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Abstract: We consider a two-stage project supply chain with a downstream project firm producing an engineer-to-
order (ETO) complex product or a make-to-order (MTO), low-volume, customized industrial product as a project, and an
upstream contract supplier supplying a key material to the project. The project faces two uncertainties: project activity
time uncertainty and material consumption uncertainty, which may be positively or negatively correlated. In anticipation
of these uncertainties, the project firm has to carefully decide its promised project due date to its project customer, against
which harsh penalties will be assessed, and his material order quantity to commit to the contract supplier in advance. In
most practical settings, project firms order from contracted suppliers via a flexible wholesale price contract consisting of
a discounted advance order price and a risk-premium adjusted expedite order price. The discounted advance order price
encourages the project firm to take more inventory risk in the supply chain, and the expedite order price incentivizes the
supplier to bear more inventory risk by carrying safety stock in excess of the project firm’s advance material order. We
formulate an optimization model that solves the project firm’s project due date and material order problem, which takes
into account the supplier’s strategic reaction to the project firm’s material order under the flexible wholesale price contract.
We show that for MTO projects, risk-sharing with suppliers on project materials is less important to the project firm,
with the project firm assuming ownership of all material inventory in the channel and setting a deliberate project due date
being the key. On the other hand, for ETO projects, risk-sharing with contracted suppliers assumes critical importance.
Project firms managing ETO projects should fully exploit the flexibility in the material supply contract to optimally drive

the supplier’s safety stock level and set the project due date reflecting the shared risk in the supply chain.
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1 Introduction

Project supply chains are chains that provide unique products or deliver unique solutions for specific cus-
tomers, and as a result are configured-to-order or even designed and engineered-to-order (see similar def-
inition in Seifert and Markoff (2017)). The immediate examples for project supply chains include infras-

tructure projects (buildings, highways, bridges, dams, etc.), airplanes, power stations, defense equipment,
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manufacturing plants, and telecommunication networks. Major companies on the Fortune 500 list, such as
Boeing, General Dynamics, Raytheon Technologies, and General Electrics, have a significant part of their
revenue derived through project supply chains.

In the last 10 years, we have seen an increase in the importance of project supply chains, with compa-
nies that were previously running traditional product chains shifting towards managing complex project
chains. As documented in Dell (2021), the company transitioned from a public-to-private company in an
effort to pursue a transformation away from a pure PC-products business and into a solution strategy, which
encompasses selling end-to-end IT solutions, software, and services. In our own consulting experiences, we
have seen companies in the industrial automation segment adopting similar strategies. Emerson', with its
industrial automation division (around $12 Billion in revenues), is supporting its customers in major infras-
tructure development industries (oil and gas, power, metals and mining, refining, etc.) via orchestrating
projects that install a complex portfolio of customized products and provide critical services (maintenance,
monitoring, etc.). In a similar fashion, Belden?, a $2 Billion industrial automation company of legacy con-
nectivity products (wires, connection, etc.), is transforming itself into an “Enhanced Solutions Delivery”
business model for customers with needs for smart building and broadband/5G infrastructure applications.
Facing the trend of “Industry 4.0” and the challenges from IT/OT (Operation Technology) convergence,
Belden has launched a digital transformation to provide full-suite solutions to its customers. Since 2019,
the company has shifted its focus from product sales to solution sales by initiating projects that encompass
product installation, software development, and customer support services tailored to meet customer needs
(Cespedes and Klopfenstein (2023)). While the importance of project supply chains is increasing, the topic
of these chains is almost forgotten and is heavily understudied in the supply chain literature. Our paper takes
the first step in developing important concepts in the risk-planning and risk-management of these chains.
We offer fresh insights via a stylized model on the roles and uses of inventory buffers, time buffers, and
backup suppliers’ processing flexibility for the effective management of project supply chains.

Despite the risk-mitigating efforts inserted in managing projects, all projects are still subject to project
delays, which negatively impact the financial performance and the future operation of all parties within a
project supply chain. The 9th Global Project Management Survey (2017) reports that approximately 50% of
projects are completed on time. Calvo et al. (2019) estimate that 42% of public projects in the United States
were behind schedule. Unpredictable variability in activity times and failure to compensate adequately for
activity time variations is a prominent cause of project delay (Hughes (1986)). In addition to activity time
variations, material shortages for key project activities add another layer to project delays. For instance,

the signature Miami bridge construction project has been severely delayed due to the shortages of gantry

! Discussion with Ryan Meier, Director, Digital Supply Chain Operations, and Eric Carlson, VP-Operations and Supply Chain,
Emerson.

