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1 Introduction tion. Researchers from the engineering design community have

The resource allocation process is a core decision-making p’%%?;??dségem,ﬂ, enhanceds, 9], and modified 10] Hazelrigg's

cess within a firm. Yet, engineering information produced fro

trllme-consumlng and capital-intensive technical studies tends tgrly design stage, positioned utility theory in a larger framework
ave a largely passive role in the planning department of the fir(g. both d S d - hes i

Occasionally, depending on the business cycle and the moodt ?t encompasses both descriptive and normative approaches in
! n??king design decisions. Regardless of the design stage, evaluat-

management, we may see the other extreme, where product pr?g' design decisions based on expected utility maximization

formance considerations drive resource allocations decisions 1 S = - h
strongly. In either case the quality of the enterprise decisions SLsﬂymbles on the limited acceptance of decision analysis in busi-

fers. Although it is well understood that business and engineeriﬁﬁjs decision-making practi§@2]. In publicly held companies
a_

decisions are interdependent in product development, quantifi renocvé:e;eoifr:]hiégingl:rg |§S§21a;§a hoé%?rzhzhfc;{l;gdé\gggzl ep;ﬁfe; m
tion of this relationship is a major challenge, in part due to th rom the financigl markets. The mar.ket mechanism allows share-
different cultures and modeling approaches prevailing within tfhe ) ‘ . :

?Iders to unanimously agree on the appropriate amount of invest-

financial and engineering communities. A balanced, concurrellt, "o o ded for a future proiect. The decision-makers do not need
decision process is desirable. To approach this challenge quarg"know anything about ?hej taétes of the shareholders. Instead
tatively one must maintain credibility within both communities, 9 ’ '

aUeStna can be presumably achieved by using modelng priEECTing o Sendard capta budgelng Uefts) and practce
tices acceptable and accessible to both the financial and the e P y PP

I
neering communities. In this spirit the design methodology pr%{és. They would select those that maximize net present value and

posed here is based on the standard capital budgeting I !
microeconomics practice. The goal is to aid the decision-maker merefore the market value of the firm's stock. This process allows

. . delegation of the decision-making process from the owners to
unde_rstandmgiat least some gfthe trade-offs between the engl'professional managers and enables the firm's stock owners to
neering and the business aspects of a design decision.

. ; X - d . maximize their wealth and their utility of consumption over time
Using a simple financial model and an engineering performan
simulation model we address modeling and solution of resour

allocation de_C|S|ons n pr(_)duct development. In operations T,y em for a publicly held firm, with the net present value result-
search and investment science the resource allocation decisk | from the decisions as the objective function. This objective
making process is deflne_d as the process of determining the Rf pends on both resource allocation and product design decisions,
centage of resources to invest in different products. We broadgyq linking product design properties with the firm’s goals. Con-
this (_jef|n|t|on bY adding the simultaneous det_ermlnatlon of t raints are imposed based on regulations, available resources, and
physical properties of the products corresponding to these ass duct performance. The analysis models used to compute the
decisions typically considered within the domain of engineerirgutcomes of those decisions are computationally intensive simu-
deS|gn_. . . . - . _lations based on both engineering and investment science. The
Engineering considerations in investment science are mainlyecific decision is modeled as a simple resource allocation prob-
associated with cost. The term technical uncertainty is used i, Given a production capacity and cost structure, historical
descr_lbe the physical difficulty of co_mpletmg a_prOJéd:ﬂ, De-_ data on sales, and two possible products that can be built in the
pending on the assessment of technical uncertainty, cost estimaigs;ing production facility, what percent of production capacity
are assumed to be either fixed capital investmh@] or stochas-  ghoy|d be allocated to each product and what should be the design
tic elements in the investment problddy. _ specifications for these products? The interesting new element
_Hazelrigg[5] proposed conceptually the idea of evaluating desere js that asset allocation and asset properties determination are
sign decisions based on expected firm's owners utility maximizgeated in a concurrent fashion. The end result is an estimate of
what worth do the design decisions have, as an investment, to the

Contributed by the Design Automation Committee by the JOURNAL OF ME]clrm s stock owners.

