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Abstract: Sustainable functionality development has becoroeiar option for firm’s survival in a new
paradigm confronting a post-information society.isTitan be realized by earlier emergence of
functionality development. In this context, effeetiutilization of external innovation resourcesdedo
follower substitution for leader in open innovatidris substitution induces advancements of inrnegat
goods by substituting gratification of their congution for resistance to them. Thus, optimization of
utmost gratification of consumption under certaimeistment would be crucial for firm strategy. Omim
functionality development dynamics is analyzedhis tpaper by integrating production, diffusion and
consumption functions, and using Pontryagin maximprinciple. The result demonstrates that supra-
functionality can be developed through gratificatiof consumption substitution for resistance to new
innovation.

Keywords Optimal control, Optimal trajectory, Dynamics, @@anovation, Functionality development.

1. INTRODUCTION
Fig. 2 illustrates possible options for sustainabl2 which
In line with the advancement of informaton techgglothe demonstrates that gratification of innovative goods
place where innovation takes place has been ghifiom consumption can lead to self-propagating FD.
development site to diffusion site leading to ansigant Prompted by the foregoing hypothetical view, thisper
integration of production and diffusion functionss a yemonstrates the significance of optimal FD dynanfiar
ilustrated in Fig. 1 (Watanabe et al., 2005). firm’s sustainable FD.

Section 2 reviews FD in a diffusion trajectory. @t 3
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2.1 The concept of functionality development

Fig.1. Options for growth.

. . . _Diffusion of innovative goods is induced by thebilay to
Fig. 1 demonstrates that sustainable fL‘”Ct'o_”"’",'téframatically improve the performance of production
development (FD) can be only the option for firm's,ocesses, goods and services by means of innovathos
competitiveness in a mature economy. ability can be defined as functionality developméRD)

___~Exogenous source (Watanabe et al., 2003). The emergence of innavdéads
f;;‘_";:f,,‘;;’::;f‘g“sn/—»o--ga-nm.ﬁom.l inertia to new FD and the efforts for maintaining sustaieabD
T Eindcgmmony mours leads to creating successive innovations.
Attractiveness of the innovative goods
ITtilitv‘= G ifi i i ) of ion . . . . . .
conmtaption 2.2 Functionality development in a diffusion trajey
v
e ke Tavor 1960 Diffusion of innovative goods terminates when FD
:)‘i::,‘??;,‘,:.:g:g:;'i;‘;‘;:‘.;‘;:°*‘Vg"“““°“‘f°":“’“”“‘“:“: obsolesces. Based on this postulate, Watanabe ¢20814)
utmost gratification. demonstrated that the state of FD can be tracedhby

Fig. 2. Self-propagating FD leading to utmost ifjcation. diffusion trajectory such as logistic growth modebicted as
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follows:

dY— _i =
SrEAYam YW

N (1)
1+ bexp(—at)

where Y: production of innovative goodsN: carrying
capacity;a: velocity of diffusion;b: initial state of diffusion;
andt: time trend.

Since degree of FD can be identified by potentagbacity
before reaching obsolescent stage, the degree ofdfDbe
measured by the ratio of carrying capacity to theel of
diffusion as follows:

Degreeof FD = N/Y =1+bexp(-at) (2

Given the declining nature of FD as depicted byatiqu (2),
firm's effort should focus on the prolongation oD Foy
means of effective utilization of potential resascin
innovation. Such efforts can be identified by atilg the
Bass model (Bass, 1969) as it analyzes innovaiprafid

FD
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Fig. 4. Level and timing of inflection in a diffiss trajectory.

Moore (1991) pointed out that there exists a deepch
repelling new ventures start-up called CHASM.
Consequently, it can be concluded that the emeegeh&D

imitator (@) dynamism in a diffusion process as depicted inccurs at certain point corresponding to crossGhASM

equation (3).
©)

dy

_ Yy v 2 N@-expi(p+a))
L= (PNFaN@a-1), YO

1+ﬂpexp<-(p+q)t)

wherep: innovator parameter arml imitator parameter.

In the Bass model FD increases as the ratig/pfthe ratio
of imitators g and innovators p) increases since
dFD /d(q/ p) > 0 (See Watanabe et al., 2008a), and tipgs

can be identified as “prolongation ability”.

Furthermore, Watanabe et al. (2008a) demonstrated t

earlier FD emergence leads to sustainable FDwsriited in
Fig. 3. Therefore, next question is identificatiaf the
relationship between innovator and imitator by gné&ting
the foregoing findings.
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Fig. 3. Functionality development trajectory of thecessive
innovation in Japan’s mobile phoneasgg-2009.

