated
arcs are directed toward. The value specified as the supply of a supply node, if not
missing S, is the number of flow units that node actually supplys. For a missing S
supply node, the actual supply of that node may be zero or greater.

If there are no missing S supply nodes, the set of nodes that generated arcs are di-
rected toward are the set of demand nodes. The value specified as the demand of a
demand node is in effect an upper bound of the number of flow units that node can
actually demand. For missing D demand nodes, this upper bound is zero, so missing
D nodes when total supply is less than total demand are transhippment nodes, nodes
that neither supply nor demand flow.

Interior Point Algorithmic Details

After preprocessing, the Linear Program to be solved is

min{c’z}
subject to Ax =D
x>0

This is theprimal problem. The matrices of, z, and ) of NPSC (defined in

the section “Mathematical Description of NPSC” in Chapter 5, “The INTPOINT
Procedure,”) have been renamede, and A, respectively, as these symbols are by
convention used more, the problem to be solved is different from the original be-
cause of preprocessing, and there has been a change of primal variable to transform
the LP into one whose variables have zero lower bounds. To simplify the algebra
here, assume that variables have infinite upper bounds, and constraints are equalities.
(Interior Point algorithms do efficiently handle finite upper bounds, and it is easy to
introduce primal slack variables to change inequalities into equalities.) The problem
hasn variables. 7 is a variable numberk is an iteration number, and if used as a
subscript or superscript it denotes “of iteratih

There exists an equivalent problem, theal problem, stated as

maz{b’y}
subject to ATy +s=c
s>0
where y are dual variables, andare dual constraint slacks

What the Interior Point has to do is to solve the system of equations to satisfy the
Karush-Kuhn-Tucker (KKT) conditions for optimality:

Ax=1b
ATy +s=c
XSe=0
z>0
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s>0

where S = diag(s), (thatis,S; ; = s; if i = j, S; j = 0 otherwise)
X = diag(z), and
e; = 1Vi

These are the conditions for feasibility, with tb@mplementaritgondition X Se = 0
added.c”z = by must occur at the optimum. Complementarity forces the optimal
objectives of the primal and dual to be equélz,y: = b’ yopt, as

_ .7 _ T _ T T _
0= LoptSopt = SoptLopt = (¢ — A% Yopt)” Topt =
T T _ T T
C Topt — yopt(AxOpt) = C Zopt — b Yopt

therefore 0= cTzop, — bl yopt

Before the optimum is reached, a solution y, s) may not satisfy the KKT condi-
tions:

e Primal constraints can be brokem,feas. = b — Az # 0.
e Dual constraints can be brokem,feas; = ¢ — ATy — s # 0.

e Complementarity is unsatisfied,” s = ¢’z — b’y # 0. This is called the
duality gap

The Interior Point algorithm works by using Newton’s method to find a direction to
move (Az*, Ay¥, Ask) from the current solutioriz*, i/, s*) toward a better solu-
tion:

(:Ek+1,yk+1,sk+1) — (:Bk,yk,sk) 4 a(Awk,Ayk,Ask)

« is thestep lengthand is assigned a value as large as possible and not so large that a
2% or s is “too close” to zero. The direction in which to move is found using

AAzF = infeas,
ATAyF + Ask = infeasqy
SkAzF + XFAsH = —XESke
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To greatly improve performance, the third equation is changed to

SEAzF + XFEAsFE = —XkESke + o e
where pr = (2F)T's* /n, the average complementarity, and
0<or <1

The effect now is to find a direction in which to move to reduce infeasibilities and
to reduce the complementarity toward zero, but if afiy? is too close to zero, it is
“nudged out” top, and anyz?s¥ that is larger tham is “nudged into”u. A oy, close

to or equal to 0.0 biases a direction toward the optimum, and a valug,folose

to or equal to 1.0 “centers” the direction toward a point where all pairwise products
xfsf = u. Such points make up theentral Pathin the interior. Although centering
directions make little, if any, progress in reducingand moving the solution closer

to the optimum, substantial progress toward the optimum can usually be made in the
next iteration.

The Central Path is crucial to why the Interior Point algorithm is so efficienty As

is decreased, this path “guides” the algorithm to the optimum through the interior of
feasible space. Without centering, the algorithm would find a series of solutions near
each other close to the boundary of feasible space. Step lengths along the direction
would be small and many more iterations would probably be required to reach the
optimum.