CHANICAL DESIGN. Manuscript received November 13, 2002, final revision re- In the fOHOWing sections We. presem .the general formulation of
ceived June 26, 2004. Associate Editor: G. M. Fadel. resource allocation as an optimal design problem, and then pro-

Marston et al[11] acknowledging the lack of resources in the

ity with the return of financial instruments in the financial mar-

€in the present work we formulate an “enterprise-wide” decision
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ceed to show how this model can be built in a particular resource Firm I Automotive Manufacturer
allocation problem involving two automotive products that must

operate under government regulations and associated penalties for Resources & Design & Manufacturing:
violation. Computational results show the quantitative interdepen- Capab”‘tiesl £ (s:gg‘l_':f‘&t”\i{flh\'fe'ﬁide

dence of engineering and investment decisions. A number of sim- ‘

plifying assumptions is made to afford a relatively simple study. Opportunitiesl Compact Vehicle: Sport-Utility Vehicle:

These assumptions are noted as the models are developed. Low Profit Margin  High Profit Margin
Regulation I Compact Vehicle: Sport-Utility Vehicle:

Build and transfer Penalty due to

2 Optimal Design in Resource Allocation [CWP;'ua;fEQ;ﬁgg;] gg\i:et&shigher regulatory restrictions

There is an underlying argument in the approach presented

here: The sense that the firm’s profitabilitydepends on product De°i5i°“$| o should thefirm, _

decisions that can be partitioned into engineering desigpand rei!?fri;i?'ts manufacturing

business x,, ones whose optimal combination leads increased T

profitability. = design its products?

Should the firm undertake this

A typical engineering design problem is posed as AVeStTIENT pEortunity?

maximize engineering performance ) o deled
with respect to design decisions (1) Fig- 1 Decisions modele
subject to engineering constraints
where all the relevant decisions are engineering ones. The typical . ) ) . o
investment decision model is The firm wishes to design new engines and transmissions for
o . both PC and SUV segments. The PC and SUV segments are low
maximizeé firm's total value and high profit margin segments, respectively. The Energy Policy
with respect to what to produce, and Conservation Act of 1975 required passenger car and light

() truck manufacturers to meet corporate average fuel economy
) } (CAFE) standards applied on a fleet-wide basis. Therekanaits
subject to available resources of monthly capacity currently in place for both segments, and so

where the relevant investment decisions relate to allocation 6fis fixed, representing a capacity constraint. It is assumed that
scarce resources. The engineering decision model is assumed tl¥§-capacity is not expandable. The decision-maker faces the fol-
ally to be deterministic; even though this can be a questionadfving decisions: How should the units of capacity be allocated
assumption, in many situations the costs of dealing with uncdietween the two segments in order to maximize the firm’s value?
tainty are so high that they overshadow the need for a more rob¥¢fat should the performance specifications for engines and trans-
solution. On the contrary, the investment model is really meaninglissions be and how do these specifications affect the resource
ful only under uncertainty, and so in order to pose E).the allocation decision? How much is this investment worth to the
sources of uncertainty must be identified and described analyifm's stock owners? Figure 1 presents an overview of the deci-
cally to the extent possible. The time horizon for the investmeftons that the firm is facing. _ _
opportunity must be also defined. Consistent with capital budgeting practice we assume that the
To link revenues and expenditures associated with asset allofin under consideration evaluates investment opportunities with
tion with the engineering performance of those assets, the t@csingle dominant objective: Maximize the market value of the

problems above are combined in an enterprise-wide decisiiin’s stock. This implies investments with positive net present
model value. The enterprise-wide decision model is then formulated as
follows.

how much to produce

maximize firm’s total value

with respect to investment decisions maximize NPV

engineering decisions 3 with respect to {)Z(T’qf}' 7=1,2
subject to |nv§stm§nt constra!nts subject to E =K
engineering constraints =1 (4)
This problem is solved with an appropriate optimization method. 2
The term “appropriate” is used above because the nature of the 2 Cosfpre<0
optimization problem may require some judicious choices; for ex- =1
ample, use of surrogate models instead of full simulations or use g(x) <0, 7=1,2

of global methods instead of gradient-based ones. This is not a
central point here, but one needs to keep in mind that the resultihgis statement is a special case of the model in By where
problem postulated in the general terms of B}.may present its NPV is the net present valug, is the vector of production vari-
own solution challenges, in addition to its formulation challengegbles(monthly production quantitiegy, g,), andx is the vector

