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Strategy Meodel
summary

Acronym:  Nane
Media/subject: Noise

MODEL QVERVIEW: Deotermines the minimum cost mix of regulations to achleve level of
reduction in noise or gives a cost limit to achieve the maximum reduction of noise.

FUNCTIONAL CAPABILITIES: The Strategy Model prioritizes the cost effectiveness of a
given number of products being considered for noise regulations,

BASIC ASSUMPTIONS: Contact Pr, Kurt Askin for a description of the basic assumptions
of this model.

INPUL; Costs of regulation of different types of machines at variocus noise levels
and the benefits of regulation are the inputs to this model.

OUTPUT: Listing of different regulations to achieve a certain fixed level of noise
reduction are the outputs of the model.

COMPUTATIONAL SYSTEM REQUIREMENTS:

llardwara: Mainframe XYBM 370
Printer any medel
Language; Fortran
Operator skills: Programming
economics

APPLICATIONS: The model has been used in noise regulation review to bring to
management's attention cost effective options in a set of products regulations,

CONTACT: Kurt Askin U.5. EPA, Office of Nopise Abatement and Contrel
Crystal Mall #2, ANR-471 PH: (703) 557-9300
1921 Jefferseon Davis Hwy, Arlington, VA 22202

REFERENCES: Contact Dr. Kurt Askin for references describing the model,
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1. OVERVIEW OF THE MODEL

The Strateqgy Model has been developed for the Office of Noise
Abatement and Ceontrol (ONAC) of the Environmental Protection Agency (EPA)
by Science Applications, Inc. (SAI). The Medel is designed to assist in
the search for an optimal mix of regulatory options when a large number
of product types are being regulated, The typical questions that the

Model can help answer are the following:

# Given an upper bound on the total regulatory cost on all the
product types, which is the set of regulatory options that
will result in the maximum total benefits?

[

@ Given a lower bound on the total benefits for all the preduct
types, which is the set of regulatory options that will result
in the minimum total regulatory cost?

The Strategy Model makes certain assumptions on the availability of
the regulatory cost and benefit data and the functional relationship
between these data for each product type under study. The cost and bene-
fit corresponding to each regulatory optiqn for .each product type are
assumed known. Thus, a set of discrete cost-bepnefit data points are
available. The optimization procedure of the Medel requires the cost-
benefit relationship be given in a functional form, Therefore, the set
of discrete cost-benefit points must be parametrized into a continucus
cost-benefit functional relationship. This can be achieved using a
least-square fit over the data with an assumed functiéﬁhl form. The
Model further assumes that the costs and benefits of the product types
are additive, and that the cost-benefit functions are convex, i.e. the
marginal benefit to cost ratio decreases as cost increases, In practice,
these assumptions are usually valid. Policy constraints in the form of
upper and lower bounds on the cost and benefit of each product type can

also be taken into account by the Model.

Using the cost-benefit functions, together with the policy con-

straints for each product.type, an optimization procedure based on the
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Lagrange multipliers method is carried out by the Strategy Model. This
procedure gives the optimal mix of regulations for any level of total
regulatory cost or benefit desired., The procedure has been computerized
and the program is currently operational on EPA's computer system. The
program cutputs the optimal regulatory costs of each product type for
different levels of total requlatory costs or benefits. From these
regulatory costs, the optimal mixes of regulations or their approxima-
tions can be obtained. The Strategy Model is schematically represented

in Figure 1.

In Section 2, the mathematical foymulation of the Model is presented,
together with the Qerivations of the kéy equations used. The input data
required to run the Model and preparation of the data are discussed in
Section 3. Descriptions and interpretations of the output data are given
in Section 4. In Section 5, the last section, procedures for using the
Strategy Model and steps for operating the computer program of the

optimization routine are explained.

1-2
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2. MATHEHMATICAL FORMULATION

There -are two key components in the Strategy Medel that contain
mathematical treatments requiring detailed discussion. One is the
paramatrization of the cost-benefit curves., The other is the Lagrangian

optimization routine, These are presented in the following subsections.
2.1 PARAMETRIZATION OF COST-BENEFIT CURVES

The Strategy Model requires the cost-benefit relationship for each
product type to be given in a convex (or concave) functional form for a
minimization (or maximization) problem. The typical cost-benefit curve
shown in Figure 2 is found in many reéﬁlatory analyses and is assumed in
the Model, The following equation is usad to paramestrize the cost-

benefit function:

4
b= B+ ¢ Y
+ where b is the benefit,
¢ is the cost, and
&, B, ¥ are parameters.
At the origin, b = 0 and ¢ = 0O,
_therafore, b = g : i %-. (1}
. '
Bearranging, i) _ _ B _ i (..];)
b a .a ]
Thus, 1l 1
£ = A + B, (2}
8 2. 8 B
where A=-o,B=- Ll , O & ® = ;5 , B = e (3)

Given a set of discrete cost-benefit data, equation (2} can be used in a
linear regression to find estimates for A and B.  Provided there are

three or more data points, estimates for A and B can be found., Using (3},

2-1
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estimates for a and B can be obtained. These estimates for esach product
type are used in the optimization routine described in the next subsec-

tion.

From equation (1), the marginal benefit to cost ratio can be calcu-

lated and is egual to

b _=o
dc (B + c)
Using the estimates for o and 8 obtained above, estimates for the mar-
ginal benefit to cost ratios ¢an be calcnlated. These are used repeatedly

in the optimization routine. v
2.2 LAGRANGIAN CPTIMIZATION ROUTINE

The Lagrangian optimization'routine is the centerpiece of the
Strategy Model. It is used to obtaip optimal mixes of regulations in
terms of regulatory cost levels at different levels of total cost and
total benefit. The optimization problem can be solved using the method of |
Lagrange multipliers. A typical optimization problem is to find the cost
for each product type such that the total benefit is maximized subject to
an upper bound constraint on the total cost, and lower and upper bound
constraints on the bepefit apd cost for each product type. First, some

notations need to be introduced.

