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ABSTRACT

Innovation in construction is crucial for enhancing labour productivity. Effective procurement
strategies promote technological advancements. Japan’s Comprehensive Evaluation Method
(CEM) includes a multi-parameter bidding system incorporating a substantial lower bound (LB)
known as ‘Chosa Kijun Kakaku’ to prevent underbidding. However, this bound can limit innova-
tive practices that reduce costs. Currently, there are no methods to evaluate the impact of this
bound or identify optimal parameters to encourage innovation. This study aims to develop a
framework for determining the optimal parameter values to maximize benefits for public owners
and innovative firms while also deriving an optimal scenario for the current circumstances
regarding innovative technology adoption. A Stackelberg game theoretical framework models
the sequential decisions of public owners and bidders, framing it as an optimisation problem.
Findings include: (i) the method effectively identifies optimal solutions that meet local optimality
conditions; (ii) a CEM without substantial LB results in lower award prices, higher winning proba-
bilities, and increased profits for an innovative company. This model fosters innovation and pro-
vides new insights into bidding design. Unlike most multi-parametric bidding research that
centres on a single objective function, this study investigates two parties with differing objec-
tives, offering a practical perspective on multi-parameter bidding design.
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Introduction Olatunde et al. 2022, Yap et al. 2022, Oke et al. 2024),
cybersecurity and data management issues including
data breaches and sabotage (Wang et al. 2024), and a
lack of reliable communication systems (Stas and
Abrishami 2024) hinder collaboration among stake-
holders due to the industry’s fragmented nature (Lu
and Korman 2010, Korman and Lu 2011, Lee and Kim
2017, Demirkesen and Tezel 2022, Gao et al. 2024),
obstructing construction companies from innovating
through technology. It is noteworthy that the con-
struction sector has historically been conservative,
with many companies hesitant to adopt new technol-

Innovation drives industrial development. In recent
years, the construction sector has witnessed techno-
logical advancements, including Building Information
Modelling (BIM) for design and robotics for site
inspections. With a declining working-age population
in Japan’s construction industry (MLIT 2021a), enhanc-
ing innovation capabilities in industrial technology to
boost productivity has become a crucial focus since
2016 (MLIT 2016). To reduce both the number of
workers and their working hours, contractors are

encouraged to implement information communication
technology (ICT), such as BIM, Artificial Intelligence
(Al), the Internet of Things (loT), Digital Twins (DTs),
robotics and labour-saving technologies like fast-erect-
ing cranes in the construction process. However, chal-
lenges such as high upfront costs (Ahmed 2018,
Demirkesen and Tezel 2022), shortages of skilled work-
ers, and training gaps (Demirkesen and Tezel 2022,

ogies or modify established workflows (Qiu et al. 2019,
Wang and Chen 2023).

Furthermore, regulatory and legal complexities hin-
der innovation within the industry. In Japan, the con-
struction industry operates under a top-down model
led by the Ministry of Land, Infrastructure, Transport
and Tourism (MLIT), which makes regulations and laws
essential for fostering innovation by adopting new
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technologies. Encouraging new technologies, including
ICT applications, as an evaluation criterion in the pro-
curement method is essential.

Two main procurement methods are pure price
competitive bidding and a comprehensive evaluation
method (CEM). Both methods impose higher (the ceil-
ing price') and substantial lower bound (LBs).? CEM, a
multi-parameter bidding process introduced in 2005,
is typically used for projects procured by the national
government (Kinoshita et al. 2008). CEM takes into
account bid prices and technical factors such as
experience, past performance and proposals. Points
are assigned to these technical factors, typically with
the winning bidder achieving the highest ratio of
technical points to the bid price (Suzuki and Horita
2014). CEM aims to foster a healthy public works mar-
ket, ensure project quality and prevent bid dumping.
Public owners also intend to utilize CEM to encourage
construction firms to adopt new technologies; if a
contractor plans to employ ICT as requested or has
relevant experience, they will be awarded technical
evaluation points (MLIT 2018). The current CEM
includes an investigative criterion price, the ‘Chosa
Kijun Kakaku,' the substantial LB determined by a ref-
erence model, serving as an additional measure of bid
realism. Additional documentation is required to pre-
vent bid dumping if a bid falls below this price.

Although substantial LBs prevent dumping bidding,
they may hinder innovative practices that could
reduce costs in the Japanese construction industry.
Since information disclosure is necessary to maintain a
fair procurement process, most information required
to determine the ceiling price and the LB is accessible
to all bidders. Therefore, in many cases, bidders can
accurately estimate both the ceiling price and the LB.
Some public owners deduct technical evaluation
points from bids that fall below the substantial LB,
even when bidders successfully demonstrate the legit-
imacy of their proposals. This is partly due to such
bids requiring additional administrative work. The
Japanese construction industry prioritizes quality and
generally has a cultural aversion to low bids, often
seen as linked to potential compromises in quality.
Under these conditions, construction firms that innov-
ate by introducing new technologies capable of reduc-
ing costs often find their bids rejected. Therefore, the
awarded price does not decrease with substantial LBs
in place because many bidders propose bids at the LB
or above it (Figure 1). Consequently, the outcome of
all this is that the current procurement method for
public works is ineffective in adapting to changes
related to innovation, thus discouraging innovative
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“Withdraw”} Qualified
The qualified bidder
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of the technical
points to the price
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%0 0000
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Figure 1. Scenario with LB: CEM — Technical points determine
the winner.

bidders from submitting tenders. The shortcomings of
LBs in Japan have been studied theoretically
(lwamatsu et al. 2013, Suzuki and Horita 2014, Yamaki
and Yabuki 2018, Nishida and Horida 2019); however,
a specific improvement method for multi-parameter
bidding has not yet been developed.

To address the previously mentioned issue, a stra-
tegic approach is needed: (a) develop a framework for
determining the optimal parameter values in multi-
parameter bidding—how to add technical points to
introduce new technologies and how to evaluate its
cost reduction; (b) derive an optimal scenario for tech-
nology adoption by comparing the scenarios with sub-
stantial LB and without LB; and (c) implement new
dumping prevention measures, which is a later study.
Regarding (a) and (b), however, no study has exam-
ined or compared the differences in awarded prices,
winning probability and profit of an innovative com-
pany before and after removing the LB. Additionally,
the necessary conditions to establish the optimal par-
ameter values that maximise benefits for both public
owners and innovative companies after removing the
LB remain unexplored. The classical Stackelberg game,
which models competition in a duopoly market with
one leader and one follower (Stackelberg 1934), can
effectively inform the design of this bidding method
within the field of construction innovation. The opti-
mal solution can be achieved through an equilibrium
where the innovative company maximises its profits
based on the public owner’s initial actions. In contrast,
the public owner minimises costs based on the
innovative company’s decisions.

Given this context, the present study focussed on
(@) and (b) in the aforementioned strategic approach
and aimed to achieve the objectives: (1) modelling the



current CEM (with the LB) alongside the CEM without
the LB to maximise profits for an innovative company
and minimise bidding costs for a public owner using a
Stackelberg game to develop a framework for deter-
mining the optimal parameter values in multi-param-
eter bidding; (2) comparing the differences in awarded
prices for a public owner, as well as the winning prob-
ability and profit of the innovative company, before
and after the removal of the LB. This article provides a
method for designing multi-parameter bidding in con-
struction innovation. It also offers practical insights
into how the proposed procurement method contrib-
utes to introducing new technologies. Moreover, it
suggests designing a bidding method for construction
innovations in other countries.

Another paper explores the mechanism for prevent-
ing dumping bids after removing lower bounds. This
research analyses the current scenario with a single
innovative company operating in a specific region. As
the diffusion of new technologies grows, it is crucial
to consider a model involving multiple innovative
companies. Additionally, developing a multi-parameter
bidding strategy that promotes adopting new technol-
ogies must include the potential for future cost reduc-
tions. Future research will also focus on a strategic
model for disseminating new technology and estab-
lishing its market, which entails timely adjustments to
a set of optimal parameter values.

Literature review

Bidding is a global assessment of the trade-offs
between clients and contractors. From the contractor’s
perspective, competitive bidding has been studied
since the work of Friedman (1956) and Gates (1967). In
economic terms, construction contract bidding is often
viewed as a common value auction. Consequently,
competitive bidding models rooted in auction theory
have been created to determine optimal markups miti-
gate the winner's curse (Skitmore and Pemberton
1994, Dyer and Kagel 1996, Skitmore and Cattell 2013,
Skitmore 2014a, Ahmed and El-adaway 2023), and pre-
dict winning probabilities (Skitmore 2002, 2004), as
well as to enhance a contractor's competitive position
for long-term engagements with other firms (Kim and
Reinschmidt 2006). Utility theory has also been applied
in construction bidding to analyse win probabilities,
free from auction theory’s assumptions (Chou et al.
2013). While Marzouk and Moselhi (2003) proposed a
model that considers two goals to help contractors
estimate markups and aid owners in assessing bid pro-
posals through utility theory, the optimisation of a
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contractor’'s markup alongside a client’s awarded price
by modifying parameters continues to be an area
needing further exploration.

From a client’s perspective, multi-parameter bidding
methods have significantly grown to assist clients in
selecting a suitable bidder. The foundational A+B
(cost + time) bidding method, a staple in infrastructure
projects, has shown remarkable effectiveness across
numerous case studies, consistently achieving reduced
project durations with minimal cost increases
(Herbsman 1995, Lambropoulos 2007, Gupta et al.
2015). Building on this success, the A+B+1/D (incen-
tive/disincentive) model (Shr et al. 2000, 2004) and the
innovative tri-parameter models that consider risk fac-
tors (El-Sayegh and Rabie 2016, Rabie and El-Sayegh
2017) highlight how multi-parameter approaches
enhance decision-making by addressing critical issues
like float loss and schedule delays. Moreover, as we
move toward a more sustainable future, the emer-
gence of models such as A+S (cost+ sustainability)
(EI-Sayegh et al. 2022) and A+B+C (cost+ti-
me + environmental cost) (Ahn et al. 2013) emphasises
the growing importance of environmental and social
criteria in the bidding process. Nonetheless, in the field
of construction innovation, there is currently a lack of
research focussed on evaluating contractors based on
the application of new technology parameters.

Consequently, earlier studies have emphasised the
development of metrics focussed on a single object-
ive, whether it assists public or private owners in con-
tractor selection (e.g., El-Sayegh and Rabie 2016,
Mohamed et al. 2022) or enables contractors to com-
pete with one another with the best fitting model
(Cheng et al. 2011, Skitmore 2014b). Furthermore, no
parameter related to the application of new technol-
ogy has been accounted for in the existing multi-par-
ameter bidding method. To foster technological
innovation and establish a mutually beneficial scenario
between a public owner and an innovative contractor,
it is essential to model their interactions by introduc-
ing a new technology evaluation metric that optimises
both the innovative contractor’s profits and the public
owner’s costs, thereby promoting the adoption of new
technology.