3. SUSTAINABLE FUNCTIONALITY DEVELOPMENT
3.1 Earlier emergence of functionality development

Based on the analyses by Rogers (1983) and Maledjah

and also that the timing of FD emergence can betified as
the earlier inflection point of the first derivagioft;.

3.2 Governing factor accelerating functionality deapment
emergence

Firms’ efforts in FD prolongation are managed bith
technology strategy represented by their grossntdoly
stock T. Generally, T increases proportional to timeas
follows (see Watanabe et al., 2008b):

T =a+ft, (4)
wherea and g (a , g > 0): coefficients.

Therefore Y(t) can be depicted as

Y(t) N N (5)

T1+ bexp(-at) Y exp(-aT,) ,

wherea’ andb’: coefficients for velocity of diffusion driven
by T, and initial state of diffusion, respectively.

Thus, diffusion trajectory indicated kycan by depicted as a
function of T. With the foregoing understanding, FD function
can be developed to multi-logistic growth model as
function of gross technology stock as depicted by the
following equation:

LN e
FD(t)—Y(t)—1+bexp( a'T,)=1+b'l-a'T,)
= @+b,@-a,T,) =Y FD (T, ©)
=1 j=!
where b ) n
a, :ab—, b, :(b—(n—l))a,;a =1

]

(1990), Moore (1991) and Watanabe et al. (2003) FD

emergence can be identified as the ability to oweee the
barrier of the market by means of new innovationisTevel

is equivalent to the level g+ +/3 as illustrated in Fig. 4.

These postulates can be applied also to the Badglms it
can be decomposed to the logistic growth model.s&ro
technology stocKr consists of indigenous technology stock



T; and assimilated spillover technology T=T; + zT,, where
z assimilation capacityT;: indigenous technology ; ant:
technology spillover pool. Level of gross technglagiock
(T) increases in a cascading way depending on assiomil
capacity ¢) as illustrated in Fig. 5.

Aiming at demonstrating sustainable FD by meansaofier
emergence of FD, an empirical analysis taking tifieigdon
trajectory of high-technology in the Bass modetésducted.
Since q/ p = xdemonstrates prolongation ability in FD, the
following analysis examines whether increasingpntributes
to decrease int; (the timing of FD emergence).
Differentiatingt; in Fig. 4 with respect t@/ p = x,

r T=T +z,
T=T +z,T.
ith dt dt, dv 1%
Ts T=T+zT, d_i’:ay(l_%) dq/lp :?;:aln(xl(2+£))+;! (7)
n—_ = L L Level of diffusion @
T. when FD emerges _ dp
- ' o where,_ 1 v_ 1 anday 07950
! 2
Fig. 5. Acceleraton of FD emergence depending on PA+X) X pA+X)x dx  [pa+x)]

assimilation capacity and diffusions trajectory.

Therefore, its level differs depending on the lewélzT,,

particularly the level oz given the exogenously governed 4 1
nature ofTs. Fig. 3. indicates that higher level of diffusion” =

also enables earlier timing of the emergence of ViAh
higher level. As reviewed earliesince level off increases in

a cascading way depending primarily on assimilation
capacityz, and timing of FD emergence is accelerated as = W(x) =

increases, level of FD can be classified into thoaggories
depending on assimilation capaciy conditions as (i)
Decreasing FDZ= 0), (ii) Constant FD @z /dT, = 0), and

(iii) Sustainable FD (z/dT, > 0) as illustrated in Fig. 6.
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Fig. 6. Comparison of growth trajectory betweengerand
multi-logistic growth

Self-propagating assimilation capacity increaseddeao
sustainable FD. The third case “Sustainable FD” ban
attributed to self-propagating assimilation capaditcrease
leading to prolongation ability of FD. This correspls to

prolongation abilityg/p increase in the Bass model. Since FD

enhances corresponding to the higher level,dh case of a
co-evolutionary dynamism betweeil, andT (T enhances as
ZTs increases which in turn induces furtladg), multi-logistic
growth leads to sustainable FD trajectory. Levediffusion
increases as assimilated spillover technology asse
leading to higher level of FD at its emergence sTajectory
can be traced as an envelope curve of FD. Sustaiff@bcan
be anticipated when the level of FD that emergedhim
successive wave enhances than the level of pregedive.
This can be expected when assimilated spillovenmelogy
increases as innovation advances.

3.3 Requirement for earlier functionality developine
emergence

Thus, the condition to accelerate FD emergenceqkpy
increase is:

[+ P in 2 Y3, ®)
+ X X <0
pX(L+x) p(L+x)
dp @2+43)
[+ X)& +p] In[T]X <1 (9)

pEL+x)

From the above analysis, it can be concluded tieduality
(9) depicts the necessary condition for earlierdriergence.