That in a nutshell is the Primal-Dual Interior Point algorithm. Varieties of the algo-
rithm differ in the waya ando;, are chosen and the direction adjusted during each
iteration. A wealth of information can be found in the texts by Roos, Terlaky, and
Vial (1997), Wright (1996), and Ye (1996).

The calculation of the direction is the most time-consuming step of the Interior Point
algorithm. Assume théth iteration is being performed, so the subscript and super-
scriptk can be dropped from the algebra:

AAz = infeas.
AT Ay + As = infeasqy
SAxz + XAs=—XSe+ oue

Rearranging the second equation
As =infeasq — AT Ay
Rearranging the third equation

As = X" (—=SAz — XSe + oue)
As = —OAzx — Se+ X toue
where O=5x1
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Equating these two expressions fg and rearranging

—OAz — Se+ X tope = infeasqs — AT Ay
—OAz = Se — X lope +infeasq — AT Ay
Az =07 (=Se+ X tope —infeasq + AT Ay)
Az =p+O07tAT Ay

where p=0"Y=Se+ X"loue —infeasy)

Substituting into the first direction equation

AAzx = infeas.

A(p +071AT Ay) = infeas.
AOTAT Ay = infeas, — Ap

Ay = (A0 TAT)Yinfeas. — Ap)

0, p, Ay, Az, andAs are calculated in that order. The hardest term is the factoriza-
tion of the (A0~ AT) matrix to determine)\y. Fortunately, although thealuesof
(A0~LAT) are different for each iteration, thecationsof the nonzeros in this ma-
trix remain fixed; the nonzero locations are the same as those in the ifvttix).

This is becaus® ! = X S~! is a diagonal matrix that has the effect of merely
scaling the columns dfAAT).

The fact that the nonzeros WO~ A” have a constant pattern is exploited by all In-
terior Point algorithms and is a major reason for their excellent performance. Before
iterations beginAA” is examined and its rows and columns are symmetrically per-
mutated so that during Cholesky factorization, the numbéHiof created is smaller.

A list of arithmetic operations to perform the factorization is saved in concise com-
puter data structures (working with memory locations rather than actual numerical
values). This is calledymbolic factorization During iterations, when memory has
been initialized with numerical values, the operations list is performed sequentially.
Determining how the factorization should be performed again and again is unneces-

sary.

The Primal-Dual Predictor-Corrector IntPoint Algorithm

The variant of the Interior Point algorithm implemented in PROC NETFLOW is a
Primal-Dual Predictor-Corrector Interior Point algorithm. At first, Newton’s method
is used to find a directiofAz, ;, Ayl ,, Ast ;) to move, but calculated asif is
zero, that is, as a step with no centering, known aaffine step:

AAx’;ff =infeas,
ATAyfjff + As’;ff =infeasy

(xsffaygffa Sléff) = (2%, ", s%) + a(Axl;ffa Aygffa AS'éff)
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« is thestep lengthas before.

Complementarity:” s is calculated atz} , , y¥ ;. s ;) and compared with the com-

plementarity at the starting poinit:*, v/*, s*), and the success of the affine step is
gauged. If the affine step was successful in reducing the complementarity by a sub-
stantial amount, the need for centering is not great, gna the following linear
system is assigned a value close to zero. If, however, the affine step was unsuccess-
ful, centering would be beneficial, anag in the following linear system is assigned a
value closer to 1.0. The value of. is therefore adaptively altered depending on the
progress made toward the optimum.

A second linear system is solved to determine a centering véatof, Ay¥, Ask)
from (:E'gff,ysff, s];ff):

AAzF =0

ATAyF + Ask =0

SEALE 4 XEAsE = —Xfffofffe + okpe

then

(AxkaAykaAsk) = (Axl;ffaAygffﬂAsl;ff) + (AxlccaAyécaAslcc)
(1,1, 50) = (k) + oAk, AgF, Ash)

where, as beforey is thestep lengthassigned a value as large as possible but not so

large that ar**! or s**! is “too close” to zero.
(2 1

Although the Predictor-Corrector variant entails solving two linear systems instead
of one, fewer iterations are usually required to reach the optimum. The additional
overhead of calculating the second linear system is small, as the factorization of the
(A0~ AT) matrix has already been performed to solve the first linear system.