Methodology

The imperative of the Stackelberg game for the
analysis of procurement design

A Stackelberg game typically features two primary
players: a leader and a follower. Each player seeks to
optimise their distinct and often conflicting goals. The
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leader initiates by selecting a strategy, while the fol-
lower responds with the optimal choice based on the
leader’s action. The leader can anticipate the follower's
reaction by presuming that the follower consistently
seeks to optimise their strategy according to the lead-
er's approach. By understanding the follower's poten-
tial options, the leader can enhance the objective
function by adjusting their strategy. The solution is a
subgame perfect Nash equilibrium, determined
through backward induction (Stackelberg 1934). The
Stackelberg game has proven effective in examining
the interaction between public owners and contractors
in the construction industry to optimise design
changes (Liu et al. 2022), design payment mechanisms
in PPP projects (Shang and Abdel Aziz 2020) and opti-
mize profit and time (Hafezalkotob 2018).

Despite the valuable insights from these studies, no
Stackelberg games have addressed the bidding evalu-
ation problem. Nevertheless, such games are well-
suited for analysing these issues, with the public
owner, as the leader, always making the first move.
Contractors, as followers, can then maximise their
profits based on the owner’s decisions, after which the
owner minimises costs based on the followers’ actions.
Compared to previous multi-parameter bidding stud-
ies, this dynamic game provides a clearer understand-
ing of the interactions between public owners and
contractors in the procurement process.

Proposed Stackelberg game model for multi-
parameter bidding

In the proposed Stackelberg model, a public owner
makes the first move and reveals its point calculation
method for a comprehensive evaluation to bidders:
the technology evaluation coefficient, represented by
p, and the weight associated with a bidding price
point, represented by y. Following the comprehensive
evaluation rule, bidders decide on their price offers,
including the profits they want to obtain (o) and the
extent to which they want to use technology (t).
Given that this study centres on the interaction
between a public owner and bidders (both innovative
and conservative companies), the game is played
sequentially. It seeks the maximum profit for an
innovative company and the lowest bidding cost for a
public owner. To apply the Stackelberg game, the
public owner needs the cost information of bidders.
As explained later, however, this situation is not
unrealistic in Japan. Figure 2 shows the decision-mak-
ing variables.
where

B, v Innovative
— company
()
1 ‘ a |

Figure 2. Decision-making variables in the game.

p: Evaluation coefficient of new technologies in the
CEM (8> 0);

y: Weight associated with a price point in the
CEM (y > 0);

t: Extent of technology introduction t of an innova-
tive company (t > 0);

o: Profit level secured by the innovative company
JPY) (o> 0).

The public owner supplies information regarding
the technology evaluation rule, denoted by pf, for the
technology employed by bidding companies to sup-
port new technology applications. In the public con-
struction market, two types of companies operate:
‘innovative companies’ that actively introduce innova-
tive technologies, such as ICT, and the rest (n—1)
that use conventional technologies (referred to here
as ‘conventional companies’).

Because conventional companies use traditional
technologies, t is zero for all such enterprises. Two
scenarios were analysed. Figure 1 (Scenario with LB) is
the current multi-parameter bidding method. Here, all
bidders are assumed to bid at the substantial LB in
this scenario (only bids coloured in blue are analysed
in Figure 1). Figure 3 (Scenario without LB) is the CEM
without substantial LB method. This method intends
to encourage the bidder, who demonstrates that
technological innovation is the reason that enables
the reduction of costs. There are two noteworthy
points: first, all bidders are assumed to bid at the LB
except the innovative company in Scenario without
LB; second, the CEM without substantial LB requires
infrastructure as an avenue through which to prevent
dumping. We have been studying this infrastructure
as a future direction.

Analysis flow

Figure 4 shows the flow of the analysis. Therefore, this
study aimed to minimise the costs incurred by a pub-
lic owner (function Min O;) and maximise the profits
an innovative company earns (function Max O,). To
this end, an innovative company that will win a bid
(Figure 3) was explored. We sought a combination of
B, v, t and o that minimises an owner’s project cost
and maximises an innovative company’s expected
profit.
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We first analyse the Scenario without LB. The equi-
librium solution was obtained by analysing the neces-
sary and sufficient conditions for O, and O;; the
equilibrium solution was obtained. In the Scenario
with LB, the price evaluation weight, vy, is zero, and
the same analysis method was applied to obtain the
equilibrium solution. Since the Scenario with LB has a
single objective function of the innovative company,
0O,, a solution unrealistically advantageous to the
innovative company was obtained. A Justified Scenario
was introduced to derive a realistic solution and com-
pare its performance with the Scenario with LB by
adding the condition that the innovative company
obtained the same expected profit from the Scenario
without LB.

Model development
Overview of the model

Each scenario aims to minimise the owner’s contract
price  and maximise the innovative company’s
expected profit.

The objective function for public owners (0;)
Scenario without LB analyses the effect of innovative
technologies. Thus, O; becomes the contract price
with the innovative company in this scenario. The
objective function of the owner is given by

Min O, = b(t(B, 'Y)IOL(B/ Y)) = C(t(Br Y)) + O((B, Y)
(1

where the bid price is set as

b(t,a) = C(t(B, 7)) + (B, v) )
C(t(B,v)) = I(t(Bv)) +d(t(B, 7)) (3)

where C(t(B,v) is construction cost, a(B,y) denotes
project profit, I(t(B, v)) represents production cost and
d(t(B,v)) is depreciation cost of equipment or its ren-
tal costs.

The objective function of the contractor (O,)
The objective function of the innovative company is
given by

Max O, = OL(B, Y)*PI’Ob(t(B, 'Y);Oﬂ([.)), Y)) (4)

where Prob is the probability of winning for the
innovative company.
Each company’s evaluation value, x;, is represented
by
P—b,
X =Pt+y=——=+¢ 5
G =P+ p_p 7 (5)

where x; is an innovative company’s evaluation value,

xij=2,...,n) is a conventional company’s evalu-
ation value, ¢ denotes the company/engineer evalu-
ation points of company j (j=1,...,n), in which
j=1 for an innovative company and j=2,...,n for
conventional companies, P is the ceiling price (JPY), P
refers to the substantial LB (JPY), b; represents the bid
price of the jth company (JPY) and t pertains to the
extent of technology introduction in the innovative
company. This yields

_Jt>0, j=1
t’_{O, j=2...,n (©)

The addition method of the CEM was used instead
of the division approach which Japanese public own-
ers commonly use as it cannot define price weighting
independently of a technical evaluation point.

(1) An innovative company'’s evaluation value x; is
given by

P—b
x1 = Bt(B,v) +Yf+81

P
— Bt(By) + v — {C(tgj(’f)_)s B
s=F/5 t)

(2) A conventional company does not introduce
new technology (t = 0) and bids at the substantial LB
(bj = P). According to Equation (5), its evaluation value
xj(j=2,...,n) is given by

Xj=Y+8j 9)

Expected profit and award price of an innovative
company

e The innovative company’s winning probability

This section presents the analysis of a more compli-
cated Scenario without LB.

Theorem 1. The innovative company’s probability of
winning is as follows:

(1) Scenario without LB: Both technical points and
price points are included.

pos =11 (CBeabl)] , CBembn
n Ae Ae

provided
CE(t, o, B,7y)
Ae

(2) Scenario with LB: The CEM: All bidders bid at
the substantial LB. Technical points determine the win-
ner (y=0).

Prob :% [1 - (BZ(E))”

0< <1 (11)

pt(B)
Ae

+




where

CE(t, o, B,v) = Bt(B.v) + v

Ps—{C(t(B,v)) + (B, v)}
P(1—5)
(13)

Proof:. See Appendix A for detail.

e The formula for the expected profit of an innova-
tive company (O,)

This section recounts the derivation of the innova-
tive company’s expected profit and award price for
further analysis. As mentioned, this company intends
to maximise its expected profit, whereas the owner
seeks to minimise the award price. As in the previous
section, the analysis starts from the more complicated
scenario, the Scenario without LB.

First, CE(t, 0, B, v) is transformed as

CE(t, 3, B, 1) = Be(B,7) + 71— ;(ﬁ(t_(%m - yl_aozaﬁ,_vs))
(13)
Setting
8(t(B,7), B,v) = Bt(B,v) + YW (14)
=1
"9 1)

Equations (13’) and (14) can be further rewritten as

CE(t, 0, B, v) = S(t(B,v), B v) +g(u(B, 7). 7) (16)
8(t(B,v), B,v) = Bt(B,v) + hy(C(t(B,v)) —Ps)  (17)
g(a(B,v),v) = ha(B, 7)Y (18)

For the time being, we denote t(B,v), (B, ),
3(t(B,v),By) and g(u(B,v),v) by t, o, 8 and g,
respectively. Equations (13'), (17) and (18) are simply
denoted as

CE(t,0,B,y) =8+ (16"
8 = Bt + hy(C(t)) — Ps) (17"
g = hay (18)

Then, the expected profit of the innovative com-
pany, O,, is given by

O, = a(P,y) * Prob = o x Prob
o §+g\" <6+g>
_5{1 <Ae> }—Hx Ae

where
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d+g

— 20
X Ae (20)

Equation (11) is rewritten as
0<x<T1 (11"

Characteristics of this model and assumptions

The formulation of this model does not fall within the
realm of auction theory but rather within the realm of
decision models. The auction theory is predicated on
the assumption of asymmetric information; the auc-
tioneer (the public owner) must not know some
parameters of the firm’s (contractor) cost function.
However, symmetric information is common in
Japanese bidding practice. The ceiling price is inter-
preted as the ‘standard price.” Workers’ wages, materi-
als prices, and productivity of each unit of work are
surveyed nationally, and their mean values are
obtained by type of construction, region, and season.
These values are accumulated to form the ceiling price
of each project. This study aims to obtain the opti-
mum values of B and y and analyse the characteristics
of this model. This necessitates information on pro-
duction costs, a common requirement in Japanese
public works.
Here, the following assumptions are made:

1. The assumption of the public owner's objective
function (O,). It should be noted that g;, the com-
pany/engineer evaluation points of company j,
are an important component of the CEM in Japan.
All companies make their best efforts to increase
these points. However, this study aims to analyse
and discuss how innovative technologies (t)
should be evaluated. Thus, as explained in the
next section, we separate the evaluation of intro-
duced technologies (t) and the company/engineer
(7)) and treat the latter as random variables.

2. The assumption of one innovative company and

multiple conventional companies.
Previous studies have investigated and concluded
that construction companies are seldom inter-
ested in innovation (Qiu et al. 2019, Wang and
Chen 2023). In practice, there is only one innova-
tive construction company in one region.

3. The assumption regarding g;:

(@) g(i=1,...,n) is a mutually independent ran-
dom variable.
(b) &(j=1,...,n) is a random variable with iden-

tical distribution.
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() Each g is subject to uniform distribution
between e, and e,, in which Ae = ¢, —e,.

The assumption regarding B,v,t and o

t =t(B,y) : Owner’s policy of B,y, affects the bid-
der’s decision of t.

o= o(P,y) : Owner's policy of B,vy, affect bidder's
decision of a.

a: Profit of both innovative and conventional
companies are positive.