We now consider this general approach for the specific caseajfengineering design decisiottengine sizes and final drive ra-
an automotive manufacturing firm that markets premium-compats) for each vehicle. The equality is a production constraint that
(PO and full-size sport utility(SUV) vehicles. This market seg- fixes the total available production, the first inequality is an enter-
mentation follows the J.D. Power classification for vehicles in therise constraint that will not allow Corporate Average Fuel
United States. We assume that the market segmentation duringle®nomy (CAFE) penalties to be paid for the selected product
product life-cycle will remain the same. The firm is assumed tmix, and the two vector inequalities are engineering constraints
operate in a mature industry where complementary agdéls that will be discussed in more detail in Sec. 5.2. Definitions of the
such as access to distribution channels, service networks, etc.,gbols used are given in the nomenclature. We will use the index
given. The decision-maker is assumed to be playing a gamel,2 for the twoproducts, but we will also use the superscripts
against nature, namely, strategy is affected by an exogenouBlg and SUV instead of=1 andr=2, respectively, when conve-
generated random state not by competitive interaction. nient.
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Table 1 Price and quantities for the PC and SUV segments sport utility vehicle.
Pos Tros Pros T The design of new gngines and transmissions allows the firm to
PC $14,512 43,507 $ 15,0199 adj) 36,755 marke_t a product with improved performance_e. Flﬁl’g] we knov_v N
Pyjos Or/os P00 /90 the miles per dollar and horsepower to vehicle weight elasticities
Suv $28,628 24,658 $29,5908 adj, 22,813  of demand for Chevrolet Cavalier are 0.52 and 0.42, respectively.
That is, a 10% increase in miles per dollar and horsepower to
vehicle weight ratio will boost demand by 5.2% and 4.2%, respec-
) . . .. tively. We will use these elasticities as representative for the PC
In Sec. 3 we will develop a solution for optimal production in &egment. For demonstration purposes we assume that the horse-
“static” problem, i.e., at a specific point in time. In Sec. 4 we wilhower to weight elasticity of demand of the traditional luxury
address thg market uncertalntlgs assoqla}ted with time and theéh‘gment is close to the SUV one. [89] the Cadillac Seville
ture, and link them to the design decisions. In Sec. 5 we Wiorsepower to weight elasticity of demand is found to be 0.09. In
assemble the complete model for evaluating the functions in Bgjis segment the miles per dollar elasticity of demand is found to
(4). In Sec. 6 we will present computed results and discuss thegy close to 0. This essentially means that the customer of that
. N . . segment is satisfied with the current level of fuel economy perfor-
3 Partial Optimization: Optimal Production mance. It is assumed that consumer behavior and therefore elas-
Net present value is the aggregation of future monthly cagigities will not change during the life-cycle of the product. This is
flows or profits7™ minus the investment costover the lifeH of ~a reasonable assumption in the context of evaluating an invest-

producti with a weighted average cost of capital: ment decision. If a short-term pricing decision was under review
H then a frequent update of elasticities in E@.6) would be
- _ - (WACOL necessary.
NPV=-1+ fo e dt ®) We assume a linear multidimensional demand curve of the firm

for a given market segmef21,22, namely:
The monthly profit is defined as T
q=60-\pP+\la (8

m=Pq-C © where# is the intercepta are product characteristics observed by
where P™ is the price,q” the quantity, andC” the total cost of the consumer, antl is the slope of the demand curve with respect
producingq’ vehicles. to product attribute or price, i.eANp=Aq/AP is the change in
Before addressing the problem in E4) we will first derive the quantity associated with a change in price. The inverse demand
model for the problem where instead of the NPV we maximizgyrves for both segments are
simply the monthly profit& .