ALY
Let bi denote the benefit for product type i,
<y dencte the requlatory cost for product type i,

oy and B, denote the parameters in the cost-benefit curves for
product type i,

c dencte the upper bound on the total cost,
biq denote the lower bound on the henefit for product
type 1,
2-3
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Cjp denote the upper bound on the cost for product type i, and

N. denote the number of product types under study.

The optimization prohlem described above can be stated mathematically as

follows:

, N N /oy ag
Maximize Lhy & Lfe——m - =] '

i=1l i=1 Bi+ ci Bi
9 N
subject to L ci & C, .
i=1
\.
\ bi ¥ bio' i=1,""": B
€i § ©cig r i=1,%+s, N.

Since the benefit-gost functions are all concave, the Xuhn-Tucker
necessary and sufficient conditions for {c;}, with the corresponding

{b;}, to be an optimal Solution are:

L,00+, N
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K N N
where L (¢, p, g, ¥) = Ehy - ¥ (C - Lej) - L gilhi - bie)
: ' i=31 i=1 i=1i
N
- L vi (cio - cil.
i-1

and u, g, ¥ are the Lagrange multiplisrs.,

=

Therefore, at coptimality,

— (E;) = 0 i:l'¢--’ N,

. dbi . T
ice. 2Bi W - oy %%? + vi = O at cy = c; i 1,0,

Provided that b; > bj, and e} < cjo , i.e. the constraints are not binding,

then

*
of =0 and vi = 0

So m " o = <"

d.Ci+u Oatcl—cl.
In other words, when the upper and lower bound constraints on the costs
and benefits are not binding, ac optimality, all the marginal benefit to

cost ratios are the same {and equal to - p*). .

This important fact is used in the cptimizaticp r¥utine to build up
a set of optimal solutions. The solution generated by the computer pro—
gram is a set of optimal solutions in terms of requlatory costs for a
range of total cost in fixed increments, The algorithm used in the pro-
gram starts by setting all the costs to the minimum levels as constréined
by the lower bounds on the benefit. At each step, an incremental cost is
assigned to the product type with the maximum marginal benefit to cost
ratio, provided the upper hound on cost is not yet reached. The procedure
is repeated until the maximum total cost allowed is reached. Although this
procedure can only produce approximate solutions, the incremental cest can

be set very small and the error can be rediced to a negligible level. In

the following section, the input data required to execute this optimization

routine are discussed.
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3, INPUT DATA REQUIREMENTS

In orxtler to execute the Lagrangian optimization routine, a set of
data is required for each of the product types under study. The set
consists of four elements which are the regression coefficients A and
B described in Section 2, and the lower and upper bounds on the regula-

tory cost for each product type.

To obtain coefficients A and B, any standard linear regression
routine can be used on the reciprocals of the benefit (%) and cost (%)
data, as explained in Section 2, fThe lower and upper bounds on the
regulatory cost are derived from the éolicy constraints, or physical
constraints if there are no policy constraints. The policy constraints
may set explicit bounds on the regulatory cost and these bounds form
the input data directly. The policy constraints may also be in the form
of bounds on the benefit, Since the cost-benefit relationship is known
from equation (2) once the coefficients are known, bounds on the benefit
can be translated into bounds on the cost and used as input. If thére
are no policy constraints on a product type, physical constraints exist
that iimit the minimwum and maximum amounts of regulation possible.

These in turn can be translated into bounds on the cost and used as in-

put.

The format of the input data required by the computer program of the
Lagrangian optimization routine is straightforward. ;ﬁe input data file
is in card format, with each record.containing the four data elements
corresponding to each product type. The four data elements in each
record have the format 4F7.2., The number of records in the data file is

the number of product types under study.
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4. QUTPUT DATA DRESCRIPTION

By axecuting the Lagrangian eptimization routine, two sets of out-
put are generated. The first set of output consists of a table that
gives the optimal mixes of regulations in terms of regulatory costs for
a range of total regulatory costs and benefits. The second set of out-
put consists of displays of benefit-cost curves graphically. The graph
of total benefit vs total cost is displaved and the graph of benefit vs

cost for each product (or machine) type is displayed.

The table of optimal mixes of regulations contains N + 3 columns,
where N is the number of preduct r.ypes;, under study. The columns have
the headings "“NO.," "TOPCOST,"” "TOTBEN," "TYPE Ol," "TYPE 02," ...,
"IYPE N." NO is a simple numbering variable that counts the number of
sets of optimal solutions generated. TOTCOST is the total cost of the
set of regulations, and TOTBEN is the total benefit, TYPE 0l contains
the optimal requlatory cost for product type 0l if the total cost is

* constrained to the amount given in TOTCOST or Lf the total benefit is

constrained to the amount given in TOTBEN. TYPE 02, ..., TYPE N contain
similar data. The total cost in TOTCOST increases by a small fixed
increment. The total benefit In TOTBEN increases by a small and
decreasing increment. Therefore, for any total cost or total benefit
desired, a close approximation can be found. For each product type,
using the optimal regulatory cost from the output tal;J:g, the corres-—
ponding optimal regulatory level can be derived from the regulatory
level to cost relationship. Since regulatory levels are usualy discrete,
approximations are usually needed in deriving the optimal regulatory

levels,

The second set of output contains benefit to cost curves.. Thase
curves are.plotted using the IPP plotting package available on EPA's
computer system. The plots are straightforward and self-explanatory.
They are useful in assessing the solutions obtained from the Lagrangian
optimization routine. An example of cutput generated by the Lagrangian

optimization routine is given in Appendix B.

4-1
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5. PROCEDURE FOR USING THE MODEL ¥

Most of the preocedurs for using the Strategy Model has already been
axplained in the previous sections. The procedure is summarized here,

together with steps for operating the computer program.