The assumption regarding C(t(B,y)). Production
cost, C(t(B,v)), is assumed to be independent of
g, the value of technical points of each bidder. In
practice, there is a possibility that € influences the
production cost. This article focuses on how to
evaluate innovative technologies. This assumption
enables us to do a series of analyses and identify
an appropriate method of innovative technolo-
gies, the effects of removing the substantial LB
and the mathematical characteristics of the formu-
lated model.

C(t(B,y)) is a twice differentiable function of t.
Further, there are three possible cases (Figure 5).

Case 1)

w ) > 0, a%(t) < 0, and there exists t sat-

|sfy|ng =0
Case 2) ° <)>oac<)>o and 9 — o
Case 3) a;) Oac()>0 ndaCTf‘zo

where t, = t satisfying % =0

All conventional bidders are assumed to bid at
the substantially LB. In practice, bidders with a
high value of ¢ may bid higher than the substan-
tially LB. Like the (5) assumption, this enables us
to do the above-mentioned analyses and identifi-
cations. To remove the (5) and (6) assumptions is
a future issue.

management components, such as reducing
labour wages and compromising quality. Lopomo
et al. (2023) analyse the effectiveness of Lola (low-
ball lottery auction) under the assumption of the
existence of lemons. Lola is similar to pure com-
petitive bidding in Japan: a floor price and a
reserve price are set to exclude bids that are too
low and too high, and a lottery is used to break a
tie. To deal with the lemons problem, this article
takes a different approach. Productivity improve-
ment is considered one of the most important
national goals in the construction industry in
Japan. In the optimisation theory, for a solution to
be optimum, it must satisfy the optimality and
feasibility conditions. This study aims to conduct
the optimality analyses: whether two proposals of
this study, the evaluation method of new technol-
ogies and removal of the substantial LB, generate
cost-effectiveness. The feasibility analysis of the
proposals, whether lemons problems can be pre-
vented, is being conducted by another study by
the authors.

Results
Equilibrium solution in scenario without LB

Necessary and sufficient conditions for t* and o* to
maximise O

In this section, we prove the existence of a local max-
imum of O,. We demonstrate that a solution that sat-
isfies the necessary conditions for a local maximum
satisfies its sufficient conditions. We first take partial
derivatives of O, with respect to t and o, respectively.

@7_in165+oc66 u©6(1

_ -1
= ae’ attaen aea X @

No ‘lemons’ problems are assumed to exist. No % — 1(1 —x") + g(_n)x”—1 2_ x4 ug_x
bidders excessively bid low by sacrificing other a- n n o o
s N N N
Case 1) Case 2) Case 3)
2
a%c(t) s 0, @ ac(o) <0 a%c(t) - O’BC(t) >0 a%C(t) < 'ac‘(o)
at? ; at? at at? at
There exists £ satlsfymg C(t) =0, ac(t) =0atf=0 % =0atf=t,
C(t
c® c (~)4
c@
c@® c( 0
P to
\ _ SR

Figure 5. Three possible cases regarding C(t).



1
— (=) + LX) 4 x (22)
n Ae
Suppose the following first-order conditions are sat-

isfied.

%:Aie%f —x"") =0 (21)
%:%(1—x“)+%(1—x”_1)+x:0 (22))
Then, the following lemma holds.

Lemma 1. When Equations (21’) and (22) hold,
0<x<1 (1)
=B+ a%(t ) =0 (23)

are satisfied.

Proof: See Appendix B for details.

Equation (11”) represents the boundary of x.
Equations (23) and (22') are necessary conditions for a
local minimum.

Three cases are analysed. For the first two cases,

~2
(Jafﬁ” > 0 is assumed; that is, C(t) is a strictly convex

function of t. The detailed conditions in the first two
cases are given by (1)6%@ <0, (2)8%0 >0 and acT(tm =
0. The first case is where cost is reduced as technol-
ogy is introduced, and the latter is where cost is not
immediately reduced with technology introduction
(Figure 5). We will discuss Case 3 later. Then, the fol-
lowing theorem holds:

Theorem 2. t and o that satisfy necessary conditions
(23) and (22') form a local maximum of O,.

Proof: See Appendix C for details.

Necessary and sufficient conditions for an equilib-
rium to minimise O;

The following three processes generally obtain the
equilibrium solution. The first step is to derive the
analytical solution of decision variables t and o of the
follower (i.e., the innovative company) as functions of
B and y from Equations (23) and (22'), respectively.
The second step entails substituting them into
Equation (1), which is the objective function of the
leader (i.e., the public owner), and obtaining the val-
ues of B and y by solving the simultaneous equations
with the values of the first-order derivatives, with B
and vy set to 0. The third step is to determine the val-
ues of t and a by substituting these values into the
above-mentioned analytical solutions for t and a. This
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time, however, it is difficult to find the analytical solu-
tion of o from (22').

Here, we take an alternative approach. The object-
ive function of the owner, O;, which is the awarded
price of the innovative company, is given by

0, =b=C(t) +a 2)

To derive the necessary and sufficient conditions
for B and y to be a local minimum of O;, we must
derive the first and the second derivatives of O; with
respect to B and y. Thus, the alternative approach
consists of three steps. First, using Equations (23) and
(22'), we derive the derivatives of implicit functions of
t and o with respect to  and y. Second, using the
results of these derivatives, we obtain the necessary
conditions for the local optimum using Khun-Tucker
conditions. Third, we check sufficient conditions of sol-
utions that satisfy necessary conditions by computing
the determinant of the Hessian matrix.

Lemma 2. The first derivatives of O; with respect to 3
and vy are given by
do, dC(t)  da 1 B -1 4

5+=——t>0 (24)
(1) (b 2hyJ
5 ( 28 2

dp ~ dp dp
40, _ dc(t)  do
dy  dy dy
_ -1 Bz 1 Ji
_%W_WJ’;{E(JZ)(P s—c(t)) - ] (25)

where
-1
he 1oyt =218 0 (26)
Ae
o (h=Tg .
Jy=1—x"1 - _Zx2 27
2 X 2Ae X (27)
Proof: See Appendix D for details.
Two observations are made here. First, from

Equation (24), do‘ > 0 # 0 holds. Second, for Equation
(23) to be satlsfled the equations below hold:

ac( )
>0
ot~
That is,
t>t (28)
where:

oc(t)

— =0 29
o (29)

Thus, we must formulate the problem as a con-
strained minimisation problem to obtain the equilib-
rium solution. Then, the next theorem holds.
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Theorem 3. The problem of obtaining the necessary
conditions for a local minimum of O; is formulated
as:

L—O1+7\.1V+7»2( t)

=07+ M <B+hya%(t)> + 0t —1) (30)
di_dc(t)  do ., dt _ (0C(t) dt  do
dp= dp Tdp2dp Qﬁ“”ﬂ%*% °

dl  dC(t) do xdt_(@C(t) >m do

dy " dy Ty ey Ve ) aTay T
(32)
oL aC(t) o%C(t) _
g—FJr)Hh'Y o +A=0 (33)
M(t-1) =0 (34)
7\,1 < 0 and )\Q < 0 (35)

The solution to the above formulation must satisfy
the following conditions:

oc(t) ,
'37_0 (29")
602 1 0 i -1 _ "
=5 E“ x)+Aeh X"N+x=0 (22
B=0 (36)
do _l J] _ _ B
2 ah()emca-d-o o

0<x<1 (11")

Proof: See Appendix E for details.

Equations (29'), (22”), (36), (37) and (11”) represent
the necessary conditions for the local optimum. Next,
we derive sufficient conditions. The next theorem
holds.

Theorem 4. Sufficient conditions for a local minimum
of O; are either given by:

1/J I\
u1z—<i>—2<i> <0 (38)
Y \J2 )/,
!
or when u; = (j;) - 2(2) >0,

(2+fz) (A),
{

@) -]

atz
zwpam

Proof. See Appendix F for details.

The results of Equations (29’) and (36) mean that
the technology that increases construction costs can-
not become the equilibrium solution. In Case 2 (Figure
5), the innovative company cannot introduce new
technology.

These results lead us to the discussion of Case 3
(Figure 5). It is sufficient to delineate whether t, and
tg can constitute the equilibrium solution. First, we
compare t, and ts. Without loss of generality, their
comparison becomes possible by connecting points O
and A with a convex cost function satisfying the con-
ditions of Case 2. Thus, t4 can never constitute the
equilibrium solution. Next, we compare t, and tz. This
case is further subdivided into two cases: C(t,) > C(t3)
(Case 3-1) and C(t,) < C(tg) (Case 3-2). Without loss of
generality, by connecting points O and B with a con-
vex cost function and adding other conditions of
%: 0 to Case 3-1 and %: 0 to Case 3-2, the
results of Case 1 apply to Case 3-1. Thus, tg constitutes
the equilibrium solution. The results of Case 2 apply
to Case 3-2. Thus, t=0 in Case 3-2 contradicts the set-
ting that t > 0 for an innovation company.

Therefore, the necessary and sufficient conditions
for the equilibrium solution to Scenario without LB
satisfy Equations (29'), (22"), (36), (37) and (11”) and
Equation (38) or (39). Equations (29') and (22")
describe the necessary and sufficient conditions with
respect to the follower—the innovative company’s
decision variables, t and o. Equations (36) and (37)
describe the first order of necessary conditions with
respect to the leader, the ordering party’s decision
variables, B and vy. Equations (11”) describe the min-
imum and supremum values of x. Equations (38) and
(39) describe the sufficient conditions with respect to
the ordering party’s decision variables, B and 7.

Analysis of equilibrium in a scenario without LB
Equations (22”) and (37) need to be further analysed
to determine the equilibrium solution. We derived
equations for the equilibrium solution at the end of
the last section. In the equilibrium solution, B =0 and
the t value can be easily obtained by solving ac() =0.
In this section, we analyse the relationship between Y
and o, determine the values of y and a to satisfy
necessary conditions, check their sufficiency conditions
and identify their physical interpretations of y and a.

Analysis of y and o

In this section, we probe into the values of y and a
that satisfy the necessary conditions for an equilib-
rium. The following lemma holds.



Table 1. Summary of y,0,x,, and x, that satisfy Equations
(29), (22"), (36), (37) and (11”).

v, o, and oy and their equations

x’s and their equations

oy = Xy {P(1 = 5)Ae}  (40) Xoy = (2GR (41)
_, P(1-s)Ae _142nx—(n41)x"

Y =X 5oy (42) Xy = —oem (43)

o =x,{Ps - C(t")} (44) Xo = T (45)

Lemma 3. The values of y and o that satisfy
Equations (29), (22"), (36) and (11”), which are part of
the necessary conditions for the equilibrium solution
to Scenario without LB, are given in Table 1.

Proof: See Appendix G for details.

Determination of y and o to satisfy necessary
conditions

In this section, we determine the concrete values to
satisfy v and a to satisfy the necessary conditions.

