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Under the environment of fuzzy factors including the return of market, performance of product,
and the demanding level of market, we use the method of dynamic programming and establish
the model of investment decision, in technology innovation project of enterprise, based on the
dynamic programming. Analysis of the influence caused by the changes of fuzzy uncertainty
factors to technological innovation project investment of enterprise.

1. Introduction

The enterprise technological innovation is a creative process. The uncertainty risk mainly
includes the environment, technology, market, and risk management. At the same time, the
process of enterprise technological innovation is a dynamic process. In the initial stage of the
technical innovation, the enterprise must evaluate and select the innovation project and also
consider the social and economic benefits and the development of technology with the combi-
nation of their own development strategies; at the end select the most suitable for the devel-
opment of innovative investment projects. Sarkar [1] had studied market uncertainty and
corporate investment relationship in consideration of system risk conditions, and he thinks
that increasing the uncertainty may increase the probability of investment of enterprises to
some low growth and low risk of investment project. In fact, a technical innovation project
can be regarded as embedded in a series of options chain, and each option gives investors
investment rights, so every decision stage contains an “improvement option”; when the
difficult technology problem definitely is solved, we can make further investment in product
prototype development and innovative design and then continue investing to enter the test-
ing phase. At the same time, in every decision stage there is an abandonment option, so the
flexibility of project management not only increases the value of the project, but also reduces
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the investment risk of the technical innovation project. Weeds [2] described if research and
development is successful as a Poisson process, and it is used to describe the uncertainty of
technology and of Hershey’s bad market opportunity arrival timing. He builds two stages’
Ré&D investment pricing model and discusses the reality of “Sleeping Patent” rationality; that
is, the enterprise is willing to develop a technology, but after the success of the technology
research and development, will put it away unheeded and not put it into the market. Mitchell
and Hamilton [3] point out that due to R&D plays an important role in creating competitive
advantage and, therefore, should be treated from a strategic perspective, discussing in detail
the multiple features of the R&D strategic options and then taking three steps: clear strategic
aim, evaluation strategy options, and select influence strategic target to study R&D strategy
option. Lint and Pennings [4, 5] mainly studied the innovation of real option in the process of
marketization and pointed out that there were two choices, disposable rapid advancing, and
slow advancing and related options opportunities and options value hid in slow advancing.
Huchzermeier and Loch [6] proposed a decision model of multiple stages and considered in
each phase of this model that managers had three solutions: continue to invest in the project,
improve the project, and give up the project. From the market returns, assumed total return
consists of two levels: a basic income can be relatively easy to be obtained; only in the project
performance exceeding market demands becomes uncertain. They also identified several
different sources of the flexibility and uncertainty and made analysis of the impact problem
increased by uncertainty and flexibility. From the characteristics that the state variable of
R&D project is a nonfinancial parameter, using an equivalent method, dynamic planning of
the option evaluation to build the dynamic programming model of R&D project, without the
need for asset replication, Sheng [7] had solved the flexible problem of R&D project well.

The aforementioned is the study conducted under random environment (some dis-
crete environmental). In fact, the essence of fuzzy real option is that tolerance in the same
information shows diversification before the rationality and that the complexity of the human
mind is admitted, namely, the introduction of nonuniform rational in the value assessment.
At the same time, there are often still some realities that we cannot accurate valuation or
expect net cash flow situation and due to objective factors some variables cannot be esti-
mated by the exact data, and some actual situation etc (Liu [8]). So evaluation results often
deviate from the actual if we use the accurate values to determine model input parameters.
In this paper, we mainly combine the dynamic programming method and option analysis
method, in a fuzzy environment making an analysis of some flexible decision problems of
enterprise technology innovation and innovation investment. Firstly the Huchzermeier and
Loch [6] model is extended. Secondly a discussion of dynamic programming model of the
second stage under fuzzy environment is made. Thirdly analysis is made about technological
innovation project decision model under fuzzy environment. Then the elastic value of the
project of technology innovation is discussed. It focuses on the analysis of changes of the
fuzzy uncertainty factors (including market returns and demanding level).