Based on the previous subsection, the boundaryitbmmd
satisfying earlier FD emergence in the Bass modal loe
developed as follows:

%<OQW(X)<—1 - d
dx

dpy @*V3), 1 @*N3)),
X X + X

<-1 (10)

p a+x)

Analyzing casesl<x<2++y3 and x > 2 ++/3 separately leads
to following two inequalities:

%<0 £<B(X), 1<x<2+43 (11)
dx £>B(X), x> 2+4/3,
where . _dpx, B(x) = 1 x is a boundary

dx p TIn(@+3)/x 1+
function. The areas satisfying conditions f@r/dx<o are

illustrated in Fig. 7.
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Fig. 7. Boundary function.
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Furthermore, in order to accomplish open innovatishich
means shifting fronp to g, the conditiordp/dx<0should also
be satisfied. The area which satisfies both coomitilp/dx<0



and dt/dx<0 with the value ofg/p larger than 11.1 (the the production factors, and the utility functiontlie integral
crossing point of boundary functid®(x) is x=11.1) can be discounted consumption index. Applying the Pontiyag
identified. maximum principle, the optimal investment policydathe
corresponding trajectories of the FD, which maxenihe
utility function, can be observed. An empirical bs#&
focusing on the diffusion trajectory of Japan’s ntelphone
is conducted. On the basis of empirical analysssessment
of the optimal level of FD is conducted.

3.4 Requirement for sustainable functionality depeient
(Imitator substitutes for innovator)

Given thex is large enoughB(x) =-1 and the necessary

condition fordp/dx< 0 anddt, /dx<O (area Ill in Fig. 7.)

is

—1<@5<0wdInX ﬁdlnq<0a@<o.
dx p dinp dinp dp

This inequality suggests the substituting relatigndetween

p andq. Furthermore, the substituting dynamism betwpen tO[t,, +c0) — Time on the infinite horizon;
andq can be identified as follows:

£<O - M<O@ Mgi<o

4.1 Model's main variables

12)

In order to analyse the optimal level of FD, théldfeing
main variables can be demonstrated:

Y =Y(t) — Production;

da/ p dp dp a/p (13) N =N(t)— Carrying capacity;

ding Agq/q 14 o
- <le <1 (14) N(t) _ :

din p A/ p FD = FD(t) =W(t)) Functionality development;
Since Ag/q _Ap, . _Ap

Aplp <0 Ap/ p( p )<( p ) n=n(t) _Y® __ 1 _production to carrying capacity;
N(t) FD(t

Lo e Bda e o (15) © FDO

q p q p .

o . . i s=5(t) =w — Investment intensity.
Therefore, substitution direction can be identiissromp to Y(t)
g. Stimulated by the foregoing observations, suataa FD

through earlier emergence of FD depends on follower

substitution for leader. This substitution corresi® to the 4.2 System’s dynamics
dynamism triggered by open innovation. Consequeittban

be concluded that follower substitution for leatkrerages

the sustainable FD in open innovation. Y =aly()tl-»() (16)
] 7 =ap(t) @-1(t) ~7° (1) () an
ok mem[@{ﬁ This dynamics of innovation productivity can be egsed as
. kg - s follows:
L | st o pomes E:; . t
e ‘ n=amO-n0 - me) 07
LLBRY o111 5 7 h @ Lets(t) =% > 01
0 B SRRV SRS - .
s 10 Ny Bamg 0% . .;“hzmm;i rm;.s;.; s 2 ,7 - am](t) Hl_ﬂ(t) _% w(t)) . (17
5 - o E e Based on this, stationary point can be depictddlbsvs:
Fig. 8. Sustainable FD condition. 1-n-2m=0
é aw 0<n=( a y<1 (18)
This substitution induces consumption of innovatg@ods 1-/7Eﬂa+so) -0 a+ts
by gratification substitution for resistance to neghnology. a
4. OPTIMAL CONTROL PROBLEM 4.3 Optimal control problem
On the basis of the findings obtained in the prawedection, g)=Fp(t)-1 ~ FD@) =6t +1 - F.D(t) - é(t) (19)

optimization of utmost gratitude of innovative gsod
consumption under certain investment constrainghayzed. . . .
This section proposes a corresponding optimal obntrwhere @ the first phase variableY: the second phase
problem with the infinite horizon and solves it ngithe Variable; and: investment control.

Pontryagin maximum principle (Pontryagin et al.629 In é(t) = S(t) - alB(t), o(t,) = 8°, 0<s(t) < A<l

20
this problem, the control variable is investmerteisity in (20)



o(t)

’ Y :YO
9(t)+1) (%)

Y(t) =ary(t)q

4.4 Utility function(Integrated Logarithmic Consumption
Index)

Consumption ¥/(t) [ (1- s(t))-

+0o0

3(6(), y(t),s(t) = [ QnY(t) +In(L- s(t)))dt (22

where e ?: discount factor.