Theorem 5. The necessary conditions in Scenario
without LB, denoting Ec(t*, o*, B*, v*), is:

Ec(t*, 0", B*,v")

ac1(0)
ot
| { e e P - cte) =P - cte)
0
{1 +2nx* — (n+ '|)X*n} P(1—s)Ae o P(1—s)Ae
(1 =x*n=")n (Ps—c(t)) "7 (Ps—cC(t)) |
(46)

—1 . . .
where & is the inverse function of &- and

fi(x)=(-1)°x"+nx""-1=0 (47)

x; and xj are the values of x, and x, when x = x*.
Furthermore, x* only depends on n, the number of
H * ¥ *
bidders. Thus, X5 Xy and Xy depend on n.

Proof. See Appendix H for details.

Discussion of sufficient conditions

The following theorem holds to conduct a numerical
analysis and discuss the satisfaction of sufficient
conditions.

Theorem 6. For 4 < n < 20, Equation (38), one of the
sufficient conditions, holds for the solution that satis-
fies the necessary conditions given by Equation (46).

Proof. See Appendix | for details.
Physical interpretation and range of y and o

This section identifies physical interpretation and the
range of y and a. The following lemma holds.
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q:(v)
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a‘y” A G (Y) = @y
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Yo v* 14

Figure 6. Relationship among v and o with v,, a,, y* and o

Lemma 4. For y and o that satisfy Equations (29),
(22"), (36), (37) and (11"), g1(y) = oy becomes a mon-
otonously increasing function of y and a convex func-
tion with respect to y. Furthermore, for (o, v*) of the
equilibrium  solution, that additionally satisfies
Equation (37), the slope of the tangent line of g,(v) is
a straight line with a slope o that passes through the
origin and (y*, o*y*).

Proof. See Appendix J for details.
Then, the theorem below holds.

Theorem 7. For y and o that satisfy Equations
(29),(22"),(36) and (11”), the minimum value of v,
Yo, and its supreme value, Supy, are given by:

P(1—s)Ae
L\ Ts)Ae 48
Yo {Ps—C(t*)}n (48)
Sup v = oo (49)

There is no maximum value of y. Regarding the
value of a, it takes the maximum value, o,, when y =
Y,; takes the minimum value, o*, when y = v* and
then approaches o, as y increases. a, is given by:

Olg = pS — C(t*) (50)

Proof. See Appendix K for details.

The relationship among y and o with vy,, o, ¥* and
o* is presented in Figure 6.

As seen in Figure 6, (a,7) on g;(y) = oy satisfies
Equations (29'), (22"), and (36); g2(y) = oy is a tan-
gent line of g;(y) = ay, which goes through the ori-
gin; and o is the slope of this line and constitutes
equilibrium. vy, is the minimum of y, and oy is its asso-
ciated value. Because Supy = oo holds from Equation
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(49), there is no maximum value of y. It should be
noted that o is the slope of the line connecting a
point on qi(y) =oay and the origin. As vy increases
from vy,, o decreases from oy, reaches the minimum
value of a*, starts increasing, and approaches ay.

In practice, o is the minimum value the innovative
company can accept given the public owner's strat-
egy. It should be noted that o* does not occur at v,
the minimum of y. It means that a certain level of
weight of y becomes an incentive for the innovative
company to lower a.

Equilibrium solution in the scenario with LB

For the innovative company (O,), as shown in Figure
1, in scenario with LB, all bidders bid at the same
price, that is, investigation price (P = Ps); therefore,
the profit of each company is determined by their
construction cost (C(t)), profit o = Ps — C(t), that is a
constant value. As shown in Equation (12), the win-

ning probability of the innovative company is Prob =

n
%{1 - (AB_Z) } —1—%. For the public owner (O,), the
bidding price (P = Ps), which is the investigation price
(Figure 1), is the cost. In this scenario, O; = Ps; that is,
O, is constant. Therefore, the objective function of O,

and O, is
pr\" | , Bt
-G}k ]
1 pt\" Bt
n{1—<Ae> }+Ae] (51)

0O, =Ps (52)

Thus, this scenario can be reduced to a game
where two players simultaneously make decisions.
Similarly to the Scenario without LB, we obtain the
solution to satisfy the necessary first-order conditions
for the local maximum and check its sufficiency condi-
tions by checking its Hessian matrix. We take the first
partial derivatives of O, with respect to  and t.

00, {Ps—c(n)}t B\
B de { <E> } >3
%Aﬁe{_(g)‘}@s_c(m
1 pt\” Bt | 0C(t)
-2

ot

The first-order conditions are ag’f =0 and aoBz =0.

Equations to represent these two conditions are given
by:

pt

Ae ~ (55)
oc(t)
T 0 (56)

It is useful to analyse this scenario using the four
cases used in Scenario without LB: Case 1, Case 2,
Case 3-1 and Case 3-2. It should be noted that all C(t)
are assumed to be strict convex functions of t.
Furthermore, it is assumed that & ) > 0 under Case 2
and Case 3-2 and =~ ac ) < 0 under Case 1 and Case 3-1.
Under Case 2 and Case 3-2, t =0 cannot satisfy
Condition (55). t# 0 can satisfy this condition but
cannot satisfy Equation (56) because of =~ aC >0 for
t #£ 0. Under these two cases, there is no optlmum
solution. Hence, our analysis can focus on Case 1 and
Case 3-1 where & () < 0, and there exists t* satisfying
aca(t ) — 0. Under these cases, t* satisfy the first-order
conditions (55) and (56).

Next, we obtain the Hessian matrix by taking the
second partial derivatives of O, with respect to B and
t to prove B* and t* exist to maximise O, and analyse
its determinants. Then, the next theorem holds. Those
values associated with t* that satisfy the first-order
conditions are given as follows:

Theorem 8. The solutions, t* and B*,
first-order conditions (55) and (56),
pt
Ae
oc(t*)
ot
also satisfy the sufficient conditions.
become the local maximum.

that satisfy the

=1 (55"

=0 (56')

Thus, they

Proof See Appendix L for details.
The equilibrium solution in Scenario with LB is sum-
marised thus:

ac1(0)

ot 57)

.
E*(t', o, B*) = { Ps—C(t*), %]

The probability of winning for the innovative com-
pany is

1L (Bey B
Probn{1 (Ae)} Ae =1 (58)

and the expected profit is given by
0O, = Prob x o = Ps — C(t") (59)




Validity analysis with practical data
Equilibrium solution with practical data

The simulation was performed under the following
settings:

C(t) = I(t) +d(t) = ay(1 —axt)* +1 (60)
s=%/p 7)

The case study data is based on the pilot project
called Saga Bridge Substructure Construction in Japan.
This project consists of the construction of two bridge
piers. A rough terrain crane (conventional technology)
is commonly used as standard technology in Japan,
and a fast-erecting crane (new technology) is used on
each bridge pier. The fast-erecting crane is considered
a promising technology that can save labour for trans-
portation within the site (MLIT 2021b). This pilot pro-
ject aims to measure and compare the productivity of
both methods (Seki et al. 2019). As the first and only
research to measure and analyse on-site productivity
in detail in Japan, the costs of labour, rebar work,
formwork, and support and scaffolding are compared
between conventional and new technology. In this
project, d(t) represents the equipment rental costs.
The reduced cost coefficients (a; and a,) and the
remaining costs, such as materials and labour (/), are
based on the productivity analysis results of this pilot
project in 2017 and 2018. The ceiling price of the pilot
project is 100.58 million JPY. Furthermore, among con-
struction projects ordered by national agencies, those
with orders between 50 million and 500 million JPY
account for 42% of the construction projects and 35%
of the order amounts. Projects with a ceiling price of
around 100 million JPY are prominent areas for local
construction companies.

There are several types of CEM, depending on the
technical difficulty and volume of the projects. Local
construction companies focus on projects ordered
with ‘Construction Capability Evaluation Type I." The
ratio of the ceiling price to the substantial LB (s) and
the difference in the maximum and minimum values
of company/engineer evaluation points of all

Table 2. Value of the parameters in case simulation.
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companies (Ae) are based on the analysed results of
3540 projects with Construction Capability Evaluation
Type Il ordered by MLIT in 2022 (National Institute for
Land and Infrastructure Management 2022).

We set the maximum number of bidders to 20
since it hardly exceeds 20 in practice.® The parameters
of this project are given in Table 2.

The process of deriving the equilibrium Scenarios is
described with the assumptions of Table 2 and
Equation (60).

e Equilibrium in scenario without LB

Equilibrium in scenario without LB is as follows:

ac1(0)
ot
x5 (Ps — C(t*)
E*(t*, O(*, B*, ,Y*) _ u( )
0
. P(1=5)Ae
X - .
" (Ps—c(t))
- : -
2
1 1—x*" + nx*
7 —
= 2 |14 2nxx = (n+ 1)x"
0
172{1 +2nx* — (n + 1))(*”}
| 75 (1 =x*"=")n |
(61)
where
fix*)=(=1)°x"+nx""-1=0 47)

Therefore, the optimal awarded price (07) is as fol-
lows:

0; =C(t") + o

—821+71x*—821+71
) 27

1 —x*" 4+ nx*
2 2

1+ 2nx* — (n+ 1)x*"
(62)

The expected profit of the innovative company (03)
is as follows:

Parameter Value

a The reduced cost coefficient 2.5 (million Japanese yen)
a; The coefficient associated with technology introduction 2

F The remaining costs, such as materials, labour 82.5 (million Japanese yen)
P The ceiling price 100 (million Japanese yen)
P The substantial lower bound 90 (million Japanese yen)
s The ratio of the ceiling price to the substantial lower bound 0.9

Ae The difference in the maximum and minimum values of company/engineer evaluation points of all companies 1.72

n The number of bidders 2~ 20
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. 1 n
0; = {n(1 - X )er*}oc*

= 71{1(1 x*")er*} =X 4
~"21n 14 2nx* — (n+ 1)x*"
(63)

e Equilibrium in scenario with LB

The equilibrium solution in scenario with LB is as
follows:

oc(0) 1
_ o 721

£ — (t*,O(*, *) _ Ps — C(t ) _ 2 (64)
Ae 86
ra 25

The awarded price is the investigation price (P).
Therefore, the awarded price (O7) is

0i=P =90 (65)

and the expected profit is given by

0, = {Ps—c(t")} [%{1 - (‘12) } + BA*:

=Ps—C(t") = o =75 (66)

In the scenario with LB, the innovative company’s
probability of winning is 1 (see Equation (58)), regard-
less of the number of bids issued. Therefore, the
expected profit and the awarded price are constant.
This situation is unrealistically advantageous to the
innovative company. The optimum solution under
scenario without LB depends on the number of bid-
ders, n. A justified scenario is introduced to compare
the performance of the solutions under the scenario
with LB and the Scenario without LB on equal
footing.

A justified scenario

We modify the settings in scenario with LB so that the
innovative company obtains the expected profit from
scenario without LB. In this situation, the expected

profit for the innovative company decreases to O3 in
the scenario without LB. The profit in bid (2) does not
change in the Scenario with LB (Ps — C(t*)(58)). This
way, we decrease the winning probability in the
Justified Scenario.

The next paragraph describes the derivation pro-
cess of the results of Table 3.