HP M
3.1 Estimation of the Demand Curve We draw the relation- PPC=14943-0.076"+ 2401W + 805§
ship between the pricE of each product and the quantityde- 9
manded from the observed demand for final goods. Knowing two HP ©)
different points on the demand curve we can use the arc elasticity PSUY = 40440 - 0.52§5YY + 2071—
of demand, which is defined as: w

whereHP is horsepowerw weight in tens of pounds, anid /$

Ep= ﬂi (7) the number of ten miles increment one could travel for one dollar.
APq Assuming a linear relationship between cost and output,
whereP, g are the averages of the known prices and quantities, at C'=ciq” (10

the two points.

In years 2000 and 1999, General Motors PC vehi@@&sevro-
let Cavalier and Prizm, Pontiac Sunfire, Saturn S-spdas not [ P P ,
undergo a major design change. Using two pairs of data points T\ e )\qu + )\PT(M) a’ |q" = Col (11
(P1/99,A1/99), (P1/00,d1/00 (s€e Table 1[17] and Eq.(7) we com- . . .
puted the price elasticity of the GM PC segment as equal to —459- (10) assumes that the marginal cost is constant, that is, for
The subscripts foP andg indicate month and year of data pointéVery unit increase in output, the average total cost increases by
collection. The price elasticity of all US automobiles has beefp: Which is set at $13,500 and $18,50r the PC and SUvV
found to be between -1 and —1.58]. In [19] the price elasticity S€gments, respectivef23]. We have assumed that the firm is
of the Chevrolet Cavalier was found to be —6.4. It is reasonable ¢9€rating at its minimum efficient sca4].
assume that the price elasticity of demand for all GM PC vehicles3 2  cAFE Regulation Model. The fuel economy ratings for
is less than the elasticity of an individual model in that segmeny. manufacturer’s entire line of passenger cars must average at
For the GM SUV segmer(Chevrolet Tahoe and Suburban, GMGeast 27,5 miles per gallofmpg. The 1993 CAFE standard was
Suburban/Yokon and Yukon XlLwe used data points from the 5 3 mpg for light trucks(including vans and sport utility ve-
years 1999 and 1998Pyeq,01/98), (P1/90,01/09 [17] where o picleg " Failure to comply with the limitL?, results in a civil
major design change took place as well, finding the elasticity to b@najty of $5 for each 0.1 mpg the manufacturer’s fleet falls be-
equal to -2.3. . ) .~ low the standard, multiplied by the number of vehicles it pro-
_ Although there was no observed change in quality of vehiclggces. For example, if a manufacturer produces 2 million cars in a
in GM PC and SUV segments from 1999 to 2000, and 1998 {fyticular model year, and its CAFE falls 0.5 mpg below the stan-

1999, respectively,—which could be a reason for a shift in thgyq, it would be liable for a civil penalty of $50 million. Specifi-
demand curve—other factors that affect demand may have takefly for each vehicler, the penalty(or crediy due to CAFE is

place. To use the estimated elasticities we assumed that for each

segment between the two years there was no major change in (Costare) "= (Ccare) ",

consumer’s income, product advertising, product information (12
available to consumers, price and quality of substitutes and

complementary goods, and populati@0]. We further assumed

that the two goods are independent, namely, a change in the pricerpese are estimates from private discussions with automotive industry profes-
of the compact car has no effect on the quantity demanded for gals.

monthly profit is calculated as
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L™ fe™ fuel inefficient vehiclesand subsidiegon fuel efficient vehicles
01 within each firm[27].

Hence, the cost of each product, Ef0), is modified to be
Fuel economyfe” is an engineering attribute computed in terms of
the design variables by the ADVISOR mod&b].
For the period 1992 to 2001 the CAFE penalty was nonpositive
and approximately zero for DaimlerChrysler, Ford, and General C7=coq" + CosEppe = (Co+ Coargdd™ = £70" (14
Motors[24]. This is represented as follows:

Clare™ [5 X

2 where £ £ cJ+Clars andcape is equal either to CAFE penalty
>, Cosfare=<0 (13)  or to contribution of credit to the portfolio. For example, if the PC
=1 vehicle generate$3 M of credit but the penalty incurred to the

Note that the CAFE regulations can only hurt the firm’s profitsUV is $2.5 M then Cogi§c would be equal t&2.5 M. For a
not contribute to them. They function as a set of internal tdmas portfolio of = products the value of Cdsi¢ is then redefined as:

r

T

T T
Ceared’ Z Ceare=0
1

(19

T T
Ceared = U(CCare)ClAred”
Clared™+ 2 Clared” E Ceared” <0

1 1
2 U(CCare)|Careld”
1

\
wherel/(ccaeg) is equal to 1 wherl ¢ is negative and 0 when non-negative.