The variant of the IntPoint algorithm implemented in PROC NETFLOW is a Primal-
Dual Predictor-Corrector IntPoint algorithm. At first, Newton’s method is used to
find a direction to movéAz? ., Ay¥, ., Ast, ), but calculated as ifi is zero, that

is, a step with no centering, known asafinestep:

AAchfjff = —infeas,

ATAyfff + As';ff = —infeasy

(JTfoaylgffaS];ff) = (xk’yk,sk) + Q(A:Eléff,Aylgff,Asléff)

« is thestep lengthas before.

Complementarity:” s is calculated atz}: . ;, y¥ ;, s ;) and compared with the com-
plementarity at the starting poirit:*, 3/*, s¥), and the success of the affine step is
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gauged. If the affine step was successful in reducing the complementarity by a sub-
stantial amount, the need for centering is not great, and the valag iof the fol-
lowing linear system is assigned a value close to zero. If, however, the affine step
was unsuccessful, centering would be beneficial, and the valwginfthe following

linear system is assigned a value closer to 1.0. The valug isftherefore adaptively
altered depending on the progress made toward the optimum.

A second linear system is solved to determine a centering veatof, Ay*, As¥)

from (wl;ff,yfff, s’gff)

AAzF =0

ATAyYF + Ask =0

SEAzE 4+ XFAsk = — XFSke

SkAzk + XEAsk = —Xfffoffe + opppe

then

(Azk, AyF, Ask) = (Aak Ayl o, Ash ) + (Axk, Ay, Ast)
(L, i+ R = (aF, F, sF) + Ak, Ayk, Ash)

where, as beforey is thestep lengthassigned a value as large as possible but not so

large that ar¥ ' or s¥*! is “too close” to zero.

Although the Predictor-Corrector variant entails solving two linear systems instead
of one, fewer iterations are usually required to reach the optimum. The additional
overhead of calculating the second linear system is small, as the factorization of the
(A~ AT) matrix has already been performed to solve the first linear system.

Stopping Criteria

There are several reasons why PROC NETFLOW stops Interior Point optimization.
Optimization stops when:

e the number of iteration equals MAXITERB=

e the relative gapdualitygap/(c’'z)) between the primal and dual objectives
is smaller than the value of the PDGAPTOL= option, and both the primal and
dual problems are feasible. Duality gap is defined in the “Interior Point Algo-
rithmic Details” section on page 201.

PROC NETFLOW may stop optimization when it detects that the rate at which the
complementarity or duality gap is being reduced is too slow, that is, there are consec-
utive iterations when the complementarity or duality gap has stopped getting smaller
and the infeasibilities, if nonzero, have also stalled. Sometimes, this indicates the
problem is infeasible.

The reasons to stop optimization outlined in the previous paragraph will be termed
the usualstopping conditions in the following explanation.
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However, when solving some problems, especially if the problems are large, the usual
stopping criteria are inappropriate. PROC NETFLOW might stop prematurely. If it
were allowed to perform additional optimization, a better solution would be found.
On other occasions, PROC NETFLOW might do too much work. A sufficiently
good solution might be reached several iterations before PROC NETFLOW eventu-
ally stops.

You can see PROC NETFLOW's progress to the optimum by specifying PRINT-
LEVEL2=2. PROC NETFLOW will produce a table on the SAS log. A row of the ta-
ble is generated during each iteration and consists of values of the affine step comple-
mentarity, the complementarity of the solution for the next iteration, the total bound
infeasibility > ; infeasy (see theinfeas, array in the “Interior Point: Upper
Bounds” section on page 209), the total constraint infeasibllifi} | in feas.; (see

the in feas. array in the “Interior Point Algorithmic Details” section on page 201),
and the total dual infeasibility " , infeasq; (See then feas, array in the “Interior

Point Algorithmic Details” section on page 201). As optimization progresses, the
values in all columns should converge to zero.

To tailor stopping criteria to your problem, you can use two sets of parame-
ters: the STOPx and the KEEPGOINGx parameters. The STQR parame-
ters (STORC, STOR.DG, STOR.IB, STOPR_IC, and STORID) are used to test

for some condition at the beginning of each iteration and if met, to stop imme-
diately. The KEEPGOINGx parameters (KEEPGOING, KEEPGOINGDG,
KEEPGOING.IB, KEEPGOING.IC, and KEEPGOINGID) are used when PROC
NETFLOW would ordinarily stop but does not if some conditions are not met.