In Table 3

. 1—=x*" + nx*

= 45
Xa 14 2nx* — (n+ 1)x*" (45)

Here, Equations (10’), (44’) and (45') represent the
winning probability, the profit in the bid and the value
of x, associated with x*, respectively. We change B*
(B* =4¢ (55')) into B, and the related variables are as
follows:

o)
~
*

(70)

<t
Il
>
(0]

The winning probability of the innovative company
in the justified scenario, p, is represented with

1 - .
p=—(1-7")+y 7n
The expected profit in the justified scenario, accord-

ing to O, (51) in Scenario with LB under equilibrium

condition, O, is given by
0, = p{Ps—C(t)} (72)

The award price in the justified scenario with LB,
0., is unchanged:

0, =C(t") + {Ps—C(t*)} =Ps (52)

Suppose the expected profit, O,, is equal to 03 in
scenario without LB, given by Equations (10') and
(44'):

p{Ps—c(t*)} = probxa*
— {%(1 —x*") +x*}x§{.‘35—C(t*)}

1 o . 1—x*"+ nx* - .
— {n(1 —x*") +x }{1 +2nx*—(n+1)x*”}{PS_C(t )}
(73)

Table 3. Difference in characteristics in the justified scenario and scenario without LB.

Justified Scenario

Scenario without LB

Winning probability
Profit in bid (o) (makeup)

Awarded price (0;) Ps (52)

Difference in awarded price

{%(1 —x*”)+x*}x; (67) T —x") +x (10)
Ps —C(t*)(59)

x:{Ps — C(t*) } (44"
C(t) +x:{Ps — C(t*) } (68)

(1 =x5){Ps — C(t) } (69)




_ (1 . 1—x"+nx'}?
p—{—(]—x*)er*}x;_ 1 =x?+ )
n n{1+2nx*—(n+1)x*"}
(67)

The difference in the award price is obtained thus:
Oy — 0; =Ps— (C(t") + o)
= Ps— |clt) +x,{Ps - c(t)}]
=(1-x}) {Ps—c(t")}

1 —x*" + nx*

: (69)
{ T a2nxt— (n+ 1)xn

bps—ce)

Although the expected profit is the same under the
justified scenario and scenario without LB, the com-
position of the probability of winning and the profit
earned from the bid differs. In scenario without LB,
the probability of winning is high, but the profit from
the bid is set lower than that in justified scenario by a

* 1-x*"+nx*
factor of x; = =

reduced by a

As a result, the award

price is factor of
(1 -xi=1- {H;&%}) This difference consti-
tutes opportunity costs.

There is one more noteworthy difference in both
scenarios: variance of profit. Denoting variance of
profit under Scenario without LB as Varyithouws We
obtain

Varyithours = p* (0" — Ot*p*)z +(1- [)*)Ot*zlfk2

where p* and o* are the winning probability and the
profit at the optimum solution.
Similarly, Var ;, the variance of profit under Justified
Scenario, is given by:

~\ o~ ~ 1-x;p* * %
Var; = (1 - p)pa’ = <7*°‘p>p o*? (75)
XO(
where p and a are the winning probability and the profit

at the optimum solution.
Their difference is computed as:

1-x;p* . s
VarwirhourLB - Varj = {(1 _p*) - <ap> }p o g

Xy
1 * %2
=(1—-—)p'a"" <0
Xy

since 0 < x} < 1 from Equations (45’) and (47).
Thus, the profit variance under the scenario without
LB is smaller than that of the justified scenario.

(76)
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Figure 7. Equilibrium and optimum solutions in each scenario.

Simulation of scenario with LB, scenario without
LB and justified scenario

The simulations in the three scenarios compare the
expected profit and awarded price. Figure 7 illustrates
the simulation results. In the scenario with LB, there is
a lower bound. The winning probability is 1, and the
expected profit and awarded price are constant
regardless of the number of bidders, n. Scenario with
LB is not a practical bidding method for introducing
innovative technologies.

In the scenario without LB, the winning probability
of the innovative company only depends on the num-
ber of bidders. Compared with the justified scenario,
the scenario without LB has a lower awarded price,
which benefits public owners. Despite the same
expected profit, an innovative company has a higher
winning probability ([0.713, 0.828]) than the justified
scenario ([0.396, 0.641]). Thus, the innovative company
may prefer the scenario without LB, where f=0.
However, in practice, public owners intend to balance
innovative and conventional companies by lowering
the winning probability of innovative companies. The
justified scenario can be one example of the current
multi-parameter approach to introducing innovative
technology.

Discussion

A sequential decision-making problem in public bid-
ding for the owner and the innovative company was
successfully formulated as an optimisation problem
using a Stackelberg game model, proving that its solu-
tion became a local optimum. Additionally, a method
was developed to derive the optimal solution con-
cisely. These advancements are regarded as significant
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academic contributions. The model’s development and
the analysis results highlight four key issues that
emerge prominently.

First, the potential of the scenario without LB was
identified through its comparison with the justified
scenario. The solution in the scenario without LB has
three key features: a lower awarded price, reduced
profit variance, and a higher probability of winning. A
lower awarded price provides a direct benefit to the
public owner. Reduced variance of profit indicates that
the innovative company faces less revenue uncer-
tainty. A higher probability of winning suggests an
increased likelihood of technology diffusion in society.
The solution in the Scenario without LB may create
three-way satisfaction among the public owner
(buyer), the innovative company (seller), and society,
which is also a traditional business philosophy in
Japan. Thus, pursuing how to implement the scenario
without LB is worthwhile.

Second, as depicted by Figure 6, too small and too
large weight associated with a price point in the CEM
(y) increases the profit level the innovative company
(o) secured and thus the awarded price. The existence
of the optimum values of y and o is expected to
become a useful guideline for procurement officers
when the Scenario without LB is implemented.

Third, the proposed method enables a strategic
approach to technology diffusion. We obtained the
result of the evaluation coefficient of new technologies,
which is zero (f=0) in the equilibrium solution of the
Scenario without LB, showing that awarding a technol-
ogy evaluation point (f+£0) to adopting new technol-
ogy increases the award price. The result of the
evaluation coefficient of new technologies, which is zero
(f=0), was derived from the minimisation of O;. Thus,
the introduction of different objective functions may
give different equilibriums. For example, if a potential
future cost reduction is introduced into O;, we may see
that the evaluation coefficient of new technologies is
non-zero (f#0). In the future, verifying the validity of
the method presented here will be necessary by per-
forming simulations that feature various scenarios.

If the above hypothesis is correct, the evaluation
coefficient of new technologies () is set to a non-zero
value to promote the more widespread use of the
new technology, thereby reducing lease or depreci-
ation costs. After the technology is regularly used, the
public owner can set the evaluation coefficient of new
technologies to zero, allowing the owner to enjoy cost
reduction benefits. The proposed method enables a
strategic approach to promote new technology and
establish its market.

Fourth, the scenario with LB results highlights a
common issue in public procurement: equitable distri-
bution and innovation. Many Japanese public owners
believe that public projects should be shared equally,
as the funding for these projects comes from taxes.
Another concern is the frequent occurrence of natural
disasters, such as typhoons, floods, earthquakes, and
tsunamis. Public owners require cooperation from
local construction companies to restore infrastructure
in a disaster. Thus, it seems complicated for them to
justify the equilibrium solution, wherein an innovative
company always wins a bid without visible cost reduc-
tion, while conventional enterprises cannot.

A justified scenario was created as an alternative to
the scenario with LB to ‘facilitate’ the value of the
Scenario without LB. Additionally, it functions as a link
to the scenario without LB. One notable aspect is its
lower winning probability for innovative companies
compared to the scenario without LB, suggesting that
conventional firms have more growth opportunities.
As transitioning to the scenario without LB is the
future path, it is prudent for conventional companies
to adjust their strategies and prepare accordingly. A
scenario like the Justified Scenario will give these
companies the time necessary for transformation and
sustainable growth.

Conclusion

The research presented a dynamic Stackelberg game
model to formulate a multi-parameter bidding strat-
egy. This model addresses a substantial LB in the
Japanese construction industry, facilitating the integra-
tion of new technologies. The equilibrium solutions
are categorised into two scenarios: Scenario with LB
employs CEM, a modern multi-parameter approach,
while Scenario without LB applies CEM without a sub-
stantial LB. In a case study conducted after the theor-
etical development, a Justified Scenario—an
alternative to the Scenario with LB—was introduced,
and its performance was compared with solutions
from the other scenarios. The study found that the
solutions under Scenario without LB, the lack of sub-
stantial LB may create three-way satisfaction among
the public owner (buyer), the innovative company
(seller), and society, and seem promising.

In contrast to the traditional model that relies on
analytical solutions, this research employed the total
derivatives of decision variables for both leaders and
followers to formulate the equilibrium solution equa-
tions. This method offered a more profound insight
into the problem. Additionally, this article introduces a



strategy for creating multi-parameter bidding in con-
struction innovation aimed at both public owners and
contractors. The goal is to pinpoint optimal solutions
that reduce costs for the public owner while maximis-
ing profits for the innovative contractor, ultimately
improving the procurement design for construction
innovations and highlighting the potential for a stra-
tegic approach to technology diffusion.

Limitations and future study

As an exploratory study, several limitations exist, pri-
marily related to the assumptions made: independ-
ence between production cost and evaluation value
for each bidder, the non-existence of a lemon, and the
presence of one innovative company. Future studies
should incorporate multiple innovative companies and
introduce various objective functions for the public
owner, such as considering expected cost reductions
and analysing repeated games. In addition, a strategic
model for disseminating new technology and estab-
lishing its market by adjusting a set of optimal param-
eter values is necessary for effective practice.

Notes

1. The ceiling prices, derived using a bottom-up approach,
are interpreted as the ‘standard price’ and serve as the
upper bound for the award price. Surveys are conducted
all over Japan to collect necessary information, such as
the average prices of materials, workers’ wages, and
productivity factors for each major type of construction
work in each region. This information is then used to
calculate the ceiling price.

2. Substantial LBs are determined by multiplying a certain
ratio by the ceiling price. In estimating the cost of
Japanese public works, the construction cost consists of
four components: the direct construction costs, the
temporary work costs, the field office expenses and the
head office expenses. A reference model for determining
the lower bound is multiplying different ratios by each
cost component and adding them up. Public owners
widely use this model.