3.3 Economic Decision ModelAs mentioned early in this section, the microeconomic model suggests that in each monthly period
the firm should produce the quantity that maximizes total profit during that period:

2 2
- 0 1 1
maximize > a=> (F - Fq7+ F(K;)TQT>CIT— &q’
=1 =1 P P P

with respect to {q7},7=1,2

2
16
subject to 2 q"=K (18
=1
2
>, CoSEare= Ciarells + Coarellz < O
=1
For positive quantities of productiagy, Eqg. (16) can be solved analytically and the global optimum is
e 1 1 1
<_Pc -5 ) + | e @ (s @Y |+ 2K - (0= gy
PC — Ap” Ap Ap Ap Ap Kceare
g~ =ma 1 1 cSUV__ oPC ’
2(_ + ) CAFE CAFE
)\I;C )\SUV
qSUV =K - qPC , (17)
where ((6PC/\EC= 65WVINSUY) +(LINESNTE TaPC—- LGPV (NS0 TaSWY) + 21 IN3VVK - (£7C- £5UV)) (2(1 N+ 1Y)
[
is the interior optimum, anécafe/ (CZare~Coare) i the bound- with respect tax
ary optimum.
From the derivation above we see that the enterprise-wide prob- subject tog”(x)”’<0, 7=1,2. (19

lem Eq.(4) can be partitioned to production and design problems.

The production problem is Eq16) above, which can be solved

separately fog”. With this partial optimizatioi28] 7" in Eq.(5) 4 Incorporating Market Uncertainty
can be replaced by™ computed from Eq(17), and the problem
of Eq. (4) is reduced to Eq(18) for fixed investment costs. Of
course,q” depends on the design variables via the quantiti
(A)Te™ and ¢ ppe:

Equation (17) represents the optimal conditions at a specific
oint in time. Evaluating an investment requires estimation of
Gture cash flows, which will introduce the elements of time and
uncertainty in Eq(198).

H2 4.1 The Demand Side.We assume that future cash flows
maximizeNPMx) = -1 +f E 7 e (WACOLgt generated by a product’'s commercialization are only imperfectly
0 =1 predictable from the current observation. The probability distribu-
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Table 2 Market share data of a major US automotive manufac-

_ e~ N(0,2).
turer for the premium-compact segment
Month Units Market Share Here « is the speed of mean reversionjs the “normal” level of
Jan-os 135 028 o5 2430 Y, i.e., the level to whichY tends to revert. By running the non-
an- y . () H H
Feb-95 154,139 25.63% linear regression31]
Mar-95 176,348 23.74%
: : : AY=p+qYi,+e, 21
Jan-01 161,227 11.78% PraYi1™ & D

from data provided by J.D. Power and Associdtes Table Pfor
the period between January 1995 and January 2001 we estimate
tion is determined by the present, but the actual path remains
uncertain[1]. We consider product demand and the firm's market
share as the two main sources of uncertainty.