2 Discussion with Roel Vestjens, President & CEO, Belden.
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and concrete (Lauren (2023)). Supply chain bottlenecks and shortages that originated during the pandemic,
although improved, are still reported as being the primary cause of delays for various construction projects
(Simpson (2023)). In several construction project studies, the shortage of construction materials is identified
as a key factor for contractors’ performance delays (Majid and McCaffer (1998), Kazaz et al. (2012), Assaf
and Al-Hejji (2006), Rahman et al. (2017)).

In other business practices, project delays are also frequently encountered and carry significant conse-
quences. Bombardier, one of the world’s largest manufacturers of street cars, experienced multiple rounds
of delivery delays due to material shortages between 2015 and 2017 (Spurr et al. (2017)). Another famous
example of project delays that we have witnessed in the last couple of decades is Boeing’s 787 Dreamliner
project. Since its launch in 2004, a series of delays and mishaps have plagued the aircraft, and one signifi-
cant factor out of the many delay factors is the industry-wide shortage of fasteners (Sanders and Cameron
(2011)). More recently, Airbus struggled to keep up with its scheduled deliveries of airplanes with delays
attributed to availability of components and quality lapses (Katz (2021)). Wind-turbine makers for onshore
projects also reported project completion problems due to material shortages and other supply chain bottle-
necks (Hiller (2021)). While some factors that cause project delays are uncontrollable (e.g., war, pandemics,
and natural disasters), material shortages can be better managed in project supply chains with improved
planning and collaboration strategies.

We seek to study the integrated management of project risks in a project supply chain environment that
tackles both project activity time uncertainty and material consumption uncertainty. To frame our research
question, we use a characteristic project supply chain environment consisting of a project firm that oper-
ates under both types of uncertainties. Nooter/Eriksen (N/E)°, a leading supplier of heat recovery steam
generators, produces engineer-to-order “boilers” that are handled as one-at-a-time projects. These products
are mostly delivered to power plants, utilities, and other industrial customers at price tags in the $15-50
million range. For N/E, setting a project due date that fully reflects product complexity and material sup-
ply uncertainty is the key to customer satisfaction and profitability. According to the company, material
shortages account for over 50% of their project delays. To mitigate material shortages and ensure on-time
deliveries of their products, a common practice by N/E is to use flexible contracts with key suppliers (e.g.,
the supplier accepts advance purchase orders with a price discount and later at-once purchase orders with a
price premium) that incentivize suppliers to carry safety stocks for expensive components, and/or use dual
sourcing with a backup supplier for unforeseeable material shortages. We observe a similar risk manage-
ment practice at China Communications Construction Company (CCCC), a state-owned publicly traded
company delivering engineer-to-order products (projects) including highways, bridges, tunnels, and ports.

Working with customers in a variety of industries, Belden now sells custom solutions that incorporate

products in low but hard-to-predict volumes along with the installation and maintenance of these products.

3 Discussions with Matthew Burns, Executive Vice President, Nooter/Eriksen.



Kouvelis, Chen and Xia: Managing material shortages in project supply chains
4 Production and Operations Management 00(0), pp. 000-000, © 0000 POMS

Belden’s new pricing model charges a one-time fee based on the value created by a solution, which neces-
sitates a make-to-order (MTO) project supply chain (either configure-to-order (CTO) or assemble-to-order
(ATO)) with significant lead times for in-house planning and testing (Cespedes and Klopfenstein (2023)).
Similarly, Emerson delivers make-to-order products (e.g., valves, measurement systems, fluid controls) to
industrial customers in diverse industries. Some of these products may be engineer-to-order when new
applications are developed, but most of them are make-to-order with mature-stage technologies that require
less expensive components. Both Emerson and Belden are subject to contractual penalties for late deliveries
of products beyond negotiated due dates. The main challenges in meeting the due dates include the project
time uncertainty and unplanned material shortages. Executives from both companies have emphasized the
increased importance of material shortages in the last few years, and even before the pandemic.