3. In this analysis, the minimum ratio of an innovative
company is set at 5%=1/20. One evidence for this is as
follows. Authors have been promoting the fast-erecting
crane for five years. Five companies with C rank and
three with A rank have introduced this new technology
in the Shikoku and Hokkaido areas. Four hundred sixty
qualified companies with a C rank can participate in
public works procured by the Shikoku Regional Bureau
and the Ministry of Land, Infrastructure, Transport, and
Tourism (MLIT). Thus, the ratio of innovators is 5/
460=1.1%. The number of companies with A rank
qualified for public works procured by Hokkaido
Development Bureau, MLIT is 62. Thus, the ratio of
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innovators is 3/62 =4.8%. In other regions, these ratios
are even smaller.
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Appendices

A. Proof of Theorem 1

The following conditions should be satisfied for the innova-
tive company to exceed the evaluation value of conven-
tional company j:

X1 2> X (AT)
o+ P )
g < Pt(B,y) + YPS — {C(té[g;yz)s; (B} + g (A2)

Setting

CE(t o Byy) = Bt(B,v) + vr)s —{Ctby) b}

P(1-5)

(A3),(13)

after which the probability that the evaluation value of the
innovative company exceeds that of conventional company j
is derived as

Prlej < &1 + CE(t, o, B, )] (A4)

With Assumption 3(a), the probability that the evaluation
value of the innovative company will exceed those of all
conventional companies is given by

n
Prin e < &) + CE(t, o, B, y)] =[] Prle < &1 + CE(t, 0, B, )]
j=2

(A5)

Therefore, using the total probability theorem and
Assumption 3(b) yields the probability that the innovative
company will win the bid of

Prob = Z Pr[nj":zaj <&+ CE(t,o, B, v)|e = &1]Prle = &]
All &

n
= Z HPr[aj <&+ CE(t,o, B, v)|e = &1]Prle = &]
Al & j=2

= J Fi(er + CE(t o, B, Y (81)des (A6)

With Assumption 3(c), we obtain:

Prob = J ' Fi(e1 + CE(t o, B, "' (&1)deq (A7)

ey

e,—CE(t, o, B, v) .
= J Fi(e1 + CE(t. o, Bv))"™ fi(e1)des

eu

ey
+J Fi(eqr + CE(t, 0, B,v))" " i (g1 )de (A7)
e,—CE(t, 0, B,7)

Here, the following relationships hold:
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fi(er)=fi(e1 + CE(t, 0, B, v)), €u < &1 < ey — CE(t,0, B, v)
Fi(e1 + CE(t,o, B y)) = 1,e, — CE(t, o, By) < &1 < e,

(A8)

Setting
g} =¢& +CE(to, B, Y) (A9)

Finally, the probability of scenario without LB that the
innovative company will win the bid is

ey ey
Prob = J Fi()" ' (<) de, +J fi (e1)dey
e, +CE(t, 0, B, v) e,—CE(t,0, B, v)
1 {1 B (eu + CE(t, o, B.7y) —eu)n »
n Ae
e, —CE(t,0,B,7) — ey
Ae
1 CE(t, o B y))n CE(t, 0, B, y)
_,7[1 ( Ao + Ae (10)
provided
OSCE(t,oc,B,\()§1 a1
Ae

Because scenario with LB is represented by setting y=0
in Equation (A3), the probability of winning is:

1 Bt(B))" Bt(p)

Prob_n {1 ( Ae + Ae (12)
QED.

B. Proof of Lemma 1

When €2 =0, either @ =0 or 1 —x"" =0, that is, x = 1, is

satisfied. Suppose that the equation below is satisfied:
x=1 (B1)
Substituting this into Equation (22) yields

00, 1 n g n—-1
—=—(1-0 =(1-0 1=1+#0
% n( M7 Ae( M) + #
Thus, Equation (B1) never holds, and
0<x<1 (11"

is always satisfied. Accordingly, Equations (23) and (23')
must be satisfied.
Q.E.D.

C. Proof of Theorem 2

We take the second-order partial derivatives of O, with
respect to t and a, respectively.

%0, o, O*C(t) »
s = a1 (@)

%0, 1 L, ox  hr g L, 0x  Ox
o n gt e ) TR N et o
_ 2hr i <hr)2 o
7A—e('|—X )—(n—1)oc A_e X (C2)

%0, 103 1_<5+g)"‘1 _(n—1)g(5+g)"‘2
Otdo,  Aedt Ae Ae Ae
_ 108 n—1 (n_ 1)9 n—Z}
—Eﬁ{('I—X )_TX (C3)

From Equations (11”), the following inequality equations
hold.

2’0,

4
52 < 0 (C4)
2%0,
57 < 0 (C5)

From Equation (23), we obtain

%0,
otdar (ce)
The Hessian matrix of O, is given by
0’0, %0,
2
Ho, — ?t a;xat C7)
0°0, 0°0,
0ot o2
The determinant of the Hessian Matrix is given by:
2 2 2 2 2 2
det — aozaoz_(a@) _ 20,30, 8
ot2 Qo2 Otda ot2 Qo2

From Equations (C4), (C5) and (C8), Hp, is negative defin-
ite, which are sufficient conditions for local maximum.
Hence, t and o that satisfy Equations Equations (23) and
(22') form a local maximum of O,.

Q.ED.
D. Proof of Proof of Lemma 2
For convenience of representation, we denote
0% oC(t)
=—= hy——==0 D1),(23"
V=S B+ hy at (D1),(23%)
1
w=02_ (=X + L —x)4x=0  (D2),22")
Jdu n Ae

Since v and w are functions of t and a, respectively,
which are implicit functions of 8 and vy, Equations (D1) and
(D2) are rewritten as:

. o5(t(B,v). B v) B+ hy oc(t(B.v) _ 0 (123"
ot ot
w‘ﬁozflﬁ—ﬂﬂ+ﬁ%1—ﬁq)+x
Ae

X1
= {1 = x(t(B ). 2B 7). B}

n
+LEBDD {4 e, B
+x(t(B, ), (B, v), B, v) =0

By taking their direct derivatives with respect to  and v,
we obtain the following relationships.

(Dzl)l(zz///)

dv Ov Ovdt

dpop Tordp ®3)



dv_ ov L ov dt (D4)
dy ay ot dy
aw aw ow dt Lo dwdo (D5)
dB 6[3 ot dB oo dB
dw 0w dwdt Odwdo
Ty D6
dy "oy T otdy Toudy (be)

Transforming Equations (D3) and (D4), g and & . the
derivatives of implicit functions of t with respect to B and v
are obtained as

dv 2C(t) dt
=1+h — = !
@ +hy o2 dp (D3)
d 11 .
rz
dv oC(t) o*c(e) dt 04)
dy T ot o dy
oC(t)
a_ 1% 1 By (D4")

The next step is to obtain the necessary conditions for
the local minimum.

For simplification, we used the notation of w', X, & and
g to present their direct derivatives with respect to either B
or y. We denote & :Z—g,gﬁ gg,8’ :d—y and ¢, = @ in
detail. To further simplify the notation, we introduce the fol-
lowing notation:

he1—xt 2209 (D7), (26)
Ae
o (=g .
1 _ -1 n-2
Hh=1-x he X (D8), (27)

w can be written as:

W:—x”‘1x/+i{(1—x g = (n=1)gx"2x'} +x

:Ale L(E +g)+0=x""g] =0 (D9)

It can also be written as:

S 1 n—1 (n_1)g n—z}\’ { n—1 (n_1)g n—Z} ’:|
W7A6|:{’I X Ae X d +291—-x 2Aex g

1 ’ !
:E[J18 +2hg] =0

Taking the derivatives of w, 6 and g with respect to 8
yields

(D10)

dw 1 , aEE
TB:E[J1 B+2J2gB] -0 (D11)
, dd  d{pt+hy(c(t)-Ps)} ( ac(r)) dt
=t>0
(D12)
. d d
ggzﬁzhvd—g (D13)

It should be noted that the equations below hold.
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J1 >0,J; >O,j—1>0 (D14)
2
Then, we obtain the following relationship:
do. =1 () -1 ()
—=—1(=)§] t>0 D15
dp ~ 2hy <Jz) B 2hy (Jz) g ®19)
Taking the derivative of w with respect to v yields
daw 1 , ,
= 2 = 1
4 = A 18+ 2%29,] = 0 (D16)
, 1 J1 ,
= 6 D16
g, A (D16)
Each side of Equation (D16') is developed as thus:
dg do
r_2d et
gy—dY h<u+de) (D17)
5 _ 5 _ d{pt+hy(C(t) ~Ps)}
Tody dy
dt — oC(t) dt
=B—+h(C(t)-P hy ———
B, +h(CO) =Ps) + = =0
oC(t)\ dt — _
(B+h (t )) + h(C(t) = Ps) = h(C(t) — Ps)
ot / dy
(D18)
Subsequently, Equation (D16') can be rewritten as:
do J1> :|
—— Ps—C (D19)
dy v { <Jz (Ps - c(0) -

As presented by Equation (2), O; is the sum of the cost

and the profit.
O1=b=C(t) +a 2)

Thus, we obtain the following relationship:
do, oC(t)dt do 1 B -1 4
it Rk o/ —t>o0 24
dp ot dp  dp T (hy) +2hyJ2 - 24)
ot?
do, oc(t)dt da -1 B> 1 h
L S A H —|= Ps —
dy ot dy dy azactgwhzyﬁy ) (Ps —c(t)) -
(25)
QED.

E. Proof of Theorem 3

Necessary conditions for a local minimum of O; are given by
solutions to the following constrained minimisation problem:

Min Oy (t(B,v),o(B,v)) =C(t(B.v)) +a(By) (1)
S.T.:.v=B+hy octe B'Y)):o (D1),(23")
_20: () Py 1=x(t(B7).2(BY).BY)")

W L
g oo E
gl (B ).0(BY).BY)"") +x(t(B BY)BY):
—t

(1
>0 (28)

+
t

We introduce Lagrange multipliers Aq,A; and A3. A new
objective function is written as:

0 (D2)(22")
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L:O1 +7\.1V+7\,2(t—?)+7\,3w

ocC(t -
=0+ <B+hy%)+xz(r—t)+x3w (E1)
Then, necessary conditions for an optimal solution are

given as follows.

dlL  dC(t) | du dv dt dw

d_B_ ap +dB+7»1dB+7»2dB+7»3dB—0 (E2)
dlL  dC(t)  da dv dt dw

= = —+—+A3—=0 E3

& dy Ty 1dy+ 2y + > dy (E3)
oL 6C(t) ov ow

%= ot + A= o + X+ A3 — o =0 (E4)

M-t =0 (E5)

7&1 <0, 7\2 <0, and }\,3 <0 (E6)

There is no boundary constraint for o like t described in
Equation (28). % does not have to be included in the formu-
lation for the necessary conditions.

% is developed as

ow Oowdx ow /[ 1 (08 Og
a*a&*a{&(a*&)}*o E7)

Using this equation as well as Equations (D3) to (D6),
necessary conditions (E2), (E3) and (E4) are transformed into

d.  (oC(t) ) dt do ,
dp ( ot T ap " dp =0 (E2)
dl  [(ac(t) ) dt do )
dy_(at th )t =0 (E3)
oL oC(t) o*C(t) 7 ,
5= o MM a2 =0 (E4)

Thus, it is unnecessary to include 23w in the new object-
ive function. The objective function is reduced to:

L:O1 +}»1V+7\.2(t—?)+7\,3w

oC(t -
=01+ M (B+hv%) +h(t-1) (30)
Substituting Equation (D3”) and Equation (D3"')
d 1 1 ”
a5~ ~Fcny " 070 (D3")
or?
into Equation (E2’) yields
do
oC(t a8
% +hy == % (E8)
! dp
\y_ @ _0C) _ — 0C() ¥FC(t)da ,_ o
@& ot a{CE(]h ot o2 dp ot
(E8))

Suppose t > t; thus, ac )

A = 0 holds.

In this case, however, the furthest righzt hand side of
Equatlon (E8'") is negative because h < 0, otz() >0, Zg >0
and &Y > 0. This is a contradiction.