For the sake of conciseness, a set of options might be referred to as the part of the
option name they have in common followed by the suffix x. For example, STOP
STOR.DG, STOR.IB, STOP_IC, and STORID will collectively be referred to as
STORX.

At the beginning of each iteration, PROC NETFLOW will test whether complemen-
tarity is <= STOPR_C (provided you specified a STQE parameter) and if it is,
PROC NETFLOW will stop. If the duality gap is= STOR_DG (provided you
specified a STOEDG parameter), PROC NETFLOW will stop immediately. This
is true as well for the other STQR parameters that are related to infeasibilities,
STOPR.IB, STOP_IC, and STOPRID.

For example, if you want PROC NETFLOW to stop optimizing for the usual stopping
conditions, plus the additional condition, complementatitys 100 or duality gap
<=0.001, then use

proc netflow stop _c=100 stop_dg=0.001

If you want PROC NETFLOW to stop optimizing for the usual stopping conditions,
plus the additional condition, complementarity= 1000and duality gap<= 0.001
and constraint infeasibility<= 0.0001, then use

proc netflow
and_stop_c=1000 and_stop_dg=0.01 and_stop_ic=0.0001
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Unlike the STORXx parameters that cause PROC NETFLOW to stop when any one
of them is satisfied, the corresponding ANSTOPR_x parameters (ANDSTOP_C,
AND_STOPR_DG, AND_STOR._IB, AND_STOR.IC, and AND_STOR.ID) cause
PROC NETFLOW to stop only if all (more precisely, all that are specified) options
are satisfied. For example, if PROC NETFLOW should stop when

e complementarity<= 1000r duality gap<= 0.001 or

e complementarity<= 1000and duality gap<= 0.001and constraint infeasi-
bility <= 0.000

then use

proc netflow
stop_c=100 stop_dg=0.001
and_stop_c=1000 and_stop_dg=0.01 and_stop_ic=0.0001

Just as the STQE parameters have ANCSTOP_x partners, the KEEPGOING
parameters have ANLIKEEPGOING x partners. The role of the KEEPGOIN
and AND_KEEPGOING.x parameters is to prevent optimization from stopping too
early, even though a usual stopping criteria is met.

When PROC NETFLOW detects that it should stop for a usual stopping condition,

e it will test whether complementarity js KEEPGOING_C (provided you spec-
ified a KEEPGOINGC parameter), and if it is, PROC NETFLOW will per-
form more optimization.

e Otherwise, PROC NETFLOW will then test whether the primal-dual gap is
KEEPGOING.DG (provided you specified a KEEPGOINGG parameter),
and if itis, PROC NETFLOW will perform more optimization.

e Otherwise, PROC NETFLOW will then test whether the total bound in-
feasibility Y., infeas,; > KEEPGOING.IB (provided you specified a
KEEPGOINGLIB parameter), and if it is, PROC NETFLOW will perform
more optimization.

e Otherwise, PROC NETFLOW will then test whether the total constraint in-
feasibility > ", infeas.; > KEEPGOING.IC (provided you specified a
KEEPGOING.IC parameter), and if it is, PROC NETFLOW will perform
more optimization.

e Otherwise, PROC NETFLOW will then test whether the total dual in-
feasibility >°"" | infeasqs; > KEEPGOING.ID (provided you specified a
KEEPGOINGLID parameter), and if it is, PROC NETFLOW will perform
more optimization.

e Otherwise it will test whether complementarity isAND_KEEPGOING.C
(provided you specified a ANCKEEPGOING.C parameter), and the
primal-dual gap is> AND_KEEPGOING.DG (provided you specified
a AND_KEEPGOING.DG parameter),and the total bound infeasibil-
ity >.i,infeasy; > AND_KEEPGOING.IB (provided you specified a
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AND_KEEPGOINGLIB parameter),and the total constraint infeasibility
Yo infeas; > AND_KEEPGOINGIIC and the total dual infeasibil-
ity > jinfeasqs; > AND_KEEPGOING.ID (provided you specified a
AND_KEEPGOING.ID parameter), and if it is, PROC NETFLOW will
perform more optimization.

If all these tests to decide whether more optimization should be performed are false,
optimization is stopped.