To describe future product demand we assume that the automo- R R
tive product deman& follows geometric Brownian motion. Sea- a=-log(l1+q), (22
sonality[29] and life-cycle consideration80] can be also taken

into account. < _~, | log(1+d)
AX; = uX At + oXAz 7 r+g>-1

Az=eyAt (19 Whereg, is the standard error of the regression.
The firm’s product demandg))® for product = at timet is
e ~N(0,2) expressed as a product of the two sources of uncertainty defined
— above, namely, market product demand and market share:
Here uAt and oVAt are the expected value and the standard de- Y P
viation, respectively, ofAX/X; in At. To simulate the path fol-
(@)°=

Y=p/a,

0 0=< month=< 24
X7Y{ 25=<month=84

lowed by X we divide the life of the source of uncertainty into 73
monthly intervals from January 1995 until January 2001. The
value of X at time At (i.e., February 2001is calculated from the
initial value of X (i.e., January 2001 the value at time &t is (q{)D is a 1x 84 vector and represents a random walk in the future
calculated from the value at tim&t and so on(Hull 2000). One (see Fig. 2 During the first 24 months of product development
simulation trial involves constructing a complete pathXonsing and production start-up time we have null sales.

73 random samples from a normal distribution. Data provided by The decision-maker is making an investment decision not a
J.D. Power & Associates for the period between January 1995 dpi@curement or a competitive response decision. Therefore, Egs.
January 2001see Table Phave been employed for the estimatior{19) and(20) aim to incorporate uncertainty in the decision model

(23

of the expected growth rate and volatility o. of Eq. (4) and not to predict quantity sold in the next time period.
TdheI OrnitelnEUhlenbeck or mean-reverting process is used to 5 Supply and Demand.If the actual demand exceeds the
model market share uncerialmy optimal capacity of the plant the firm will sell only at capacity.
AY,=a(Y, - Y)At+ o' Az Thus, if the actual deman@;)® is less than the optimal capacity

g~ of the plant then the firm will supply only as much as the

Az=eVAt (200 demand permits. That is, the actual supfuy)S is given by

x 10

-

1z

i

-
=T

— Jan %5 - Jan"d1 T
— — Haxt B4 momtha

o L L 1 1 L L L

14 20 an an 50 &0 70 ad

Time

General Motors compact vehicle sales
™

Fig. 2 A random walk in the future
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(@° if (q)° < qf* proach would require in addition to historical demand data, pric-
. o (24) ing data as well, which were unavailable. In our effort to trigger
q"  otherwise the intuition of designers and managers we decided not to use

The assumption is that the firm does not possess flexibility f splj)ligeigct?\ledcac;[?ﬁe;htuc?f {F]z'r:s;z‘%%tg[grelscr;e;éghty of the actual

adjusting capacity. If that were not the case then an appropriaté
theory[15] would have been needed to model the resource allg- Design Model
cation decision.

We would like to note here that in the mathematical finance and5.1 Net Present Value Model.Collecting Egs.(11), (14),
economics literatur¢30,32 product demand uncertainty is also(15), (17), and(24) for the PC segment we get the complete cal-
described by the interceptof Eq. (8). That essentially describes culation of the monthly profit. A similar set of equations holds for
random shifts of the demand curve—with the sameThis ap- the SUV segment.

(@)=

< = PGPS - &P

of = min{(aP9°, o7}

<9PC HSUV> oL +< 1 pcpo, L ysuv suv) (£PC— SV
_—— — —= « N, [44 - -
}\PC )\SUV )\SUV }\PC a )\SUV a KC%X\F/E(XSUV)

qfc =—ma 1 1 SUv _ .PC (25)
2(_ ¥ _) Ccare ~ Ccare
)\PC )\SUV
0=t + coare
r T
Ceared’ > Cargd =0
1
Coared™=Y . U(CCarg)CTared’ S . I
Ceared’ + — > Ceared .
. . Sl > Clared’ <0
E U(Care)ICCardd 1
1
\
[
From Eq.(11) after substitutin Sfor g using Eq.(24) and D E
q.(11) dq;)> for g7 using Eq.(24) WACC= ry(1-t) N 28)

C7using Eq.(14) instead of Eq(10) we get the monthly prof'rtrf E+D reE+ D

over the eighty-four month sales period for product —
oy P P wherer is firm’s cost of debtt, tax rate,D market value of debt,

E equity, andr, is the cost of equity estimated by the Capital
- S s Asset Pricing Mode[CAPM) as in[13]
m = Pa)>= (£)(a)”. (26)