In this research, we investigate how a project firm should account for and mitigate both project activity
time and material consumption uncertainties when determining the project due date and material planning
decisions. Product design errors, process/product re-engineering, and failed/repeated processes frequently
impact both of these two uncertainties. For example, if the process/product re-engineering activity (that may
take a considerable amount of time) results in a more efficient usage of a particular material in subsequent
production activities, or when a lean practice and material substitution lead to increased/decreased activity
times, we observe correlated project activity time and material consumption uncertainties that must be taken
into account when the project firm decides its project due date and material order decisions.

In our stylized model, we use a general probability distribution to capture the correlation between project
activity time and material consumption uncertainties. We address the project firm’s project due date and
material order decisions in face of these uncertainties. The material order decision is embedded in a two-
stage material supply chain under a flexible wholesale contract. The flexible contract allows the project firm
and the contract supplier to determine material risk allocation in the supply chain. Under this contract, the
project firm first decides its advance order quantity to the supplier, which is followed by the supplier’s pro-
duction decision that must meet the project firm’s advance order quantity. Any excess production quantity
are held by the supplier as safety stock, which can be sold to the project firm later at a predetermined and
higher price if material shortage occurs. If the contract supplier is not able to cover the project firm’s mate-
rial shortage, a backup supplier is used to cover any shortage not covered by the contract supplier, at a must
higher cost with a much longer delay. Taking into account project activity time variation and the possible
delay due to a material shortage, the project firm deliberately decides its promised project due date to its
customer, against which harsh penalties will be assessed. To manage the joint risks in the project supply
chain, the project firm employs an integrated risk management strategy consisting of inventory buffers (e.g.,
order extra materials), incentives for supplier responsiveness (e.g., safety stock at the contracted supplier),

contingent orders from a backup supplier, and built-in time buffers for the project (e.g., inserting slack time
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in the project due date). We aim to understand: (1) what is the most effective usage of these buffers, and (2)
how do these buffering activities impact one another in their most effective usage by the project firm.

In the interpretation of our model results, we find that (1) for projects using standard, commodity type
materials of low cost (e.g., MTO projects, either CTO or ATO), the project firm should bear all material
consumption risk and set a project due date jointly with its material decision; (2) for complex projects using
non-commodity specialty materials of high cost (e.g., ETO projects), the project firm should fully leverage
its relationship with the contract supplier and the flexibility in the supply contract, to effectively share risks
with the supplier and set a project due date according to the safety stock carried by the supplier. From a
risk management perspective, our results suggest that MTO chains should focus on building the project
firm’s own inventory buffer, use market suppliers as a backup for material shortages, and set an appropriate
project due date that is coupled with its own material order decision. For the ETO complex project chains,
our results suggest that the project firm should exploit its contractual relationship with the material supplier
and incentivize the supplier to carry safety stock of needed materials, use a backup market supplier when
needed, and set the project due date reflecting the shared risk with the supplier.

The rest of our paper is organized as follows. In Section 2, we review relevant literature. In Section 3,
we formulate the project firm and the contract supplier’s problems in face of the project activity time and
material consumption uncertainties under the flexible wholesale price contract. In Section 4, we provide the
analytical results for the main model formulated in Section 3. Numerical study of our project supply chain
results are discussed in Section 5, and an extension of our main model is provided in Section 6. In Section
7, we conclude with a summary of our main managerial insights for managing project supply chains in ETO

and MTO environments.

2 Literature Review

Our work relates to three streams of literature: (1) project due date management, (2) supply chain manage-
ment under wholesale price contracts, and (3) project supply chains.

The stream of research on project due date management peripherally relates to our work, but most of the
works in this stream study the due date problem without jointly considering the project activity time varia-
tion and material shortage risks. Early works under project scheduling framework (e.g., Baker and Scudder
1990) study the project due date problem in the context of sequencing project activities with deterministic
activity times. More recent works consider stochastic project activity times (e.g., Zhu et al. 2007, Xia et al.
2008). Most of these works only consider the time aspect of a project when setting a project due date. For
more works under the project scheduling framework, we refer the readers to Baker and Trietsch (2018).
Another class of the due date management problem, known as the lead time quotation problem, studies how
to quote reliable lead times to customers who are sensitive to the quoted lead times. At its core, this problem

investigates how to set due date (e.g., the quoted lead time) that trades off between time-sensitive demand
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and the tardiness cost beyond the lead time. For a comprehensive review of this problem, we refer readers to
Keskinocak and Tayur (2004). Recent works by Savaganeril et al. (2010) and Chen and Moinzadeh (2018)
study the lead time quotation problem in conjunction with base-stock inventory control policies. Our work
studies how to set project due date that is subject to both project activity time variation and a possible mate-
rial shortage delay in project supply chains. We explore the risk management impact of material shortages
and investigate the use of time and inventory buffers as risk-mitigating strategies for managing projects.