1. Collect regulatory cost and benefit data corresponding to
different regulatory levels or scenarios. This results in
a set of discrete cost-benefit data. These data are
assembled for gach product type under study.

2. Usc the functional form given in Section 2.1 to cobtain
cost-benefit curves in parametric form, with least sguare
estimates for parameters A's and B's.

3, Select bounds on cosc and benefit from policy constraints
or physical constraints. Translate these bounds into
bounds on regulatory cost using the estimated parametriec
cost~benefit function.

4. Prepare input data consisting of the estimated parameters
A's and B's and bounds on regulatory cost, following the
format stated in Section 3.

5. Execute the Lagrangiap optimization routine which is avail-
able on EPA's computer system under the file name YAMC@E,
The input data to be used have been prepared in the previous
step. The program can analyze up to 45 product (or machine)
types. It is written in FORTRAN and the computation time
and storage requirements are small. Any default levels
should provide sufficient time and storage to execute the
program successfully. A listing of the program, together
with an example of an input data file is given .in Appendix
A, ‘

6. Locate the soluticen in the output table that is closest to
the total regulatory cost or total benefit desired. The
table gives the optimal solution expressed in terms of
regulatory cost for each product type.

7. Find the regulatory level or scenario that results in a
requlatory cost that is closest to the optimal scolukion
generated by the optimization routine. A regulatory level
is found for each product type, resulting in a set of
regulatory levels that give the optimal solution for a
desired total cost or total benefit, This solution is only
an approximation. In most applications, this approximate

1/ The computer access procedures described were in effect at the time this
document was prepared. Periodically, those procedures are changed and the
user should scek EPA assistance before accessing the gystem, JCL procedures
should not change even when system access does change.

5=l



selution is adequate. However, if a greater degree of
accuracy is required, or if some basic assumptions in the
model do not hold (e.g. the benefits are not additive),

an improved solution may be found by evaluating the
requlatory options in the neighborhood of the approximate
solution. If a better solution can be found by perturbation,
it is likely to be the true optimal solution. The cost~
benefit curves generated by the computer program may be used
to illustrate the optimal solution oktained.

THE FOLLOWING IS AN EXAMPLE OF THE REQUIRED
JCL TO RUN THE STRATEGY MODEL.THE DATA BASE
USED TO EXECUTE THE PROGRAM IS PLACED

AT THE END OF PROGRAM LISTING. '

//EPATFP  J0B {MUSN,RONK) ,RONK,PRTY=5
//S1 EXEC IPPPRCGP,PRINT=A '
//FORT.SYSIN DD *
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HKPPENDIX A. PROGRAM LISTING

A liéting of the computexr program used for the Lagrangian optimi-
zation routine is presented in this appendix. An example of an input
data file for a case with four product types is also given. The input

data file is placed immediately after the program.
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7751 ZXEC TPPPRICSPyPRINTzE :

c

//FARTWSYSIN DY) =« ,
C PROCARAM TN RENERPATE TOTAL BEREFIT C2ST CURVE USING ‘

C COMVEY PROGRAMMING FOIRMULATION AND LAZRANGIAN METHON

c

r

&

DIMENSINY COST{21)¢PTNI21) «AA(AS Y eRB{4E) o ALFHALES Yy RETAC4E)
1 CHMINC45Y+CMANCSSY ¢ XMECRIAT) 4COFTCLGY}»TOTCIO00YILTOTRIRG0)
REAL 3 TYPE(45)/YTYPEQYL o TYPEDD *4* TYPEIZ* 4P TYPED4? P TYCEDNEY,

PTYPENGAY g PTYPEQT o *TYPL ISP g *TYPEDG® ¢ "TYPELD "y *TYPELL Ty
TTYPEL2Y o ' TYRPTL3 Y *TYRE L4 3 *TYPELS 4 *TYPELE to FPTYPELT?,
TTYPELR " TYPELA o *TYPER 2T o TTYPEZI 4 "TYPEI2 9, *TYPE22 Y,
PTYPE24T ot TYPEZS Y« *TYPEQGY g YTYREZT* 4 STYPZ28 Y, TYPE29%,
FTYPEEN o " TYPEZ L e P TYCE IR o *TYPEIZ* 4 "TYPESA P, *TYPELE?,
TP A s PTYPE ST o *TYPEIR o« *TYPEZO o *TYPELN s *TYPE 417"
'TYPEQE'o’TYPEQS'"Tt°E¢4'o‘TYFE4§'/ .

Ut D s

M=t

M=?2

cLIM=;

Cllp=1

TCAST= ¥

T“¢H=ﬂ
READ IWPUT DATA ON TACH “ACHINE TYPE
501 N=MN+1

READCSsS1eEND=SDLY AACH)Y oBECHY yCHIMCNI 9 CMANIN)
51 FORMAT(4F T2}
CoMPUTE INITIAL VALUES

BETA ¢Y=BBIHI/A4 CNY

ALFPHACH)Y==BETACNY /AL CI1Y

X¥sCe (= -ﬂLDHAtN)/t"FTArN)+CMIM¢A))'v?

CLOWRCLAOA+CHINGHY

CUP=CUP+CMAXIN)

CORTINI=CHTININ) .

TCIST=TCASTCUIN(NY

TBEN-TBEN*(ALPHA(V)f(BETA(1)+C*I\(H3) =ALEHENI/BRETALM)Y)

GO TO 531 _
§01 COMTIYWUE Ve

Nat-1 : '

DELTAC=(CUP=CLOYYZ (20 M)

WRITECEAA1) (TYPELIYoI=14') .
A1 FORMATIY N, TATCOST TOTREH RlGATZ24Y015AT/28 441347

GO TO 949aq !
FIND MAXIMUM MABGINAL EEHEFIT COST RATIO
9a1 XMMAXZ)D , o . i

Jhv=2 !