2. The Dynamic Programming Decision Model of the Technological
Innovation Investment under Fuzzy Environment

2.1. Extending of Huchzermeier and Loch Model

Under the fuzzy environment, we consider a technical innovation project; the success of the
project depends mainly on the performance of the products during commercialization in the
market, and the fuzzy uncertainty of market performance is caused by market and technology
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risk, denoted by (i, t) project at time t expected market performance (the market performance
can be expected through the simulation test, get). Typically managers have difficulty to
predict the distribution of i during the stage of outcome of the market commercialization,
assuming i as fuzzy variables and i obeying credibility distribution; the expected profits of
the maximum and minimum values are Q and g, respectively, actual process of project meets
no aftereffect, and the state transfer of market performance obeys two distribution; if the
products of the project development reach to the performance state i, the expected profit is

x;=q+D{)(Q-9q) (D(i) is credibility distribution function). (2.1)

By Liu [8], in the processing of fuzzy event, credibility measure plays a similar role in
the probability measure on random events. So, modeled as stochastic events in the transition
probability, in the evaluation model of two-fork tree option, assuming the state transfer of
market performance obeys two distributions, namely, the condition of market upgraded by
the credibility of Cr{ A}, and under adverse conditions turning for the worse with probability
(1 - Cr{A}), we generalize this process as the market’s performance improvement and
deterioration and then easily conclude that the transition probability P;; is expressed as
follows under fuzzy environment:

Cr{A) . /.1 . N
N ]€<l+§,...,l+?),
1
2

B = Lr{A}, j€<i— ,‘_,/i_ﬂ), (2.2)

At the same time, while expanding the scale of investment, under fuzzy environment
the transition probability is

Cr{A} . . 1 ) N
N ]e<1+1+§,...,1+1+?>,
py=q1-Cr{a} . /o1 1N (2.3)
N , jel(i+1 2,...,z+1 > )
0, other.

Under fuzzy environment, the project management dynamic programming optimal
value function, in the last stage of commercial stage project:

( Z;\I [CI‘{A}]I'i+]'/2 + (1 - CI‘{A})JTi_]'/z] .
-C(T) + N@+7) continue,
Vi(T) = max+ Z;\I [Cr{A}mi1ij2 + (1 = Cr{A))mis1jn]
-C(T) - A(T) + NT+7) improvement,
0 give up,

(2.4)
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where C(T) is the cost of project’s continuation and A(T) are the cost when the project
is increased in size, including the net present value of option strategic: V = V(0) - I;
theoretically speaking, fuzzy environment is closer to the reality of the technical innovation.
So, this model has certain practical significance, of course, according to the difference of the
actual investment situation; we also can extend the model to the fuzzy random environment,
fuzzy environment, rough fuzzy environment, and so forth.

2.2, The Dynamic Programming Model of the Two Stages under
Fuzzy Environment

Assuming [ is sunk cost, the interest rate without the risk is r > 0, and u, d are parameters;
hypothesize; the price of the product in stage 0 is P, from the beginning of stage 1, the
feasibility of the prices (1+u) P is Cr{ A}, the feasibility of the prices of (1-d)Pyis (1-Cr{A}),
assuming that the investment opportunity lies only in stage 0; if the technical innovation
enterprises do not invest at this stage, so in stage 1, it will not change the decision forever; we
use Vj to be the symbol for the expectation value obtained from its investment of technology
innovation enterprise, then

1
Vo = P+ [Cr{A}(1 +u)Py + (1 - Cr{A})(1 —d)Po][l St +] .

_ R[1+7+Cr{A}(u+d) -d]
. .

Now, we consider the reality of the situation; in any future stage, the investment
opportunities still exist. So, at this time, in stage 0, we can choose to invest or wait to select
until stage 1; from stage 1 forward conditions will not change; if in phase 1 waiting, the price
becomes

B {(1 +u)Py, when the feasibility of Cr{A}, (2.6)

(1-d)Py), when the feasibility of 1 - Cr{A}.