For example,

proc netflow
stop_c=1000
and_stop_c=2000 and_stop_dg=0.01
and_stop_ib=1 and_stop_ic=1 and_stop_id=1
keepgoing_c=1500
and_keepgoing_c=2500 and_keepgoing_dg=0.05
and_keepgoing_ib=1 and_keepgoing_ic=1 and_keepgoing_id=1

At the beginning of each iteration, PROC NETFLOW will stop if

e complementarity<= 1000 or

e complementarity<= 2000 and duality gag:= 0.01 and the total bound, con-
straint, and dual infeasibilities are eaech= 1

When PROC NETFLOW determines it should stop because a usual stopping condi-
tion is met, it will stop only if

e complementarity<= 1500 or

e complementarity<= 2500 and duality gag:= 0.05 and the total bound, con-
straint, and dual infeasibilities are eaeh= 1

Interior Point: Upper Bounds
If the LP model had upper bound8 € = < u whereu is the upper bound vector),
then the primal and dual problems, the duality gap, and the KKT conditions would
have to be expanded.

The primal Linear Program to be solved is
min{c’z}

subject to Ax =D
0<x<u

0 <z <wissplitintoxz > 0andz < u. Letz be primal slack so that+ z = u, and
associate dual variableswith these constraints. The Interior Point solves the system
of equations to satisfy the Karush-Kuhn-Tucker (KKT) conditions for optimality:
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Ax=b>
rTt+z=1u

ATy +s—w=c
wTs =0

2Tw =0

z,8,z,w >0

These are the conditions for feasibility, with themplementaritgonditionsz”'s = 0
andz”w = 0 added.c”z = bTy — uwTw must occur at the optimum. Complemen-
tarity forces the optimal objectives of the primal and dual to be eqdat,,; =
bTyopt - UTwopta as

_ T _ T _ T T
0= ZoptWopt = (u - $0pt) Wopt = U” Wopt — T ot Wopt

_ .7 _ T _ T T _
0= LoptSopt = SoptLopt = (C - A Yopt + wopt) Lopt =
T T T _ T T T
C Zopt — Yopt (Axopt) + wopt) Lopt = C Topt — b Yopt + U” Wopt

_ T T T
0=c xopt_b Yopt T U~ Wopt

Before the optimum is reached, a solutign y, s, z, w) might not satisfy the KKT
conditions:

Primal bound constraints can be brokénfeas, = v —x — z # 0.

Primal constraints can be broken,feas. = b — Az # 0.

Dual constraints can be brokem,feasy = ¢ — ATy — s +w # 0.
Complementarity conditions are unsatisfieds # 0 andz"w # 0.

The calculations of the Interior point algorithm can easily be derived in a fashion
similar to calculations for when an LP has no upper bounds. See the paper by Lustig,
Marsten, and Shanno (1992). An important point is that upper bounds can be handled
by specializing the algorithm ambt by generating the constrainis+ z = » and
adding these to the main primal constraidts = b.
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Overview

The following features are new in the PM procedure:

e A task information dialog window in the Gantt view that enables you to view
activity-specific information such as job number, duration, duration units, cal-
endar information, precedence information, and resource information. You can
also edit the activity duration from the task information window.

e A set of resource usage columns in the Table View when there are alternate
resources.

e A new set of observations in the Schedule data set when there are resource-
driven activities.

PM Window

User Interface Features

You can manipulate the durations of the tasks using the Task Information dialog box
shown in Figure 8.1 or by changing the length of the Early Schedule bar in the Gantt
View. You can also move the task in time by dragging the Early Schedule bar over to
a new position. This affects the Target Date for the associated task.

Task Information E3
5

Req: 1.00
Dur: 3 Heekdays

Calendar: Default

4 progrmr

tester

0K Eancell

Figure 8.1. Task Information Dialog Box

Gantt View

In addition to displaying the activity schedules in an easy-to-view format, the Gantt
View in the PM Window can also be used to change the durations of the activities,



214 + Chapter 8. The PM Procedure

add or delete precedence constraints, set activity alignment constraints, set progress
information, and provide access to calendar, precedence, and resource information.

Display Task Information
You can display detailed information for an activity by right-clicking on any of its
schedule bars and selecting “Task Information” from the resulting pop-up menu (see
Figure 8.2).