Hence, we obtain

> 0. Then, from Equation (E5),

t=t (E9)

and
oc(t) /
= 2
%t 0 (29)
From Equation (23), we obtain the following result:
B=0 (36)
Then, from Equations (D4”) and (E3’), the equations
below hold.
dt
— = E1
R 0 (E10)
do
R 7
& 0 (37)

Furthermore, from Equations (E8') and (29'), the final
value of A, is given by:

), du
@ g s

Substituting Equation (E8”) into Equation (E4’) yields

A= (E8")

%C(t) o’C(t), do
M W"V == Mg

Since ° arz hy < 0 # 0, we obtain the value of A; as:

(E11)

do
M=-—<0
1 dp
Since both A; and A, are negative, a solution satisfying
Equations (29'), (22"), (36), (37) and (D19') satisfies the neces-
sary conditions. Furthermore, Equations (11”) describe the
minimum and supremum values of x.

(E12)

Q.E.D.

F. Proof of Theorem 4

We take the second-order direct derivatives of O; with
respect to B and vy, obtain the Hessian matrix of O; and
compute its determinant. First, we analyse C(t). Taking the
first-order direct derivatives of C(t) with B and vy, from
Equations (23'), (D3") and (D4"), we obtain

dc(t) aC( ) dt B S
S 2> 0 (F1)
dp ot dB (hy)? Oacty)
dc(t) _oc(t)dt _ —p?
dy ot dy h2y3 2 — <0 (F2)

or?

Then, the second-order direct derivatives of C(t) with B
and v are given by

d*C(t 1
dB(Z) = 2 2%C(t) >0 (F3)
(hy) ot2
dZC(t) -2B
dBdy  p2y3 aﬁCtz() (F4)
dZC(t) —3p?
dF  pppicn (F5)

o2
Next, we analyse u.jgain, Equation (D15) is given by:
o

_ J1
7%= 7 % (D15)



From Equations Equation (D16’) and (D18), the following

equation holds.
dg 1/(4 h J;
=== Ps — =
o~ 2= (1)o =5 (1) es-con o
Since t > 0, _
Ps—C(t) >0 (F7)
Thus, the inequality below holds.
h(J
g, = ( j) (Ps—c(t) < (F6')
2

Equation (F6') can be transformed into

)

) i)

For simplification, we denote (1—) dé , <J2) =2/
¥

@ = Jm S - st N,

(F6")

J1B :T[;’JZB dﬁ»J dyij,/ =

and J3Y = J1'Y Jz - Jzy J1 .
Directly differentiating Equation (D15) with respect to B
and y with substitution of Equations (D3”) and (D4") yields

fa_ 1[5 (2)
dp? 2hy | \/, J»/ dp
1 AN azc(r))’1
—zm{@f () (e ¢
g2 [y (n)E-
dBdy 2h Y\ vz
_ (Y (4 (52) k-t F9)
T 2h | \U LY\ 2

Directly differentiating Equation (F6) with respect to vy yields

d* (o d? d
( ZY) x4
dy dv dy

- % { (%) (Ps —c(1) - (Jz> a%(t ) g;} (F10)

Since p =0, ac_()_ 0, ¥ and ‘” =0 hold, Equations (F9)
and (F10) are further transfyormed into

dZO( _ —t J1 ! ./1
dﬁdv_Zhv{(Jz) -(3) v} o

dzozi 1 J] "

!
We compute the values of (j—;)ﬁ and (j—2> and judge
y
their signs. We first compute the value of (j—)ﬁ For n =2,

we obtain equations below.

(n—- 1)gx,,_2 B 1
Ae Ae
1 _ n—1_(n_1)g n-2 __

B =T1-x 2he © T 2Ae

Ji=1-x""~ (D7), (26))

(D8), (27)
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R S (CREIREY
=5t =3 (81 4) + 3
RS (RN ()
i ==go{ () + 35t {1-x- o)

Jap is given by

1 1 U ! /
~3he [Eg<6l3 + gﬁ) +(1 x)gﬁ}
(F13)

J3p = Jm,Jz - Jz[s/-h =

Similarly, we obtain Js, as

, , 11 s, .
J3Y = JW J> _JZY 5= —E [Eg(ES/ + gy> + (1 —X)gY:|

(F14)
For n > 3,
H=1-x""- (n - 1)gx”‘2 (D7), (26)
Ae
1 -1 (n_ 1)9 n—-2
bHh=1-x ohe X (D8), (27)

Thus, we derive Jz3 as follows:

, n—1)x"3 ,
= _% {X(S% tgp)+ {xgg r-22 (5 +g’B)H

, X3 1
s e e {X<8/ﬁ +g/[*> *3 {Xg/” +(n- 2)Aie (6% +gl“) H
, (n—=1)x"3
hpd2 == Ae

[x@gwg) + {xgwn—z%e( w@)}}

_ n—1_(n_1) n—Z}
{1 X TAe gx

—(n—1)x"3
Ae

[x(a'ﬁ +ah) +3 {Xgé H=2) 5 (% +9)) H
{1 e (nA—e1)an—2}

Then J3g is given by:
Jp = Jus - Jzﬁ h

(n=1)x"
Ae
/ / -1 n— 1 ’ / /
x<6B +gB) (ner)gx 2 +§{xg[5 + (n—z)é (SB +gﬁ>}
(1-x"")
_ _ n-3
_ -1 2A1e)x {{(n -2)+x""} Aie (B'B + g{s) +x(1 = x"" )g@

(F15)

Dy =

Similarly, we compute Js,.
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o =(h=1)x"3
Sy = % {X(S’y +d,)+ {ng, +(n- 2)& (3, +9,) H

;o —=(n=1)x""3 1
A v {X(S‘f +9,)+3 {ngf +n-2) (5, +9)) H

e T W

_ _ n-3
= % {{(n -2)+x""} é (8; + gf,) +x(1 - x"”)g'y}
(F16)

We check the signs of &/ +g/ to judge the signs of Js
and Js,. Transformation of Equation (D9) yields

b 1—x"1)
6+g:—%g (F17)

Using Equations (D13), (D14) and (D15), we obtain

g = fohyjﬁ _%G—;)ag:—icl)tw (F18)
(1—xm")
Jy
Using Equation (F6’), we obtain

—(1—x"")
)
(

8 +9gp=- gp >0 (F19)

/ !l /
& +d, = g,>0 (F20)

From Equations (F13), (F15),
inequalities are satisfied.

F18) and (F19), the following

Jsg =gy =gl >0 (F21)

J J.
(), 5>
5 Jz

Similarly, from Equations (F14), (F16), (F20) and (F21), we
obtain

(F22)

Jsy =) dr = I 1 >0 (F23)
AN
i TS0 F24
(Jz) 5 2

Using Equations (D14), (F8), (F22), (F12) and F(24), we can
derive the following results:

dzoti -1 ./1 ./1 1 (azc(t)>_1 /
d—szm{@ () () jro e
dZOL B 1 J1 —
a2y (J_z),(PS —c(t) >0
From Equations (F3), (F8'), (F4), (F11), (F5) and (F12), the

results of the direct second-order derivatives of O; with
respect to B and y are summarised as follows:

(F12)

£O,_dC o
dp?  dp*  dp?

, -1
o h I\ 1 (GZC(t))
- 2hy { (Jz) ﬁt (2 " Jz) hy \ o >0

@0, _ dC  du_ ~t
dpdy  dpdy ' dpdy

20, d*C d*a 1 [ [(h\ -

The Hessian matrix of O, is given by:

d*0, d*0,
dp® dpd
Ho, = P Py (F28)
da*0, d*0,
dpdy  dy?

The determinant of the Hessian Matrix is given by:

2
2 2 2
det = d°0,d°0r (d O1> (F29)

dp® dy? dBdy
Before we compute the determinant, we analyse the rela-
!
tionship between (j—;)ﬁ and (j;) Differentiating Equation

(D19) with respect to B and substltutlng Equation (D15) into
it, the following equation holds.

o 1 /h\ = do.
a3 (1), s e0) -

1 (hY 5 1
= (J_z) B(Ps —c(t) + =t (F30)

Equating Equations (F11) and (F30) yields

e ), (3}
C—;); N (—_th) (j_;)lﬁ(ﬁs —c(0) (F31)

Substituting Equation (F31), the first term of the right-
hand side of Equation (F29) is transformed into:

0, d%0, 1 J1 B 2+J1 1 (aZC(t))“ @0,
dp? dy? 2hy ot hy \ o dy?
1 (hY d2o 1 o’C d’0
= 1 B ! + 2 + ( ( )) 1
"~ 2hy \JU dy? | 2h2y? Jz ot? dy?
2 —
2 [ (h 1 I (GZC(t))] @0,
Y + 2+_
4h2 J> th'Yz J> ot? d"{2
Its second term is developed into:
AN AR Y ANCANR B IZANE
dpay) “ay \\&),[ “v\&),\&) TP %
Thus, :
1 h <azc(r))‘ a0,
det = —zthz { (2 + ./_2) R d’YZ
2 () I 1/
—— () 2(2 Ry (a F32
by (Jz){ (Jz)y—i_y J (F32)

For the determinant to be nonpositive, the following
inequality must hold.




ey TN ),
oy 00
) -)
(2 + j—;) <j—;);{ﬁs —c(t)}

1 () Iy
b 7(72) ‘2(12) =0 8

holds, Equation (F33) is always satisfied, and the Hessian
matrix becomes positive definite. In the case of u; =
1 (jz> 2<J‘> > 0, this condition is equivalent to

v
cc _ (24 (), P o)

When

(F33))
o T L\ J1(s AV
"] 0)-20),
If the following condition
!
2+0) (2 2(2) +1¢ (%
L0, e,
i\ J1(n 5\ 14 )
G0 -20),; $6)-20),
"vzcgt)tz
> == (39)
{Ps—c(t)}
is satisfied, the Hessian matrix becomes positive semi-
definite.
Thus, Equations (38) and (39) become sufficient
conditions for a local minimum of O;.
Q.ED.
G. Proof of Lemma 3
Equation (20) is rewritten as:
3+ 9g=xAe (20

First, we treat x as a parameter, taking 0 < x < 1 (11”).