DO TI1 TI=1e4
TFCXMBCRCII oGT o XMMAX ANDWCOPTLIV+NELTACSLE JCHAXCTI)Y JAY=T

TOY IFCXHPCP LTI uGToaYMMAX QANDSCOPTCIY +DELTACLLE «C*AXCI)) XMMAX=S XNHCF(I‘
IF (JAY) 9594065 ,30] ‘
801 COPTUJAYISCOPTCJAYI+DELTAC
XMBCROJAY ) ==ALPHACJAYY A UBETA (JAY)4COPTEJAY I w e .

TCOST=TCIST+DELTAC
TREMSTACM CALPHA(JAYY/Z(SETACJAYY +CAPT(JAY)Y Jy=({ SLFHA (JAYI/

1 (BETA(JAYI+COPT(JAY)=DELTAC))
GO TG 989

. 959 JRITE(ReeL)



Bl FORUMAT(Y pre OO0 NYxt)
- g TH nmas
I 0UTOUT TOTAL COST.yTOTAL HENSFIT AND INDIVIDUAL LEVELSR
TR M)
TDTC(HI=TCOST
TOTE (M) =TREN i
. HRITECSy71) MyTCOSTATBENS(CCOT(I) 1L gii) .
- T1 FORMAT V)Y g T312% ¢2F 8,2 4 IXe 15(F Ta2)/23Xg1C5(F742) 728X 415¢F7.2))
30 TO 931 |
DUTPUT PLOT QF TOTaL BEMEFIT VS TOTAL COST g
989 CALL PP PLOT (TOTCyTNTHyMeNesDaslagden j
I *OTOTAL BENEFIT VS TOTAL COSTAY.tQTOTAL RENEFITOY,
2 *RTOTAL COSTH*Y
QUTEUT PLOT OF PENEFIT Y3 COST OF EACK MACHINE TYPE
I=I+1
DC=(CMAXCII=CMINLIY) /28
DO 271 K=1.21
_ COST(KIZDC# (K=1)+CHINIT) ‘
- 201 BE"tK)—ALPHA(IJ'(“ETAr‘)+COSTtK\)-ALFHA{I)/"ETA(I) '
CALL 2P ADWN
CALL PP PLOT (COST9EEN el ety Taslugflay s
1 *GRENEFIT VS COST FOR MACHINE TYPE 01N C*+*QBENEFITR®"RLLSTO?Y,
IF (I.55N) GO TO zo3 . v
COMTINUE :
I=I+1
DC=(CMAY(TII-CMIMETYIZ/2D
00 232 K=l.21
COSTCKIZOCH (K~1) +CHTHNLT)
: 202 BEu(K)unLPHACI)I(PLTA(I)+COST(K))—ALPHA'I)IEETA(I)
o CALL FP aADVNM , ; :
A CALL PP PLOT (COSTa2CHe2ks0ealiavNosdus '
TOPREEMESIT VS COST FO0R MACAINE TYFE G20 "QPEMEFITOY.*CCOSTA®YY
IF (Ta52.4) 6D TN 99g g
CONTINUE :
I=l+1 , |
; DC:(C”AX!IJ—C“IH(I)IIES , :
= 0O 222 Kz=1s21 ) . ;
‘ CuST(K)-ECttF 1Y+CH I
203 BEN(K)=ALPHALI) Z/(BE TA(I)+C05T{K)I-ﬁLPHAJI)/FETA(I)
CALL PP ADVM
CALL ®F pLAIT :cosr.nzw.21...-s..u.yu..
o 1 TGEENEFIT VS COST FOR MACHINI TYPE 230¢,*GRENEFITAH® ¢ TGCOSTR Y’
. I7 C(Ie"ELN) G0 T o9n g
: C3NTINUE 1
I=1I+1 X
DC=e¢CHAXCI)I~CHINEI) /2D )
DG 204 ¥=le21 j
COST(K)I=DCALK=1)+CHINCI) ;
- 204 BENTK)SALPHACI) Z(OETACL)I+«CASTI(RY ) =ALPHA(I)/RETACI) :
: CALL PP ADVWN .
CALL PP PLOT ‘CQSTiaEN.zllBo!Bo!ﬂ-'qu
1 P*GEENEFIT VS TO3T SOR MACHINE TYPE J4R Y, 'GRCNEFITA®«*GCCETR) &
1¥ (T.0FN) 60 TO 99«4
CONTINUE
it I=I+1 ‘
PC=(CHAK(I)=CHTI N (T) ) /2 *
DO 205 K=1421
COSTIKIZLC*tK=1)+CHIHC])
20% DEN{KIZALPHASINZrOETACI)4CASTIK) )=ALPHACLY/BRETA(T)
CALL PP ADYH . ;
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219

1

211
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1

T .4tV e ¥

LI S| . i
T OFhA MACAINE TYRED SRR, rnRENCEITRY G CIRTE ")