To either possibilities (price changing in stage 0 and stage 1), if Vj > I, then enterprise
invests, we can get the net return: F; = max{V; - I,0}.

The discounted value is Vi = Pi(1 + r)/r; from stage 0, the price is P; in stage 1, the
value is Vi, F; is the random variables, and Ej is the expected value calculated by feasible
weighted average in stage 0, then

Eo(F)) = Cr{A) max[w - I,O]
27
(1-D)Ry(1+7) @7

+(1—Cr{A})max[ p,

10|

Back to stage 0, the enterprise has two kinds of choices. If it invests, the income is
Vo — I if not, the enterprise has continuous value Eq(F;), but the value is obtained in stage 1,
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so it should use 1/(1 + ) to discount; therefore, the whole investment opportunities are the
net present value of the investment profit arranged optimally, credited as F

1
Fo—maX{VO—I, mE(F])} (28)

Previously we discussed the dynamic programming model in Sheng [7] under
fuzzy environment. Theoretically speaking, the fuzzy environment is closer to the technical
innovation in reality, so this model has certain practical significance. Below we start from Liu
[8] model, combine Dixit and Pindyck [9], and make discussion about the multistage model.

2.3. The Decision Model of Technological Innovation Project during
Multistages under Fuzzy Environment

2.3.1. Fuzzy Uncertainty of Technological Innovation Project during Development Stage

Investment management of technical innovation project is a decision process of multistages.
Each stage has decision points of project evaluation. Each decision point includes the pro-
ject evaluation at present, investment decision making of the current state, and future earn-
ings evaluation based on each kind of decision-making choice. In this section, we use the
fuzzy theory proposed by Liu [8] to handle uncertainty of technical innovation project’s
development phase. Firstly the decision model of technology innovation project during
multistage is described [7].

Santiago and Vakili Model

Assuming totally there are T stages of decision making of technology innovation project,
t=0,1,2,...,T — 1, in each stage ¢, decision makers will face three alternatives, “continue”
“improvement,” and “give up”. The success of technical innovation project depends on the
performance of the product put into market; we use the state variables of the project to show
the product performance in the process of the development. Let the X; project be the state
variables in the initial stage ¢, and assume when t = 0, Xy = 0; ¢ is the fuzzy uncertainty of
the project inside and outside during t stage in the process of innovation, and {¢, ¢1,...,ér-1}
are independent from each other; u; is the choice decision of the project in stage of starting
time. So, when the t stage is completed, the state variable of project can be expressed as [10]

(2.9)

x Xi + k(us) + &, if u; choose “continue” or “improvement”,
t+1 — X f h 7 ”
‘) if u; choose to “give up”,

where the feasibility of k(continue) = 0 and k(improvement) = 1is Cr{A}/N, the feasibility
of & = —-i/2is (1-Cr{A})/N, i=1,2,...,N, N is regarded as a measure of the uncertainty
and fuzziness. In other words, if the item “continues,” then in the next stage, the expected
performance will be present together with some fuzzy uncertainty; if the item “improves,” the
project of state variable will be plused one more improved unit and fuzzy uncertain effects;
if the project “gives up”, the project stops at current state variables and remains unchanged.
According to the discussion of Sheng [7], we have the following
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A decision-making problem of a technical innovation project is considered under fuzzy
environment:

(2.10)

x {X;, if choose “continue” or “improvement”,
=

X;, if choose to “give up”.

According to hypothesis at the initial time of ¢ stage, the state variables of project in two
cases are X; and Xj, respectively, and X; and X; are fuzzy variables on possibility space
(©,P(©),Pos), then, X; > Xj.