The optimality is understood with respect to thelityt

(21) Cost variables

C,=Cy(t) =¢, (1) [B(t), andC, = C,(t) =, () Y (1) -
Dynamics of cost variables

C(t) = ¢, (1) B(E) + 4, (1) LB() + 0, (1) LY (1) + 4, () Y (1)

Stationary equations of the Hamiltonian system

Stationary points of the Hamiltonian system

1-9 _am-o0 ,o[q:—lEsL‘g2 C 120 ¢c,=1 (29
c, p(6+)7 @ p

Solution of stationary equations of the Hamiltongstem:

function J represented by an integral with a discounthe first equation

coefficientp.

Adjoint variables

=y, (t) = ey, (1) and g, =y, (t) =y, (t) - Prices of
production and functionality development.

4.5 Stationary Hamiltonian

Application of the Pontryagin maximum principle

Hamiltonian problem which measures the current floiv
utility from all sources is depicted in equatior)2

=InY +In(l-8) +, {s-alB) +@, ALY 02—

H(Q,Y:wlle's) H+1

(23)

wherey, : shadow price fog, andy,: shadow price foiy.
(¢, andy,: adjoint variables).

Necessary condition of maximum for Hamiltonian ftio

oH =—i+l//1=0 - Szl_izlﬂl—l (24)

0s 1-s¢ /A W,

Maximized Hamiltonian

H(O.Y ;) =InY = Ings, +9, T~ ~aB) +¢, ALY B2
Y, o+1

Adjoint equations@ynamics of pricés
oH(ED. YO 50 .40 w.0) _ PO +a4 ) _aﬁz(t) ()

Y =P M- %6 (at)_'_])z
o HEOYOSOUOLO) 080 1
= T,(0) 5 P, a% 6

wherey, : changing price foB, andy, : changing price for
Y.

C = 6 ,andg = G . (26)
Y @-al® alC, +1

Solution of stationary equations of the Hamiltongstem:
the second equation

atpl (2
@+P)pg . 0 (27)
a 6+1
Solution of stationary equations for FD
(a+p)lp_1-alb (28)

a (6 +1)?

Consequently, based on these analyses, optimal déweD
can be depicted as follows :

—— — [-a+(a’*+4 3(—a p)DbEQa+1) 2)
2Eﬂa+p)D0

(29)

4.6. Optimal dynamics of FD leading to supra-fuontlity
emergence

On the basis of equation (29), trajectory undertader
investment intensity that maximizes utility functiteading
to utmost gratification of consumption was analyzEig). 9
compares optimal and actual level of FD in Japamnbile
phone development trajectory over the last decade.
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Fig. 9. Comparison of optimal and actual levelsFd in
Japan’s mobile phones development trajectorys£009.



This optimal level corresponds to “supra-functiatygl

which includes social, cultural, aspirational, agmhotional
needs. If the innovative goods do not resonate thithabove
demand, a psychological barrier may developeiiipg
the customers “affinity” with the innovation resog in its
abandonment (D. McDonagh, 2008).

Japan’s mobile phone development trajectory over last
decade demonstrates this dynamics suggesting @bitibss
of follower (optimal level) substitutes for leaderxctual level)
in open innovation as demonstrated in Fig. 10.

FD &
“Resistance to “Habit persistence
new technology” —i—  hypothesis” ;
' i Optimal
= : : level
FD 3 6.306 3
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Fig. 10. Dynamism leading to supra-functionalityapan’s
mobile phones developmenbds-200§.

Looking at Fig. 10, we note the following implicatis:

(i) Shift from “Resistance to new technology” to &bit
persistence hypothesis” at utmost FD level (FD

(i) Follower substitutes leaderdt,
da/p

<0

(iii) Acceleration of follower substitutes leadett,
dq/ p

<0

(iv) Leverage by “Habit persistence hypothesis’icpating
supra-functionalty.

5. CONCLUSIONS

In light of the significance of the sustainable F@ firms’

profitability in their innovation, this paper anabd necessary

conditions enabling firms prolong their FD and thatimal
level of FD leading to supra-functionality.

Noteworthy findings obtained include:

(i) Sustainable FD for sustainable growth under the

constraint economy.
(ii)

emergence of FD.

Sustainable FD can be anticipaed by the earl

certain investment
functionality.

This dynamism corresponds to the ‘supra-functidyiali

intensity leading to supra-

V)

(follower) substitution for ‘Resistence to new
technology’ (leader).
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