Tazk Infarmation... |

Figure 8.2. Schedule Bar Pop-up Menu

The ensuing Task Information dialog window (see Figure 8.3) displays the job num-
ber, duration, duration units, a list of predecessor activities, and a list of successor
activities, as well as applicable calendar and resource information for the selected
activity. You can also edit the activity duration from the task information window.

Taszk Information E
3

Dur: BB Heekday=
1 [
s

1.4 | Eancell

Figure 8.3.  Task Information Dialog Window

If any calendars have been defined to the project, the activity calendar is also dis-
played. If the project utilizes any resources, there is a list box that lists the resources
required by the activity (see Figure 8.4). Selecting a resource from this list box dis-
plays the quantity required by the activity in the “Req” field. Furthermore, if the
selected resource drives the duration of the activity, then the appropriate work value
is also displayed in the “Work” field.

Task Information E3
4

Req: 0.50
Dur: 10 Heekdays Hork: 2.00

Calendar: 1
2 ‘ ] ErDErmr

1.4 Eancell

Figure 8.4. Task Information Dialog Window (Calendar and Resources)
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Modify Durations
You can modify the duration of an activity in one of several ways. In the Gantt
View, you can enter it directly using the task information window as described in the
“Display Task Information” section on page 214 or change it indirectly by altering
the width of the schedule bar. To change the duration of an activity, point to the right
edge of the activity’s Early Schedule bar with the left mouse button, and drag it to the
left or the right depending on whether you want to decrease or increase the duration.
You can also edit activity durations in the Table View.

Creating and Editing Projects

Add Precedence Constraints
To add precedence constraints, point the cursor at the right edge of the predecessor
activity till it changes to a cross-hair and drag it vertically up or down to the left edge
of the successor activity. By starting and dropping at different ends of the activity bar,
you can create nonstandard precedence relationships between the activities. You can
view the predecessor and successor tasks for an activity from the task information
window.

Change Duration
The duration of an activity can be directly changed from the Duration column of the
Table View or the task information window of the Gantt View. It can also be indirectly
changed by dragging the activity bar at the right edge using the left mouse button in
the Gantt View.

Delete Precedence Constraints
To delete a precedence constraint, click anywhere on the arc with the right mouse
button and choose “Delete” from the pop-up menu. You can view the predecessor
and successor tasks for an activity from the task information window.

Edit Calendar Specifications

Calendars are defined by the CALEDATA= option in the PROC PM statement. This
option is similar to the corresponding option in PROC CPM. Once calendars are
defined in the Project, an activity’s calendar can be changed or set in the Table View
by editing the Activity Calendar or Calendar Name columns. You can either type the
values or select them from the pull-down menu displayed by pressing the right mouse
button in either of the Calendar columns. You can also view the activity calendar from
the task information window.

Edit Resource Requirements
The resource requirement information for each activity is displayed and can be edited
in the Table View. A column for a resource is created in the Table View when it is
specified in the RESOURCE statement of the PROC PM invocation, or it is created
by the Resource Manager of PROJMAN.

Changing the resource requirement causes the project to be rescheduled using the
new resources. You can also view the resource requirements for an activity from the
task information window.

If alternate resources are used by the scheduling algorithm, an extra set of columns
is added to the Table View. These columns (one for every resource in the project)
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display the resources that were actually used. These Usage columns for the resources
cannot be edited.

Detalls

Schedule Data Set

There is now yet another difference between the forms of the Schedule output data
sets produced by the PM and CPM procedures. The Schedule output data set pro-
duced by the PM procedure creates a new set of observations when there are resource-
driven durations.

The PM procedure contains three sets of observations, identified by three different
values of a new variable, OBSYPE:

e The first set of observations contains one observation for every activity in
the project. The value of the OBSYPE variable for these observations is
‘SCHEDULE'. These observations contain all the activity information such as
the duration, the start and finish times, the resource requirements, and so forth.

e The second set of observations contains one observation for every precedence
constraint in the project. The value of the QBIS/PE variable for these obser-
vations is ‘LOGIC’. These observations contain all the precedence information
such as the activity, successor, and lag information.

e The third set of observations is present only if the project has resource-driven
durations. The value of the OBIYPE variable for these observations is
‘WORK'. These observations specify the WORK value for each resource used
by each activity in the project.
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AND_STOR_DG= option