Proof. Assume in two cases that the initial state variables of project equal, that is, Xy = X{, = 0,
because X; and X; are fuzzy variables of (©, P(©),Pos) on possibility space. According to
hypothesis in t — 1 phase, for all 0 € ©, we have X; 1(0) > X] ,(0). Assume in t — 1 phase
situation 1, decision makers take u* as the optimal decision, and then in the ¢ stage by Santiago
and Vakili [10] model, we can get

Xi(0) = X;-1(0) + k(") + &-1(0) > X\ (6) + &-1(6) = X4(6), then X, >X).  (2.11)
O

2.3.2. Fuzzy Expected Value, Variance

The fuzzy uncertainty of technical innovation project ¢ (t = 0,...,T — 1) includes the tech-
nical risk of the project development process inside and the fuzziness influenced by the
external environment, though there is statistical data of the project of the same type for
reference, because technical innovation project is unique and singular, which makes sub-
jective judgment of decision makers essential. We describe this kind of fuzzy uncertainty as
fuzzy variable, which is independent and identically distributed, and its expected value is 0.
It indicates that the project performance may be improved due to favorable fuzzy uncertain
events, and also may be worse due to the occurrence of adverse; by assumptions of Yi Chang
sheng, the fuzzy variable ¢; expectations of the technological innovation project are expressed
as

+00 0
E[&] = fo Cr{é >ridr- f_ Cr{é; <r}dr=0. (2.12)

According to Liu [8] and E(¢) = 0, then the variance is V[&] = E[(é — E[§t])2].
The variance of V[{] can be used as a measure of fuzzy degree of uncertainty of technical
innovation project. If V[¢;] is smaller, then the fuzzy uncertainty is smaller. The solvent of
fuzzy uncertainty can be reflected by the cumulative value of technical innovation project.
Assumed in the of the initial state item variables is X;, at the end of t phase and the initial
time of t+1 stage, the fuzzy uncertain factors ¢; of t phase are solved, and the state variables of
project will change to X; + k(1) + ¢;. & shows the fuzzy uncertainty of the project in the phase
under internal and external environment. It includes the technical risk during the process of
project development, the evaluation of the project’s profitability made by the project team,
the external market information of project, and other aspects.
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2.3.3. Development Costs and Market Returns

According to the model of Huchzermeier and Loch [6], because during the development
process of each stage of the development cost and decision-making choices, we can assume
the project in phase t development costs as C;(u); if the decision maker chooses “give up,”
then the cost of project development is 0. If the decision maker selects “continue,” then the
cost of project development is c(t) (the “continue” cost of c(t) for stage t); if the decision
maker selects “improvement,” then the cost of project development is c(t) + a(t) (a(t) is the
additional cost invested when taking corrective action and does not need to extend the project
schedule, such as processing engineers and the experimental equipment; it can make the
project status variables improve a unit). If project’s initial investment is I while ¢t = 0, the
revenue and cost of project discount according to the nonrisk free rate r. At the end of t -1
phase, the project is completed and products are put into market, enterprises will get market
gains closely related to product performance, and R(Xr) expressed as follows:

m, if Xr < n,
R(X7) = (2.13)
M, if Xr>1,

where 7 is the market’s demand level of the product and X7 is the state variable after t — 1
stage is over, that is, the final product performance obtained by enterprise. If the product’s
performance meets or exceeds 7, then the business has more advantages than its competitors
in product performance and will gain a perfect profit of M; conversely, the enterprise can
only get a small profit of m (clearly, m < M ); because the 7 is unknown before the product
entering market, we postulate it is the fuzzy variable. For any 0 € O, assums the variable is
Xr1(0) during project phase, we use Cr{Xr(0) > 1} to show that project state variable Xr(0)
reaches or exceeds the credibility of 7; then, when the state variable is X7(0), the expected
value of fuzzy market returns is

E[T1(Xr)] = JOOOCr{R(XT(G)) >ridr

m M
J Cr{R(Xr(0)) 2r}dr+f Cr{R(X7(0)) > r}dr

0 m

m+ IM Cr{Xr(0) > n}dr (2.14)

m

M
m + Cr{Xr(0) > n} f dr

m

m + Cr{Xr(0) > n}(M - m).
We use ¢(-) to show credibility distribution function of the fuzzy variable 7, then

E[TI(X7)] = m + ¢(Xr) - (M —m). (2.15)
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Huchzermeier and Loch [6] show the benefit function: if the performance level is Xr
at the moment of T, it will generate the expected market return I'l;. According to the differ-
ent actual investment situations, we can also extend the conclusion to fuzzy random environ-
ment, rough fuzzy environment, and so on. For example, under fuzzy random environment,
when the variables of product state are Xr(6), the expectation obtained by fuzzy stochastic
market returns I'1(Xr) can also be presented in this way.