COST(KY=DCH {K=1)+CHINLT)
EENCHIZALPHACII/(RETAL T +CASTIKY Y =ALPHA (I /CETALT)
CaALL PP AQDVH
caLl PP PLOT IFOST.H=H.21,0-90-'0..0..
CQREMTFRIT YS COST FOR MACHINE TYPE DENTMAEENFFITOY, 'GCP°TQ')
IF {I.GE+H}Y GO TN 994
CONTINUE
I=I+1
DC=(CMAX(Iy~CMINCIY) 2D
DO 277 K=l1s21
COSTIK)=DC*tK=1)}+CMINC])
BENtKYZALPHALIY /{2 TACI)Y+COST(KI)=ALFHALI)/BETA(I)
CALL PP ADVH
caLL PP PLOT lCJST-PFNvclv?-vﬂ-v.ovu-t
*RAEENETIT VS COST FOR MLEHINE TYSE .7"'0'PBENFFITP'0'QCG°T0')t
1IF (I1.GE.N} 60 TO 998 ' . !
CONTINUF e .
I=]+1 S
DC=(CMAX(I)=CMTNR(I)I/22
ODD 208 K=l.21
COSTUIK)=DCr(K=L)}+CMINC(I)
BENUKYZALPHACIY /C(CETACIY+COST(KY Y =ALPHACII/BETAtT)
CALL PP &DVH
CALL PP BLAOT (COST.?E"2190.'0-00.ou.. ! o
YQFEEMEFIT VS CJOST FOR MACHINE TYPE GQF'Q'QEVNEFITQ‘ tCNETR *)
IF tI.5EaN) GO TO 398 i
CaNTINUE . '
I=I+1 ’ "
DC=t(CMAX(IY=-CHINCIYY /22 . .
D2 228 K=1421 , 4
COSTIK)=DCx K= )+CMINLIY . n
BENCKIZALPHACLI) Z(PETACIY«CAST LK) Y=ALPHACTIY/EETAL(T)
CALL PP ADVH " .
CALL PP PLOT (COST+REN+21eCaeleslovlan ;
PORENESTIT VS CNST FOR, MACHINE TYPE (90 ', *OQRENEFITAOY, 'OCOSTG'JI_
IF f1.GEWH) GO TC c9a :
CONTIHUE _ .
Iz1+1 : i
DC=C(CMAXCII=CMINCTYY /2T ‘
DO 21C K=1.21
COSTUKYSDCw» ¢K=12«CMINII}
BEMI(K)SALPHACIY Z(PETATI}+COSTIKEY)=LLPHA (IY/BETA(T)
CALL PP ADVN
CALL PP PLOT (COSTeREN+219DarCroBavler

1ERE] vh o
17 <I.1E NY 30 T) nzZg
cenTIvue ‘
I=zI+1 ;
PDC=(CYaxeI)~C¥IN(INY/2D .
00 223 K=la21 . E
i

[P YOS

POREMEFIT VS COST FOR MACHIMNE TYPE 1200 *GBENEFITO*+*0COSTGY)
IF (I.%E gy S0 TO o949y -
CANTINUE
I=T+1
De=rCMax¢Iy=CATMN (LYY /22 -

Cd 211 k=1,21

COSTU(KY=CCw{K=1¥+CMIN(TY

BENCKIZALPHACIY A(EBETALIY4COSTIXRI ) =ALFPHACL)/EETAII)
CALL PP ADVH

CALL PP PLOT (COSTeFEN21l90erlenTaslny
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H
D

URTACERRENESS TOLNIToTaR wile!
1T Te™ M) 30 TN a%a
“”Tlnur
I=1+1

DC=(CraX Iy =CHIne) /27
00 212 K=1.21
COST(H)=CCw (K=12+LCMIM(]}
212 BEN(KY=ALPHACTY FCSETA(T I +COST M IV -ALPHACTI ) /SETACL)
CALL PP ADVN
CALL PP PLOT (COSTyEEN2Z2yTesCorlarlen
1 *QREMEFIT VS CRSY FOR MACHIMNE TYPE 1207 *GRENEFITH
IF (I«GE«N) GD TD 258
CONTINUE
I=I+l
BC=(CMAXLINV-CMTH (IY) /22
DO 213 K=1.21
COSTI(KI=NC «{K=1)+CMINCI)
213 BEN(K)= ALPHA(I)/(PrTA(I)¢CuSTtF))-ALPHAfIl/?ETA(I)
CALL PP ADvVH
CALL PP PLIT (COSTPENw21edeslnalerlon

Pof TYED Dt G MAETTEEIT SN n OroTh 0

T, QLCETA" )

1 *GREMEFIT WS COST FOR MaCHIME TYPE 13737 *OREMEFITSY«*ICOETR")

IF (T.6FE«%) G0 TD o5g !
CONTINUE
1=l +1 ) K
DC=CCMAXLIY)=CMINCIY /2L '
DO 214 ¥=1a21
COSTIKIZDC# tK~1Y+CMINCI) '

214 BENCKIZALPHACI)/(RETACII+COSTIK) ) ALPHA(I)'BETA(I)
CALL FP ADVHM
CALL PP PLOT (COST,EEN,?IQanB.;D.;U.g

1 'ReEMEFIT VS COST FOF MACHINE TYPE 1407 ’CPENEFITNY,

IF 11.GE«N) GO T2 9292
COMTINUE
I=sl+:
DC=rCHaX (I)=-CYTRCIY}/20
D2 21% ¥=zl,21
COSTIKI=DC# (K=2)1+CVINCIY
215 EENIK)=5LPHA(IJ/(EETJII)*CGST(K’)-ﬁLPHA(IJ/BETA(I)
C:LL PP ADVH
CALL FP PLOT (CO5Ty2EN+21a0evlaglonlian.,

1 'GE’MEFIT VS COST FOR MACHINE TYRE 13 G' fﬂEEHEFITG"

IF (T4GEWN) GD Te 598

CONTINUE

I=I+1

RES(CHAY (LY =CHTHIINYI22

00 216 K=1.21 .

COST(K)=DCw(K~1)+ZTHMINII)
216 EBENCK)=ALPHACI) Z/(EETACI)I+COSTCK) y=ALPHA FI}/BETALT)

CALL PP ADVHM

CALL PD pLOT (CQST.EENnElsG.cﬂ..O.'D.q

'

'GLOSTOY)

'CCOSTR®)