PROC INTPOINT statement, 121

PROC NETFLOW statement, 197
AND_STOR_IB= option

PROC INTPOINT statement, 121

PROC NETFLOW statement, 197
AND_STOR_IC= option

PROC INTPOINT statement, 121

PROC NETFLOW statement, 198
AND_STOR_ID= option

PROC INTPOINT statement, 121

PROC NETFLOW statement, 198
ARC_SINGLE_OBS option

PROC INTPOINT statement, 105
ARCDATA= option

PROC INTPOINT statement, 104
ARCNAME statement

INTPOINT procedure, 126
ARCS_ONLY_ARCDATA option

PROC INTPOINT statement, 105

B
BOM procedure
PROC BOM statement, 11
STRUCTURE statement, 12
BPD= option
PROC INTPOINT statement, 105
BYPASSDIV= option

PROC INTPOINT statement, 105
BYPASSDIVIDE= option

PROC INTPOINT statement, 105
BYTES= option

PROC INTPOINT statement, 106

C
CAPAC statement

INTPOINT procedure, 123
CAPACITY statement

INTPOINT procedure, 123
CHART statement (GANTT), 59
COEF statement

INTPOINT procedure, 123
COLUMN statement

INTPOINT procedure, 124
COMP-= option

See COMPONENT= option
COMPONENT= option

STRUCTURE statement (BOM), 12

CONL_SINGLE_OBS option

PROC INTPOINT statement, 106
CONDATA= option

PROC INTPOINT statement, 104
CONOUT= option

PROC INTPOINT statement, 104
CONTYPE statement

INTPOINT procedure, 129
COST statement

INTPOINT procedure, 124
COUT= option

PROC INTPOINT statement, 104

D
DATA= option

PROC BOM statement, 11
DC= option

PROC INTPOINT statement, 106
DCT= option

PROC INTPOINT statement, 107
DEFCAPACITY= option

PROC INTPOINT statement, 106
DEFCONTYPE-= option

PROC INTPOINT statement, 107
DEFCOST= option

PROC INTPOINT statement, 107
DEFMINFLOW= option

PROC INTPOINT statement, 107
DEFTYPE= option
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PROC INTPOINT statement, 107
DEMAND statement

INTPOINT procedure, 125
DEMAND= option

PROC INTPOINT statement, 107
DMF= option

PROC INTPOINT statement, 107
DTREE procedure, 55

PROC DTREE statement, 55

syntax, 55
DUR= option (BOM)

See LEADTIME= option

F
FROM statement
INTPOINT procedure, 129
FROMNODE statement
INTPOINT procedure, 129

G
GANTT procedure, 59
CHART statement, 59
syntax, 59
GROSSREQ-= option
See REQUIREMENT= option
GROUPED-= option
PROC INTPOINT statement, 107

H
HEAD statement
INTPOINT procedure, 125
HEADNODE statement
INTPOINT procedure, 125

I
ID statement

INTPOINT procedure, 125
ID= option

STRUCTURE statement (BOM), 12

INF= option

PROC INTPOINT statement, 109
INFINITY= option

PROC INTPOINT statement, 109
INVENTORY= option

See QTYONHAND= option
ITEM= option

See PART= option

K
KEEPGOING.C= option
PROC INTPOINT statement, 121
PROC NETFLOW statement, 198
KEEPGOING.DG= option
PROC INTPOINT statement, 122
PROC NETFLOW statement, 198
KEEPGOING.IB= option
PROC INTPOINT statement, 122
PROC NETFLOW statement, 198
KEEPGOING.IC= option