Definition 2.1. Let ¢ be a fuzzy random variable, and then one has a finite expected value E(¢),
V[¢] = E[( - E[¢])?] that is called fuzzy variable ¢ variance.

From the previous discussion, when the product state variable is Xr(0), the expecta-
tion of fuzzy stochastic market returns I1(Xr) is obtained by

E[II(X7)] = f;w Pr{¢ € Q| R(Xr(0)) > r}dr

- fm Pr(¢ € Q | R(X1(0)) > r)dr + fM Pr(¢ € Q | R(X7(0)) > r}dr
0 m
M
=m+f Pr(¢ € Q| R(Xr(6)) > r)dr (2.16)

M
:m+Pr{§€Q|XT(9)2r}f dr

=m+Pr{Ee Q| Xr(0) 2 r)(M-m).

Therefore, a double-fuzzy environment and rough fuzzy environment are similar to
be launched.

2.3.4. The Dynamic Programming Model of Technological Innovation Project

We consider the decision behavior of the enterprise technology innovation investment; the
project current state variable is indicated by x, it will affect opportunities of the enterprise’s
decision-making and expansion, at any stage of t, and the value of variable x; is known, let
the future value X1, X412, . .. be random variables. {x;} is Markov process; we use the V;(x)
to be the whole decision results of company from t; when selecting u; as the control variables,
its cash flow is I'l;(x, 1), at the phase of ¢ + 1, the state is x;,1, the result of optimal decision
result is Vi1 (x41); at the phase of ¢, this result is a random variable, so, we take E(Vi41(Xt41))
as expected value, discounting to the stage of t; the plus of sight cash flow and the continuous
value is

T, Gty g &) + ﬁls(wl(xm)). (217)

Enterprises will choose u; to be maximum, and the result just is V;(x;); then we have

Vi(x;) = rr}l?x{l_[t(xt, u) + ﬁE(Vm(le)) } (2.18)

This equation is the optimal basic equation (see [9]).



Journal of Applied Mathematics 9

If multiple phase problems have limited stage T, the ultimate returns of enterprises are
Qr(x;); then in the previous stage, we have

Vrog (xr-1) = I{llflx{HT—l(xT—lruT—l) + E(Qr (xT—l))}r (2.19)

1+p

which provides theoretical basis to simulate by using computer.
In fact, the x;, x;,1 may be in any state, and it can be generally denoted as x, x'; then,
for any x, we have Bellman equation of infinite duration dynamic programming:

V(x) = mtax{l_[(x, u) + ﬁE(V(x’) | x,u) } (2.20)

In the following we put this problem to further discussion under fuzzy environment.

Technical innovation project is on the stage of development spending is by the final
market returns to compensate for an evaluation, according to the Santiago and Vakili model,
since each choose temporary investment costs are known, therefore, management decision
based primarily on the final market assessment. We use the value of the function V;(x) to be
this evaluation, fuzzy uncertainty & (¢t = 0,...,T — 1) of technical innovation project includes
the technical inside risk of the project during the development process, and the uncertainty
influenced by external environment, and ¢ is fuzzy variable independent and identically
distributed, and its expected value is 0. Assuming in the stage that the development cost is
Ct(u;), according to Santiago and Vakili model, it can be described by dynamic programming
equation:

Vi) = mx{ ~Ci(u) + - EVir (o 10,6001 | @.21)

Value of the function is V;(x) at t phase; initial project state variable is x. At the end of
the project phase of t = T, we have

Vi(x) = E[TT(x)]. (2.22)