Another research stream also peripherally relating to our work is supply chain management using whole-
sale price contracts, including both single and two-price (flexible) wholesale contracts. The common struc-
ture of a supply chain studied in this stream is a two-stage supply chain with a supplier (or manufacturer)
supplying a downstream ‘“newsvendor” facing uncertain demand. Lariviere and Porteus (2001) first study
the single price wholesale contract in the standard supply chain setup. Cachon (2004) extends the analy-
sis to study a flexible wholesale price contract offering two ordering opportunities under the same supply
chain structure. Dong and Zhu (2007) build upon Cachon (2004) and characterize Pareto efficient contracts
among all flexible wholesale price contracts. Extending these classical works, the flexible wholesale price
contracts have been further investigated and applied to various settings. Xie et al. (2010) study earlier order
commitment on a decentralized supply chain with one manufacturer and multiple retailers. Wang et al.
(2014) examine how the principles of push and pull contracts can be extended to a three-tier supply chain
consisting of a supplier, a contract manufacturer (CM), and an original equipment manufacturer (OEM). To
evaluate the effectiveness of these contracts, the study compares two supply chain structures: one involving
OEM contracts with both the CM and the supplier, and the other involving OEM contracts with the CM
only. Davis et al. (2014) apply a behavioral model to study the flexible contract in order to compare and
verify supply chain efficiency. Through the analysis of the flexible contract scheme, Guan et al. (2015)
obtain equilibrium strategies of the two suppliers and one buyer supply chain under a flexible contract. Gou
et al. (2016) investigate how an outside market can influence local supplier—retailer contracts by taking into
account the supplier’s production capacity and the outside market barriers. Tang and Girotra (2017) analyze
how to use the discount in advance purchases to incentivize information sharing for a retailer in a supply
chain with a dual-sourcing wholesaler. In a retail supply chain, Hou and Lu (2022) study the allocation of
inventory risks of flexible contracts. Wei and Huang (2022) investigate the effective use of an advance pur-
chase discount to manage stochastic demand in a supply chain subject to carbon emission tax regulations
and in the presence of green technology investments.

Our work focuses on a two-stage project supply chain. The downstream project firm in our two-stage
chain model has an objective function that accounts for project-related costs (e.g., overhead) and contractual
penalties due to late completion, in addition to the usual material ordering costs. While on the surface both
the “newsvendor retailer” chain and our project chain can be analyzed as a two-stage chain, their detailed

operations, objective functions, and subsequent mathematical analysis are substantially different. We seek
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to understand how risk management of material shortages within project supply chains can be effectively
handled. Such issues have not been studied in the above-mentioned “newsvendor” supply chain literature.
The stream of research closest to our work is the study of project supply chains. As we have emphasized
before and will become apparent from the briefness of the related literature, the topic is heavily understud-
ied. Kwon et al. (2010) study delayed payment contracts between a manufacturer (project manager) and
n independent suppliers (contractors) in the context of parallel project tasks to investigate suppliers’ effort
levels and the manufacturer’s net profit under the payment scheme. Chen and Lee (2017) investigate the
material delivery problem between an upstream supplier and a downstream manufacturer in a two-stage
project supply chain, and they focus on designing time-based incentive contracts that coordinate the two-
stage chain from a project time perspective. Our work employs a project supply chain structure similar to
Chen and Lee (2017). In contrast with their work, we do not study contract designs for time coordination.
Instead, we focus on optimizing the project due date decision together with the material planning deci-
sions under a flexible supply contract in the presence of both project activity time and material shortage
risks. Our work is among the first to explicitly model project supply chains with both time and inventory

considerations, and we offer fresh risk management insights on managing project supply chains.

3 Model

We study a two-stage project supply chain with an upstream material supplier supplying a key material to a
downstream project firm, in which the project firm executes a designated project subject to project activity
time and material consumption uncertainties. The project revenue is fixed and denoted by V. Due to project
uncertainties, the project firm needs to make careful planning decisions on the project due date and material
order decisions, against which mismatch costs will be incurred and is detailed below.