1 C*GBENEFIT VS TOST FOR MACHIKE TYPF 150 Y+ 'QBENEFITQT,*3COSTR") !

IF- tI4BEWN) GO TD 99y
COMTIMUE
I=I+1
DC=t CHAXCI)=CYINIIY) /23
NG 217 K=1e21
COST(RI=DCw K1y +TMIN(T)
217 BENC(KISALPHACIY/IPETA(II+COST(R) I =ALFHALIY/BETAII)
CALL PP A0OVY
CALL PP PLOT (COST+BEMa2le0eaGagdoalay

i *REENEFIT VS COST FOR MACKHIME TYPE 1TR vy *GEENEFITL*,

*QCCsSTO™)

vy



(i

BC=rCMax(ly=-CMINCIY) /2D ;
D6 212 K=ie2l .
COST(MI=ECw(K~1)+CHINCTY . b
215 BENCKIZALPHACI ) ZUBETACII+COSTIRKII=ALPHACT}/BETALT) .
CALL FP ADVH
CALL. FP PLOT (CUSTeBEMe2le0eaNsrDanlay
1 *GREMEFIT VS COST FOR MACHINE TYRE 100'.'PFENFFIT0' *GCCSTR*Y
IF (T.GE.N) GO TO S32 X
CONT INUE
I=1+1
DC=tCMAX(I)=CMINCI)) /20
02 219 K=1.21
COSTI(K)=0Ca(K=1)+CMIN(I) .
219 BENCKISALPHA(L)Y /(RETACII+COST(K) )=ALPHACI}/BETACI) '
CALL PP ADVM . :
CALL FP PLOT (COST42FN e2loleeTerlerlen
1 *QRCHNEFTIT VS CLST FOR NACHINE TYFE l"Q'o'QEE"JEFITQ' MqCesSTEYY
IF {T«GELNY) 50 TO 2935 \ )
CINTTINUE
I=I+1
DC=(C¥AX(T)=CHMIN(IN)/2T
D0 22u ¥=1,21
COSTAKI=DCr(K=1)+C¥INCI)
221 BF'H-('J"nLPHMI)’("ETMI‘HC"ST(Y!)-ALPHA!I)’“ETA(I)
CALL PP ADVHM
CALL PP PLOT (COSTyBEN21e0esTevlenlay :
1 'GPENIFIT ¥S COST FOR MACHINE TYPE 20G*9 *GEENEFITR2Y+'0COSTOY)
IF (I.GE.H)Y 60 TO 58 : -
CAMT INUE
I=]+2 ‘ . )
AC=(CHAXCIy=-CHTIN(TINY /20 : ' . o
00 221 K=1.212
COSTEX) =DCw (K=1)+CMITi( I
221 REM(KI=ALPHA(INZtRETA(I)+COST Y ) ~ALPHACI Y FBETACT )
CALL PF ADVN
CALL P2 PLOT (COSTeBRENe ?100-;0-.0.10-1 o
1 PYCIENEFIT VS COST FOR MACHINE TYPE ZLG*y*QBENEFITRY «*OCOSTR"Y,
IF ¢tToGEWLNY) GO TQ 998
CONTIMNUE
I=1+1 ‘
0C= fC“AX(I)-C“I’HT))/ : J
B0 222 ¥=1.21 '

COSTCKI=SDO» (K=1)Y+CVINCIY * :
222 BENIKISALPHATIY 7(RETACLIY+COSTCKYY=ALPHACTI)I/EETACT) i
CALL PP ADVY ;
CALL PP PLCT (COST+PENe2190esDoslienlen B

1 *OREMEFIT VS CCST FOR MACHINE TYPE 220%.*QBENEFITA®.*QCCSTA") |
IF (TeGCaN)Y GO TO 995
CONTINUE
Iz]+1
DC=(CMAXCTIY=CHINCTYY/2D
O 222 K=l421 ’

CISTIXI=DC«(K=1) +CHINCI) ' .

223 BEM(KISALPHACI)/Z(RETACTY+COST (Y)Y }=4LPHACL)/EETACT?

CALL =P aDvH

CALL BP 3L0T (COSTeRENe2lvletSarlanian

1 YRPREMEFIT YS CNST FOR MACHIME TYPE 23n?,'ORENEFITA*,*MCISTGY)
IF {(TaG5aii} AD TO @99



L)

Tty oun
izl
DC=tLmav eIy =0y ysan
D3 226 w=1,71
COSTI¥)ISOC»LK=1)+C" I 1Y

224 BEHIRI =ALPHA(IY/(RETACIV+COST UMY =ALFPHACTIY/RETAY DY

zac

l
CALL PP &pyn . o
CALL FP PLOT (COSTyBEH 9219 0evDdaniarey !

1 'OREMESIT VS COST FOR MACHINE TYPE 2407 +'O0BCNEFITR''GCOSTEY)
IF (1.GE«™) GO TO o9¢ . : |
CONTINWVE
[=1+1
DC=(CHAXLI)~CMINCIY) I2D
NG 225 ¥=1.21
COST(KI=DCa(K=1}+CMINCI)

BEN(K)=4 LﬂHa(I)/CrfTAtI)+CDST¢F))—ALPHAtI)/BETn(I)

CALL P2 ADYH
CALL PP PLOT (cocT.nzn,al.o..o.-o.,c.. :

I _CGBEMEFIT VS COST FOR MACHINE TYPF 250°, "GRENEFITA ¢, fACCSTA Y,
IF (T.3E.H) GO 10 §¢2 :
CUNTINUE
I=I+1 :
DC=(CMAXCLTIY-CMIN(IYY/2D ! . N
0D 226 K=1.21 / :
COSTI(KI=NC+(K=1)+CHTN(I}

226 BEN(KI=ALPHACI)/(RETACII+COST(K)) - hLPHAfI)/ ETACI)

227

22R BENIKYSALPHACI) /{RECTALIY+COST(FY ) =ALPHALIY/BETACT)