FromEquation@ ! (1=x)+ZL(1-x") 4x=0022)
do n Ae
1—x" 4+ nx
=Aed ———— G1
I {(X”*1 - 1)n} N

—1
From Equation h =

5 (15), and g = hay(18')

1-—
oy = { xxn+1nx} (1=5)Ae} = x,y {P(1 - 5)Ae}
(G2), (40)
where
1—x" 4+ nx
Xy = m (G3)/ (41)

Given that both the numerator and the denominator of
Xoy take positive values, ay becomes positive. Equations (20')
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and (G2)and (40) yield

Ae(1—x"+nx) Ae{1+2nx—(n+1)x"}

0 = xAe +

(1=xn-")n (1=x-")n
(G4)
With Equation & = Bt(B,v) + yM (14),
P(1-35)
Ps—C(t) Ae{1+2nx—(n+1)x"}
P+ P(1 -s) (1 =x")n
Ps—C(t) _Ae{l+2nx—(n+1)x"}
"Ba-s  G-x'n b ©2)

In the equilibrium, B*=0 and t=1t* minimises C(t).
Thus, Equation (G5) becomes

- {1 +2nx — (n+ 1)x”} P(1—5s)Ae — P(1—5s)Ae
' (—xn  [{Ps—c(t)} "{Ps—c(t)}
(G6), (42)
where
X, — 14+ 2nx—(n+1)x" G7), (43)

(1=xm")n

From Equations (40) and (41)((G2)and (G3)),

{ 1 —Xx" + nx }{Ps t)} = x,{Ps—C(t")}

1+2nx—(n+1)x
(G8), (44)
1—x"+nx

1+2nx—(n+1)x"

where

Xo = (G9), (45)
1+ 2nx — (n + 1)x", the numerator of x, and the denomin-
ator of x, can be transformed:

T42nx—(n+1)x" = (1 =x") + nx(1 —=x"") + nx > 0(G10)
It is noted that, thus, ¥ and o take positive values.
Thus, the results of x,, Y, Xy, o, X4, and oy are summarised
in Table 1.
Q.E.D.

H. Proof of Theorem 5

Taking the first partial derivative of o (44) with respect to x,
we obtain

Qo _ {Ps—c(t)}n
ox {1—}-2nx—(n—i—1)x”}2
[(1—x {14 2nx=(n+1)x"} = {2 (n+1)x""}
(1 =x" + nx)]
Setting
K=(1—x"—1){1+2nx—(n+1)x"}
2=+ 1"} =x" +nx)
:—1+nx”‘1+{n(n+ )+2=2n—(n+1)}x"
=(n=1)X"4+nx""" -1
o nfy () _
&:{1+2nx—(n+1)xn}2{PS_C(t)} o
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where
fi(x) = (n—=1)°x"+nx""" =1 (H2)
Here, we examine the characteristics of f;(x).

f1(0):—1,)I(imf1(x):(n—1)2+n—1 =nn-=1)>0

(H3)
% (x) =n(n—=1>"" 4 n(n—-1)x"2
ox
=nn=1)x"2{(n=1)x+1} >0 for 0 < x < 1 (H4)

Equation (H4) means that for x, which is smaller than x*,
g—z< 0; that is, o decreases. For x, which is larger than x*
such that f;(x*) =0, & > 0; that is, o increases. Thus, o, o
associated with x* that satisfies f; (x*) = 0, becomes the min-
imum value of a. Furthermore, Z—;‘ is given by
do  dodx nfy (x) Ps — C(t*)

?Y_&?Y_{1+2nx—(n+1)x”}2 Ae

(+5)
(H5)
do

From Equation (F20), 8{, +gf/ > 0 holds. Thus, @ associ-
ated with o* becomes 0. Hence, o and its associated v*
constitute the equilibrium solution. Furthermore, for 7,
which is smaller than y*, Z—? < 0; that is, o decreases. For v,
which is larger than v*, g—z > 0; that is, o increases. Items o*
and y* are obtained from Equations (44), (45), (42) and (43).
The solution to satisfy the necessary conditions is summar-

ised thus:
oC(t")

— 2 //
At 0 (29")
B*=0 (36")
. 1 —x*" + nx* — AL B .
o = {1 oo 1)XM}{Ps—c:(t )} =x;{Ps—c(t")}
(He), (44")
. {1 +2nx* — (n + 1)x*"} P(1—s)Ae X*.E(1 —5)Ae
e (G —x")n Ps—C(t) ' Ps—C(t)
(H7), (42)
where
flx)=n-1%"+nx""-1=0 (H2)
1 —x*" + nx*
* — H 4 !
X 14 2nx* = (n+ 1)x*" (H8), (45)
14+ 2nx* — (n+ 1)x*" ,
¥ = H9), (43
y (G —xn (H9), (43)
Furtherm10re, N
* ok —-x""+nx* - * [p
oy = m {P(1 - S)Ae} = X&V{P(l - S)Ae}
(H10), (40"
where

*

1—=x*" + nx*
The objective functions are given by:
0: = C(t) + ot = C(t*) + x: {Ps — C(t") }
03 = Probsa* = Probsx’ {Ps — C(t*) }

(H11), (41

(H12)
(H13)

where

Prob:p*:%ﬁ —x") 4 x* (H14)

The solution to satisfy the necessary conditions in
Scenario without LB, denoting Ec(t*,o*, B, v*), is summar-
ised in (46).

The result shows the solutions to Equations
(H2')and (47), x*, and x;, x;, and x;, between n=2 and
n = 20, considered the realistic range of bidders. These val-
ues only depend on n, the number of bidders. (See detailed
data in Table H1 in the Supplemental online material).

Q.E.D.

I. Proof of Theorem 6

We put superscript, *, on each variable at equilibrium.
Inequality (38) can be transformed as:

1 (4 AN R .
=— () -2(ZL) = S5 —-2v5) <0 I
u; v (J;) (J;>Y y*J;Z( 172 = 2. 3/) = (1

Thus, this inequality is equivalent to
NS =2v")5, <0 (1"
First, we demonstrate that the Jj, J5 and J;, values only

depend on the value of x* and n, the number of bidders.

Transforming Equations (H10) and (40) yields
X* _ ot*y* _ _ha*,\{* _ _g*
T P(1—s)Ae  Ae  Ae

Thus, we obtain

w1

n-1 (n - 1) )
gx

JSi=1-x" - e =1—x +(n—1)x;{x*
(13)
n-1 (n - 1) n-2 n-1 (n - 1) n-2
J=1-x" - X =1=-x" X x*
2 2Ae T

From Equations (D18), (D17) and (37), at equilibrium,

& = h{c(t) - Ps} (I5)
g = ho' (16)
8 +g7 = h{C(t") = Ps} + ho 17)

For n = 2, from Equations (F14), (15), (I16) and (17),
*pk 'Y* 1 * * * *)
2y h, = —E{EQ (5y +gw,) +(1=x")g; }
Substituting Equations (37) yields
% * ok K *Z
Jj) hoay'g” g

I — (2
vy <17 A A

AN g° a9
- {{ 2(JT)+1}Ae2+(1 X)Ae}
- _ H—z (%) +1 }x;vz -(1 —x*)x;y} (18"

For n > 3, from Equations (F16), (I5), (16) and (17),

}+(1 —X*)i—j

—(n=1)x""y

275, = e [{(n —2)+x""} % (5? + gj) +x (1= x" )gj]
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n-3 n-1 h,‘* * <
=—(n=1)x" {{(n—Z)er’ }{ ) Zez

Ae? } +x(1=x"") g—]

(c(t*) = Ps) +

Substituting Equations (37) yields

: 5\ hoy'gt g
ot o oo )5
. 1
(-x" I
+x X Ae}

— (-1 [{(n-2) +x")

'/; * * A1)k
{—2 <J_T) + 1}xw2 —x(1=x )xay]

Hence, the values of u; and u, described in Equations (38)
and (39), which consist of J;, J5 and 2y*J;,,, only depend on n.

Next, we numerically demonstrate that sufficient condi-
tions are satisfied. The result shows the values of u; and u,
and the satisfaction of sufficiency conditions between n =2
and n = 20. For n > 4, u; < 0 is satisfied. Thus, the sufficient
condition is satisfied. (See detailed data in Table I1 in the
Supplemental online material).

(199

Q.ED.

J. Proof of Lemma 4

We examine the characteristics of the direct first and the
second derivatives of ary with respect to y. Equation (F6”) is
again given by
d(o)
dy

From Equations (F10), the relationship below holds.

= -1 (Ps—c(t)) > 0(F6")
b

d?(ay) 1

=3 ) -0 - ()55

= % G—;)/ (Ps—c(t)) >0

Y

()]

First, g:1(y) = oy represents the relationship between the
products of ay and vy that satisfy xxx Equations (29'), (22"),
(36) and (11”). Equation (37) holds in equilibrium:

do
—=0 37
dr (37)
This implies d(o) d
oy) do
5 =TT = (12)

where g,(7) represents the tangent of gi(y). Equation (J2)
means that, in the equilibrium solution, the tangent of g,(v)
becomes a straight line with a slope o* that passes through the
origin and (y*, o*y*). This represents the physical interpreta-
tions of y and a. Q.ED.

K. Proof of Theorem 7

From Equation F(20), &, + g, > 0 holds; when y takes the
minimum value, 6+ g becomes the minimum, and vice
versa. Thus, when x = %" =0, Y = Ymin-

Setting Ymin = Y, and denoting x,,, X, and a,, which are
Xy, Xy and o associated with y,. From Equations (42), (43),

(44) and (45), we obtain the following equations.

}
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X = (K1)
n
P(1—s)Ae P(1—5s)Ae
= K2), (4
o =% {Ps—c(t)} {Ps—cC(t*)}n (K2), (48)
Xy, =1 (K3)
og = Ps — C(t") (K4), (50)

Next, we inquire into the maximum value of x, and y.

{1+2nx—(n+1)xn} {1_17}=00

lm Xy = lm (‘] _X”—1)n = J(m
= Supx,
(K5)
P(1—s)Ae
limy=Ilim x, | —=————=| =00 =Su K6), (49
amy=m {|:{PS—C(Z‘*)}:| pY (K6), (49)

At this point, x, and o are given by

. . 1—x"+nx
limx, = lim =1 (K7)
x—1 x=1 14 2nx—(n+ 1)x"

lim o = xy{Ps—C(t")} = {Ps— C(t")} = ap (K8)

Regarding the behaviour of a, that is, decreasing for y <
v*, taking the minimum value, o*, when y = v*, and increas-
ing for y > v*, was demonstrated in Appendix H. From (K7)
and (K8), o approaches a, as v increases.

Q.E.D.

L. Proof of Theorem 8

We assume that B* and t* satisfy the first-order conditions.

Ae =1 (L1), (55"
oc(tr) ,
& =0 (L2), (56))

We obtain the Hessian matrix by taking the second par-
tial derivatives of O, with respect to f and t. Those values
associated with B* and t* are given as follows:

%0 o (L) el <o w
== () (%) -
- () e
L@
-0 (E) o) - T o

0, 1
opat  Ae

H1 - (%)M} ~(n- 1)(%)%1} (Ps— (1))
-
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1 — % 1 B*t* 2 >
=~ 3 (n=(Ps—c(t’) (L5) ::i;m_1f(Ae)(R_C“ﬂ)
The Hessian matrix of O, is given by: 5 2
) [\ e
70, 00, +o-1) az(K>(”‘d”)
2 pot 1 _ 2
Ho, = op B (L6) —{E(n— 1)(P5—C(t*))}
9’0, 9%0, ,
opor o o yCW)(i) Bs _ C(¢*
=(n-1) s 1o (Ps—c(t*)) >0 (L7)

Its determinant is given by:
Hence, t* satisfies sufficient conditions for Equations (L3),

<6202>2 (L4) and (L7). Thus, O, is locally maximised at B = B*

_ %0,0%0, .
opot and t = t*.

det = -
e aBZ atZ

Q.ED.
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