At the same time, under fuzzy environment, if multiple phase problems have limited
stage T, the ultimate returns obtained by the enterprises are Qr(x;); at an earlier stage, we
have

Vr_1(xr-1) = Tax{—CT,l(uT,1) + %E[VT(QT(XTLuTl/éTl))] } (2.23)

T-1

In fact, x4, x;+1 may be any state, it can be generally written as x, x'; and then for any x,
we have Bellman equation of infinite duration dynamic programming under fuzzy environ-
ment:

V(x) = mtax{—C(x, u,é) + 1 ipE(V(x') | x,u,¢) } (2.24)
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The discussion of Santiago and Vakili [10] and Sheng [7] also gives a property of value
function under the stochastic uncertainty environment; the following is the promotion under
fuzzy environment.

Nature 2

Assuming the technology innovation project of state variables is indicated by x under fuzzy
environment, if the expected market return function E[I1(x)] is nondecreasing, then the value
of the function Vi(x) (t = 0,1,...,T — 1) of technical innovation project in any stage is non-
decreasing too.

Proof. In reference Santiago and Vakili [10], if Vi1(x) is non-decreasing, we assume that
Vi41(x) is nondecreasing; for two project state variables x; and x; of a given t phase, if x, > x7,
then we only need to prove Vi(x2) > Vi(x1). Assuming that at t phase, the project of state
variable is xi, selecting the optimal decision u*, makes the enterprise obtain the maximum
Vi(x1). When the state variable of t phase is x», the taken decisions u* make enterprises get
the project value V| (xz); then consider the following;

(1) If u* is “continue” or “improved,” we have

V/(x2) = Vi(x1) = IIL?X{_Ct(ut) + 11TrE[Vt+1(Xt+l(x2/utr§t))]}

- max{ -G + 1 BVt (e, 0, 8] (225)

= 1LJrrE[Vm(xz + k(W) + &) — Vit (1 + k() +&)].

(2) If u* is “gives up.” V/(x2) — Vi(x1) = 0. Because ¢ is a fuzzy variable, so, x1 +
k(u*) + & and xp + k(u*) +¢; are fuzzy variables. If x, > x1, we have x; +k(u*) + & >
xp + k(u*) + ¢&. Because Vi1 (x) is monotonicity, we have

Vi (22 + k(u®) + &) = Vg (a1 + k(u*) + &) > 0. (2.26)

From the properties that the fuzzy variable is nonnegative, and its expected value is also
non-negative, we have

E[Vie1 (22 + k(u*) + &) — Via1 (x1 + k() + &)] > 0. (2.27)

Therefore, V/(x,) — Vi(x1) > 0. When the status of technical innovation project is x», the maxi-
mum value of technology innovation obtained, and the makers” optimal decision is V;(x»), so
we have V(x) > V/(x7).

Therefore, Vi(x2) — Vi(x1) > V/(x2) = Vi(x1) >0, thatis, Vi(x2) > Vi(x1). (2.28)
O
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From the aforementioned, we also can get that under fuzzy environment, if the optimal
decision selected by the decision maker is “give up,” when the state variable is x during
the state of t and when the variable is less than x, the optimal decision is “give up” too.

3. Conclusion

Combining the dynamic programming method and option analysis method, we make
analysis of flexible decision problems of enterprise technological innovation investment,
under fuzzy environment, mainly introducing fuzzy factors based on the model of
Huchzermeier and Loch [6], Santiago and Vakili [10], Dixit and Pindyck [9], Sheng [7], and so
forth. We establish the model, focus on the promotion of the Huchzermeier and Loch model
under fuzzy environment, establish models of two-phase, multi-stage dynamic programming
decision and make some analysis, and then draw valuable conclusions. But it only extends
the models of Huchzermeier and Loch and Santiago and Vakili [10] to the fuzzy environment;
in fact, this kind of promotion can also be extended to the fuzzy random environment and
rough fuzzy environment. Although some attempt has been made, it is still not enough. This
is what we should try our best in during the next step.
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