PROC INTPOINT statement, 122

PROC NETFLOW statement, 198
KEEPGOING.ID= option

PROC INTPOINT statement, 122

PROC NETFLOW statement, 198

L
LEADTIME= option

STRUCTURE statement (BOM), 12
LO statement

INTPOINT procedure, 126
LOWERBD statement

INTPOINT procedure, 126

M
MAX option

PROC INTPOINT statement, 109
MAXFLOW option

PROC INTPOINT statement, 109
MAXIMIZE option

PROC INTPOINT statement, 109
MEMREPoption

PROC INTPOINT statement, 109
MF option

PROC INTPOINT statement, 109
MINFLOW statement

INTPOINT procedure, 126
MULTALT option

RESOURCE statement (CPM), 37
MULTIPLEALTERNATES option

RESOURCE statement (CPM), 37

N
NAME statement

INTPOINT procedure, 126
NAMECTRL=option

PROC INTPOINT statement, 109
NARCS= option

PROC INTPOINT statement, 112
NCOEFS= option

PROC INTPOINT statement, 112
NCONS= option

PROC INTPOINT statement, 112
NNAS= option

PROC INTPOINT statement, 112
NNODES= option

PROC INTPOINT statement, 112
NODE statement

INTPOINT procedure, 127
NODEDATA= option

PROC INTPOINT statement, 104
NON_REPLIC= option

PROC INTPOINT statement, 112
NOPAGENUM option

CHART statement (GANTT), 59

PROC DTREE statement, 55



O
OBJFN statement

INTPOINT procedure, 124
OBSTYPE= option

RESOURCE statement (CPM), 37
OUT= option

PROC BOM statement, 12

P
PAGENUM option
PROC DTREE statement, 55
PART= option
STRUCTURE statement (BOM), 13
PRINTLEVEL2= option
PROC INTPOINT statement, 119
PROC NETFLOW statement, 196
PROC BOM statement
DATA= option, 11
OUT= option, 12
statement options, 11
SUMMARYOUT= option, 12
PROC DTREE statement, 55
graphics options, 55
PROC INTPOINT statement
INTPOINT procedure, 99, 104

Q

QTYONHAND-= option

STRUCTURE statement (BOM), 13
QTYPER= option

See QUANTITY= option
QUANTITY= option

STRUCTURE statement (BOM), 13
QUIT statement

INTPOINT procedure, 127

R
REQUIREMENT= option

STRUCTURE statement (BOM), 13
RESID= option

RESOURCE statement (CPM), 38
RESOURCE statement, CPM procedure

resource allocation control options, 37
RHS statement

INTPOINT procedure, 127
RHSOBS= option

PROC INTPOINT statement, 113
ROTATE option

ACTNET statement (NETDRAW), 191
ROW statement

INTPOINT procedure, 127
RUN statement

INTPOINT procedure, 128

S
SCALE= option

PROC INTPOINT statement, 113
SCDATA option

Syntax Index

PROC INTPOINT statement, 114
SHORTPATH option

PROC INTPOINT statement, 113
SINK= option

PROC INTPOINT statement, 113
SINKNODE-= option

PROC INTPOINT statement, 113
SOURCE= option

PROC INTPOINT statement, 114
SOURCENODE-= option

PROC INTPOINT statement, 114
SP option

PROC INTPOINT statement, 113
SPARSECONDATA option

PROC INTPOINT statement, 114
STOPR_C= option

PROC INTPOINT statement, 120

PROC NETFLOW statement, 196
STOR_DG= option

PROC INTPOINT statement, 120

PROC NETFLOW statement, 196
STOR_IB= option

PROC INTPOINT statement, 120

PROC NETFLOW statement, 197
STOR_IC= option

PROC INTPOINT statement, 120

PROC NETFLOW statement, 197
STOR_ID= option

PROC INTPOINT statement, 120

PROC NETFLOW statement, 197
STRUCTURE statement (BOM)

COMPONENT= option, 12

QTYONHAND-= option, 13

QUANTITY= option, 13

REQUIREMENT= option, 13

BOM procedure, 12
SUMMARYOUT= option

PROC BOM statement, 12
SUPDEM statement

INTPOINT procedure, 128
SUPPLY statement

INTPOINT procedure, 128
SUPPLY= option

PROC INTPOINT statement, 114

T
TAIL statement

INTPOINT procedure, 129
TAILNODE statement

INTPOINT procedure, 129
THRUNET option

PROC INTPOINT statement, 114
TO statement

INTPOINT procedure, 125
TONODE statement

INTPOINT procedure, 125
TYPE statement

INTPOINT procedure, 129
TYPEOBS= option

L
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PROC INTPOINT statement, 115

U
UPPERBD statement
INTPOINT procedure, 123

\Y
VAR statement
INTPOINT procedure, 131
VARIABLES statement (BOM)
See STRUCTURE statement
VARNAME statement
INTPOINT procedure, 126
VERBOSE-= option
PROC INTPOINT, or INTPOINT statement, 115

Z
Z2= option

PROC INTPOINT, or INTPOINT statement, 115
ZERO2= option

PROC INTPOINT, or INTPOINT statement, 115
ZEROTOL= option

PROC INTPOINT, or INTPOINT statement, 116
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