During the first 24 months we have null profits. fe= T+ Bltm =), @9
Recall that we assume the decision to develop the new engingerery is the risk-free rate(r,—r¢) the market risk premium,
and transmissions has already been made, and so the decigio@3 is the firm’s stock sensitivity to fluctuation of the market as
facing the firm now is one of resource allocation. Upon determi@ whole. Using the values in Table 3 we estimate the weighted
ing the optimal production ratio, this decision will be imple-average cost of capital of a publicly traded US automotive manu-
mented immediately. Hence, the decision contains no embeddadturer to be 9.4%. By using a singlgACCfor all 84 months
real option[15], which simplifies the net present value calculawe are making the assumption that the firm’s capital strudtiie
tion. The time periodr for both products is estimated to be sevenlebt to equity ratid/E) and the risk of the firm to its sharehold-
years or eighty-four months and includes the product develogrs would remain the same for all 84 months. We do not consider
ment, production start-up, and sales periods. The present valcest of capital a major source of uncertainty and, therefore, use of
PV, of discounted future payoffs{* is represented as an integral
over the space of sample paths of the underlying stochastic pro-

cesses) andM Table 3 Parameters values in Egs. (28) and (29)

te 36%
n T/ 2 D $81.3 B

* 0,

> [ f (2 m )e""ACCHt] r[; 6i71A’

PV = ! 0 i (27 Long term interest $2.8B
n Long term Debt $31.3B

Number of Shares 756 M

- Stock price 58
where n=100,000. The exponeMVACGC the weighted average Market risk prerrr)ﬂum 54%

cost of capital, is estimated as
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dynamic model$33] is considered a subtlety in the context of the

specific example.

To estimate thé®V we generate 100,000 random walks result-

Time

HMonth 1 -

present value

max acceleratiors bg

max speed= b,

ing in a 100,00x 84 matrix. Discounting all future payoffs across

the probability space we get a 100,00Q matrix. The present

value is the average of those 100,000 numiise® also Fig. B

Note that Eq(27) does not take into account working capital.
Subtracting the fixed capital investment needed$3 B) we

calculate the net present value
n T 2
][ (5 e
1 0 i=1
n

NPV=PV-|=-1+

(30

max grade at 55 mpk bg

where theb's are upper or lower bound parameters. The constraint
bounds are set at values that are 20% beyond the current vehicle
nominal performance values to allow for new design possibilities.
The parameter values used for computation are shown in the sum-
mary model Eq(32) below.

The model in Eq(32) involves four variables and sixteen con-
straints(eight each for the PC and SUV segments of the engineer-
ing design model The complete model of Eq32) is now as-
sembled using the expressions derived in the preceding sections.

Other investment costs are ignored; for example, the cost of

building the production facility plant is considered a sunk cost

because we assume the plant has already been built.

The NPV expression in E¢30) is the stochastic calculation of

the objective in the model of E@18). This NPV criterion is based
on the optimal economic conditioh5,30 computed in Eq(17),
the uncertainty of future cash flows Eq49) and(20), and the
engineering performance E@L2).

5.2 Engineering Constraints and Model SummaryBounds

maximizeNPV
with respect td{(engine siz#C, (final drive ratio”° ,
(engine siz&YY, (final drive ratigSYV}
subject to(fuel economy’©= 27.3mpg

(acceleration 0 to 60¢< 12.5s)

on vehicle performance attributes define the constraints for each

product and its corresponding market segment. These “engineer-
ing” constraints are expressed in terms of the design variables

using the ADVISOR program, cited earlier.
For each segment the engineering constraints are

(fe) = b,

to-co< b2
to-go= b3
th0-60= by

(31)
5 s distance= bs
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(acceleration 0 to 86¢< 26.3s)
(acceleration 40 to §6°<5.9(s)
(5 s distanc¥ ¢ = 123.5ft)

(max acceleratiof®= 13(ft/s?)
(max speelf©= 97.3mph)

(max grade at 55 mpR®= 18.1(%)

(fuel economy>YY = 12.8mpg)
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(acceleration 0 to 68V < 9.8(s)