229

CALL PP &DVH
CALL PP PLOT (CCOST4AFNa2190e920tNeoiine .
1 *QBEMEFIT VS COST FOR MACHIMNE TYPF 260°4 *NBENEFITR*y*RCCSTO™)
IF (1.GE.N) 60 TQ 298 . '
CONTINUE : i
I=T+1
oc-tcM YCI)=CMIN(TY) f22 : : ' i
D0 227 K=1l.21 o
COST(K> SCCr tK=11+CHTIHLT)
EEN{K)_ALFHA(I1IIQPT'{I)*CUST(V!) “HLPHACI) /3ETACT)
CALL PP ADVH
C4lLl PP PLOT (CNST+EBENe2Llsdeyleninyliay ] i
1 'GRENEFIT VS COST FOR MACHINE TYFE 227G« 'GEFNEFITRY,.TACESTAY)
IF (I.GE«H) SO TD 291 .
- CONTINUE
I=]+1 ) .
DC=(CHAXIT)I=-CMIN(TY) /2] : :
DC 228 K=1.21 g
COST(KI=DC+{K~-1)+C™TH(T) T B
CALL PF ADVN P
CALL PP PLOT (COSTeREMNe2190asCaslasiay I
1 YGREMEFIT VS COST FOR MACHINT TYPE 280%,.*GBENEFITG", 'ocosra-){
IF tT.GE.N) 30 To o9p
CONTINUE
I=t+}
DC=(CYaX(T)=CMINCIY) /20
DO 229 K=1,21
CO’TIK)-DC*(K =1}+CEINCD)
BEN “)—ﬂLPHn(I)/(“ETAtI!+CJ°TIF))-ﬁLPHAI'>/FFTA¢I)
CALL P& apvh
CALL PP PLOT (CISTePREN214T0eq0ee0erlCey N
1 *SBENEFIT VS CNST FOR MACHINE TYPD 250", *NBENEFITA®+*GCOSTEYY’
IF (1.GELNY 6D TO 978
COUTTIHUE
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23!

231

-

1

1

[=7=+1
DC=(Cuax(Iy=Cringinr/z;,
DO 232 K=z=1a.21

COST(X )Y =DCx (K-=1)+CHIN(T)

REN{K)=ALPHACIL }/ (T Ta(’)+r“¢TtK))-ALPHA!IJ!“"Ta(IJ

CALL PP ADYH

CaLl P2 PLOT (CNSTAPEN2lebsvlerDanlan
"tQREMEFLIT VS COST FOR MACHINE TYPE 30G*.

IF (I.GE.NY 502 TH G598
CCNTINUE
I=I+1
DC=(CHAXCI)=CMINIINI/20
DO 231 K=1e21

STUKI=0C» (K=1)+CMINCIY

ICK) ALPPA(I)!(PETA(I)+CJST¢F))-ALPHA(I)IPETAtI)

CALL PP ACVN

CALL PP PLOT (COSTeSEN9219¢0aslevdanley

*QBEMEFIT VS COST FOR MACHINE TYPE 31G's

IF (I.0E.HNY GO TO 2998

CONTINUZ

I=I+1 “\
DC=(CHAX(I)I=CMIMNCIY) /2D

DO 232 K=1,421 T
COSTI(K)=DCe(K=1)+CMIN(TI) !

*OBENEFITA®

232 BEN(K)-ALPHA(I)/(QVTA¢I>+C“°TtKl)-ALFHA(I)/FETA(I)

23

23

(18]
[T
w

4

1

1

1

1

CALL PP ADVN

CALL PP FLOT (CNSTePEN21lefseDeelasflay

PASENEFIT VS CNST FOR MACHINE TYFE 3204 *SRENEFITAC,

IF (1.GE.N)Y 850 TO 998
COMTIHLE

I=T+1

DC=(CAAXCIY=CMINIIY) /20

DN 233 K=1.21
DST'K)'DC*IK-11+C“IH(I\

EEN(K)"ALPHﬁtI)I("E*AFIJ+C0°T(V))thPHA(I)fBFTA(I)

CALL PP ADVI

CALL PP PLCT (COST+REMa2ledesCerlaalas
PRARENEFTT VS COST FOR MACHINE TYPE 330t *REENIFITC", 'PCOQTP')

IF tI+GEeW) GO TC <98
CONTINUE

I=[+1
DC=(CHAX({I)=CMTINIIY) /22
DO 234 K=]1,4,21
COSTIKY=CC»(K=1)+CMIN(I)

+

~

BEN(RYZALFHALIY /(BETACIV+COST(K) ) ~ALPHA (T} /RETAT)

CaLL BP ADVH

CALL PP PLOT (COSTaREMe2leleslenCoeDen

*OPEMEFIT VS COST FOR MACHINE TYPE 34Q*¢*QBENEFITR®,

IF (l.GE.N) GO TO 993
CONTINUE

I=I+1
DC=(CMAXCI)I=CMINCIY) /2D
DO 235 K=1s21
COSTIK)Y=DC+(K=1)+CMINCT)

BEMCKIZALPHACI) /{BETACTI)+COST(¥) ) ~ALPHAC LY /RETA(L)

CALL PF &DVH

CALL PP PLOT (CO5TefENe21le0eelonfioaley

PGEENEFIT VS COST FOR MACHINE TYPE
IF (la%E«N) GO TO £98

CONTINUE

I=1+]

IS0 'CRENEFITAY

YORENEFITOT'NCCETE™),

*NCOSTaY)

*QCOSTR ")

.

{
1
f

|
f
L

*HCCETR):

t
i

WIGCCETO YY)
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O 232 ¥zl422

CASTIR)SOCatRk= 1) 400 TN0])
R:”(VI-"LP”’fEl/f”'*'(T)+_-uT(K))'ALﬂhAfI}frrTA(I)
calLL ®F apvw

CALL FF PLOT (CO6TaFEYa219deslevCunlan

{
4

Tt
(]
m

i

Tl
'

{ TGEEMEFIT VS COST FOR MACKINE TYPE 3601y WGRENEFITAY P OCOSTAY,

IFF TT.5E«MY RO TS 968
CONTINUT
1=1+1
OC=(CMAXC(I}~CMINLIY)/2C
D0 237 K=1.21
CISTIH)ZDC+ (Km2 Y4l IN(CT)
237 BEN(K)= ALPHA(I)/(ErTA(Il+COST(K))'ALFHA(I)/BETAEI)
CALL PP ADVHN
CALL PP PLODT (COST4EEMeR21laCes0esderley