Table 4 Solutions of the enterprise model

for different

capacities
; uv
(acceleration 0 to 86 <2249 Solution for Solution for
. Variable K=20,000 K=50,000
(acceleration 40 to 66YY < 5.0(s) :
: Quantity P¢ 5286 28675
(5 s distancgVV = 154.5ft) WPC 26 (%) 58 (%)
CAFEPC -$508 -$510
(max acceleratiot¥V = 15.4(ft/s?) (engine sizgPC 72.85 (kW) 72.50 (kW)
(final drive ratio )P¢ 3.49 3.53
(max speefYY = 100.4mph) (fuel economy*c  37.67(mpg 37.70(mpg
(acceleration 0 to 68 12.43(s) 12.4(9)
(max grade at 55 mpRYY = 18.6%) (acceleration 0 to 86° 26.17(9) 26.23(9)
(acceleration 40 to 66° 5.7(s) 5.62(s)
2.5< (final drive ratig"®< 4.5 (5 s distancg®  130.46(ft) 130.62(ft)
(max acceleratiof© 16.05((ft/52; 16.05((ft/52))
; ; i SUV (max spee)f®© 110.7(mph 111.09(mph
2.5< (final drive ratio>~' < 4.5 (max grade at 55 mpRC 18.37(%) 18.52(%)
. . uantity SYY 14714 21325
50(kW) < (engine siz§¢< 150kW) Q 3/VSUV 74 (%) 42 (%)
. . CAFESYY $183 $314
150= (engine siz&"V < 250kW) (32 (engine sizgSY 194 (kW) 250 (kW)
We proceed with solution of Eq32) and discussion of results in (final drive ratio )SYV 3.97 2.58
the next section. (fuel economySYY 16.65(mpg 14 (mpg
(acceleration 0 to 68YY 8.24(s) 7.54(s)
(acceleration 0 to 86YY 19.09(s) 18.3(s)
(acceleration 40 to 68YY 4.06(9) 3.55(9)
6 Results (5 s distancpYV 193.29(ft) 196.7 (ft)

(max acceleratiof¥V

19.24(ft/s?)

19.24(ft/s?)

The divided rectangle€DIRECT) optimization algorithm{ 34] (max speeff?V  132.07(mph) 119.18(mph)
was used to solve the valuation problem posed in B8). DI- (max grade at 55 mpRYY 26.57 (%) 36.93(%)
RECT can locate global minima efficiently without derivative in- Fleet CAFE 0 ~$7.9M
formation, when the number of variables is small, as in this case. NP7 year periojl $7.3B $9.36 B

It is often inefficient at refining local minima, and so a sequential

guadratic programming algorithm was combined with DIRECT to
local final solutions.
Recall that Eq(32) is a resource allocation problem with scarce

Conclusion

resources. That is, the sum of the optimal quantities of each S€0\ve have demonstrated a model-based methodology that can
ment is greater or equal to the manufacturing resources of thS‘antify the impact of engineering design decisions on investment

firm. In our effort to understand how the extend of this differenc cision-making. The methodology has been generalizé@ah

affects design decisions we solve the optimization problems ; e -

two different production capacities: 50,000 and 20,000. The op Sing a simplified example we show_eq the effect of pr_oductlon
Capacity resources on design decisions. The decision-maker

mal solutions found are shown in Table 4. l}:.lould optimally allocate resources and supply product differen-
One can interpret the results by paying attention to producti htion to yield maximum profitability.

L el penalir el Pef eI i Ve synhesize concepts tht Have broad scceptance in thi
cally: e ’ respective fIQ|dS_. The main assumption _behlnd _thls syn_the5|s is
’ that economic, investment and engineering design decisions do
ot take place in a vacuum. They take place simultaneously and
ffect each other, either implicitly or explicitly. In future work it
the compact car and average performance of the sport util oul_d be interes;ing to exqrr_\ine the_conditions under w_hich engi-
ering and business decision-making processes are independent

vehicle.
« At the high capacity level of 50,000, the quantity of (:om-from each other.

pact vehicles has enough scale to mitigate the regulato
penalty, while improving the performance of the sport utilit
vehicle by a 28% increase in engine size.

* At the small capacity level of 20,000, the small quantity o
produced compact vehicles calls for high fuel efficiency o
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