1 *QPEMEFIT VS COST FOR MACHINE TYPR 3I7R?%,'GBEN EFITD'v'GCCSTH')f

IF (1.5Ee4) D TO 9%a
CONTIMUE
I=T+1 .
DE=(CHAXETI-CMINCIYY 20
D0 238 K=1.21
COSTCK)SDCw (K=1)+CMIMCT)Y
23R B’N(K)“ALPHA(I)/{B;TA(I)4CDST(K))-nLPHArI)/FETA 0
CALL PP ADVHN
CALL PP 2LOT (CNSTFEN21leCealerdarliay

1 T*ORENEFIT VS CAOST FCR FACHIKE TYRE IERTLtRBENEFITRILECLSTOY)

IF (I,G6E.8) GO TO S9d
COMTINVE
=1+l
DC= (CHAXCI)~CMIM{INY /2D
D 239 ¥=121
COST(KI=DC# (Kei )} +CHIN(ID
239 REN(K)}= ﬂLPHu(I)/(“FTA(7,+C95T(K))‘ALPHLII)/EFTQ(IJ
cALL ©F ADWHM
CALL PP PLAY (CNSTeBEMa21yde10aalesliey

1 'ACENEFIT VS CCST TR MACHIME TYFE “G’-'EErIEFITP'o'QCCQT”')

IF (l.GE.N}Y GO T2 998

COMTIMUE

I=1+1 -

be= (C“ﬂxfI)-CHI”(I))/2D

DO 243 K=1.21

CNSTIKI=NC+ (K= IUQC"I”(II ,
240 BEWN (K}-ALF”AfI)/(EETA(I)*C3ST(V))'ALPH#IIJ/EETﬁ(IJ

CALL FP ADYY

CALL PP PLOT (COSTeBEH¢21900slaslavlny

.

1 C*QPEMEFIT VS CNST FOR MACHINE TYPE 400¢,*GRE HEFITN®,#GCISTO")

IF tl1.GE, N}_oO T) 998

COMTINUE

=141

DC‘ICHAXII)-CFIN(I\)IZE

D0 241 ¥=1.21

COSTIKI=CCw(K=1)+CYIN(I)

241 BEN(K):ALP”&(I)/fBETA(I)+COST(K})*ALPHA!I)/EETA(I)

CALL =P 4DVYN

CALL 9P PLOT (COSTyFEN219GeelesDonluy
i fOGEHMEFIT VS CNST FOR MACKINE TYPE G10P WrATHEFITR P, VAL
IF (I.GE«N) GO TO 988

CONTIMNUE

I=l+}

DC=¢CHMAY(IdI=CHINCIMY /20D

£5TR vy

-
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H

:
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T 3lal

CISTH¥ 3 aCr(¥mtrarr i)
FENCKY S ALP ALY ST TR T Y+ 0SS T )= SLPHALII/FCT AL

CALL F& ADVH

- CALL BSOS PLOT (COSTRLHa 210 de D erieelen

1

1

hb )
&
3]

1

998
999

2R
1.2
2.5

YREEMEFIT V8 {0ST FCc MEACHIME TY®RE 4””'9'“Pr“—FIT”':'PCCOTC')

IF 1,340y CD TO &%5

CONTIMUE

I=l+1

DC=(CMAXCTY=CMINETIYIY /22

D0 243 ¥=1,21

COSTLKISDC+{K=1)+CMIN{T)

BENCK)=ALPHATIY /(BT TA(IVSCOSTCHKII=2LPHACI) /ERTACTL)
CALL PP AQVN ’

CALL PP PLOT (COSTePRENe2190e90aalneden

YGBEMNEFIT VS COST FOR MACHINE TYPE 43Q*«'0RENCSFITG*'GCCETG")

IF (1.GE«NY G2 T0 o233

CONTINUE

I=T+2

DC=CCMAX(I)~CHINLtIYY /O

DO 284 Kz1421

COSTIKY=DCw(K=1)Y+CHIN{ID

BEMCK) SALPHACI)Y /(RETA(II+COST(K))=ALPHAtIY/EETALL )
CALL PP AQVM !

CALL PP PLOCT (CDSTeFEHeC1loBaelenloelar

.

GEENEFIT VS COST FOr MACHINE TYPE 440 'CRENEFITG®.

IF (T«3Ful) GO TO o632

CONTINUE

Ial=+1

DC=¢CMAX(II=CHINCId Y /20

DC 249 H=le21

COST(KY= Cw(K—l)*C”IN(Ii
BENCKISHLPHACIY F(BETA(I I «CUSTI(X¥))=ALPHA (1) /EETAII)
CALL PF ADVM

CALL PP PLOT (CDST-prﬂ!gIQUoan'ﬁlnbn.

"SREVTFIT VS C0ST SOF MACHINE TYFE 45R® 4 'QEENEFITATHICCISTAT) -

IF €1 5E4H) 60 T2 29
CONTINUE

CALL PP CLOS

sToP ~
END :

/7GO.FTISFOCL DD «

1 lal3  1.07 £u38 .
3 2439 Ga2)  Te29 : '
9 1480 . Zedl 2.0

4,30 330 Sab2 Bell

8.5

J TP 1«07 Q.30

315 2495 2400 400

4e4
3.8
27
16.9

JaA5

-
Tad
-
2.5
3.4
1.3

) Jet 8 feld 2el3
4 Gelk Fabl 69 .7
5 1.24 4e51 1730
3 T.£2 Nal 4433
5 1.95: 2400 4e 60
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i 3-55 Nell 4450
¢ Galt] Sad9 Faly .
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APPENDIX B. EXAMPLE OUTPOT

An example of ocutput generated by the Lagrangian optimization
routine using the sample input data given in Appendix A is presSented in
this appendix. The cutput consists of a- table of optimal solutions
followed by the graphs of total benefit vs total cost, benefit vs cost
for machine types 0l, 02, 03, and 04.
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