Material order decision. We assume the project is subject to uncertain material consumption x;*, which
has a known distribution f;(x). The project firm sources the project material from a contracted supplier using
a flexible wholesale price contract, and from a backup supplier if needed. The contracted supplier offers a
flexible wholesale price contract that allows two ordering opportunities: an advance order opportunity at a
discounted unit price w and a later expedite order opportunity at a premium unit price wy, satisfying w < w.
Under this contract, the project firm first places an advance order quantity Q,, to the supplier well before the
project starts. The supplier then decides a production quantity O, subject to Q; > Q,,. The supplier delivers
Q.. to the project firm by the project’s starting time, and any excess (e.g., O, — Q,,) serves as safety stock
held by the supplier that can be used by the project firm against material shortages through expedited orders.
After the project’s material consumption level gets realized in the project’s execution phase (we denote

the realization by x;) and if it exceeds the project firm’s own inventory Q,,, the firm encounters a material

4We use bold letters to denote random variables in order to differentiate from the realization of the variables.
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shortage x; — Q,,, which must be fulfilled. The project firm then sends an expedited order to the contracted
supplier to cover as much shortage as it can, up to the supplier’s reserved safety stock O, — Q,,. If the
supplier cannot fully cover the shortage (e.g., x; — Q,, > Qs — O.,), the project firm has to resort to a backup
supplier to cover the remaining shortage, i.e., (x; — Q;)", at a higher expected spot price w,. Expedited
orders fulfilled by the contracted or backup suppliers can incur significant supply delays to the project.

Effective total supply delay. The supply delay in expediting from the contracted supplier (who holds
readily available inventory for expedited shipping) is in general much shorter than that from the backup
supplier (who may not have readily available inventory). For tractability considerations, we consider a linear
delay function for the supply lead-time in receiving expedited inventory from the contracted or backup
supplier: (1) the supply delay from the contracted supplier is modeled by a; - min((Q; — Q,.), (Xi — Q) "),
where min((Q; — Q.), (X1 — Q,,)") is the expedited quantity, and (2) the supply delay from the backup
supplier is a, - (x; — Q;) ", where (x; — Q)" is the expedited quantity. Both a; and a, are known parameters
with a; < a,. In our main model below, we consider the effective total supply delay to be the maximum of the
two delays (e.g., the two delays overlap with each other). To account for the difference of the responsiveness
of the suppliers, we further impose 0 = a; < a5, i.e., the delay from the contracted supplier is negligible. As
a result, the effective total supply delay caused by material shortages is equal to the supply delay from the
backup supplier and modeled by a, - (x; — Q;)". In Section 6, we extend our work to model the effective
total supply delay by the summation of the two delays (e.g., the two delays do not overlap with each other).
We derive structurally similar results for this model variant in the later section.

Project due date decision. We assume the project completion time is equal to the sum of the uncertain
project activity time X,, which has a known probability density function f,(+), and the effective total supply
delay a, - (x; — Qy) ™. The uncertain activity time x, captures the inherent unpredictability of activity duration
in a project, which is independent of the material planning decision of the project. The effective total supply
delay, when it materializes due to material shortages not planned for by the project firm, will extend the
project’s overall completion time. Under the maximum delay model described above, material shortages not
planed for by the project firm (in this case not planed for by the two-stage supply chain) extends the project
completion time by a, - (x; — Q,)*, where Q; is the total material quantity in the two-stage supply chain.
We note that a, - (x; — Q)" is endogenous to the production decision (Q;) of the contracted supplier, and
Q; is the best response of the supplier under the incentives provided in the flexible wholesale price contract
(w, wy), subject to meeting the project firm’s advance order quantity Q,,. In face of the unpredictable project
completion time X, + a, - (x; — QF)™, the project firm decides a project due date 7,, that will most likely
deviate from the realization of the random project completion time. Following the project due date literature
(Baker and Trietsch (2018)), we impose a linear cost function to capture the mismatch cost between the
realized project completion time and the set project due date. Specifically, the mismatch cost is modeled by

the sum of project overhead cost and project delay cost. The project overhead cost is modeled by b,7,, and
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the project delay cost is modeled by b,[x, +a, - (x; — QF)" — T,,]*, where b, is the unit time overhead cost,
b, is the unit time delay cost, and [x, + a, - (x; — QF)" — T,,|* is the project delay time.
Based on the above discussion, we can express the project firm’s expected material cost C,(Q,,) and

expected time cost C;(Q,,, T,,) by:

Cq(Qm) = EX] {WQm +W1 : mln(Q: - Qm7 (Xl - Qm)+) +W2 : (Xl - QT)+} (la)
Ct(Qma Tm) — Exl.xz {ble +b2[X2 +a2 . (Xl - Qr)+ - Tm]+} (1b)

where Q! is the supplier’s optimal production quantity subject to meeting Q,, and is formally defined shortly

after. The expected profit of the project firm is therefore expressed by

7tm(Qm7Tm) =V _Cq(Qm) _Ct(vaj;n) (2)

For the contracted supplier, assuming her marginal production cost of material is constant and denoted by

¢, her expected profit from supplying the project material to the project firm is expressed by

TCS(QS) = ]Ex] {WQm + Wy min(Qs - Qma (Xl - Qm)+) - CQs} (3)

where Q, > 0,,. We denote the supplier’s optimal production by Q* £ arg max (05:0y20m) T (Os)-
Additional notations. We assume that x; and x, are arbitrarily correlated in our work. As such, we
denote their joint probability density function by f(x;,x,), whose support is R2 = (0, +o0) x (0, +oc). For
presentation convenience, we write [, [, g(-)f(x1,x2)dx1dx; as [[ g(-) f(x1,x2)dx;dx, for any function
g(+). To further ease the presentation of our analytical results, we introduce the Heaviside function as below

(for more information about this function, please refer to Appendix EC.1):

1 ifx>0
u(x)=
0 ifx<0

By using u(x), we define five functions H;(-) : i € {1,2,...,5} that will be applied to characterize our ana-
lytical results. The detailed definitions of the H;(-) functions are provided in Table 1. Intuitively, each of the
H; functions represents the probability of (x;,X,) falling in a certain area, and we provide an illustration of

these areas by Figure EC.1 in Appendix EC.2.

4 Analysis

In this section, we analyze the problems faced by the project firm and the contracted supplier embedded in a
project supply chain as formulated in Section 3. In the analysis below, we first derive the supplier’s optimal
production decision (Q;) contingent on the advance order quantity Q,, of the project firm (Section 4.1).
We then derive the project firm’s optimal advance order (Q,,) and project due date (7;,) decisions jointly
(Section 4.2). While our project supply chain model cannot be derived from a newsvendor supply chain,
we discuss in Section 4.3 how the newsvendor supply chain can be treated as a special case of our project

supply chain model and highlight the difference between the analytical results for these chains.
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Table 1 Model parameters & defined functions.

Parameters:

w The per unit advance order cost from the contracted supplier (variable cost)
wi The per unit expedited order cost from the contracted supplier (variable cost)
Wy The per unit expedited order cost from a backup supplier (variable cost)

a, The lead time for expedited orders from the contracted supplier (variable time)
a, The lead time for expedited orders from a backup supplier (variable time)

b The per unit time overhead cost of a project (variable cost)

b, The per unit time delay penalty of a project (variable cost)

c The production cost for the contracted supplier (variable cost)

X A random variable for the material consumption of a project

X, A random variable for the activity time of a project

Functions:

u(x) Heaviside function (univariate step function)

f(x1,x2) The joint probability density function of (x;,X,)
filx) The marginal probability density function of x;, i € {1,2}

Defined H;(-) Functions:

Hi(q) = [f[u(x — Q§]f(xlax2)dx1dx2

H,(q,t :{f u(x; —q) - u(x, +axy(x; — q) — )] f (x1,x2)dxydx;

Hi(q,t) = [[[(1 —u(x;—q)) - u(x; —~t) S (x1,x0)dxdx,

Hy(g,1) = [[[u(xi —q) - (1 —u(xi —§;)) - ulx, + ai(x; — q) — 1)] f(x1, x2)dx1dx
Hs(q,t) = [[lu(x —gs) -ulx+ai(xi—q)+ (a2 —a)(xi — ;) —1)]f (x1, %)dxdx,

4.1 The Contracted Supplier’s Optimal Production

Given the project firm’s advance order quantity Q,,, the supplier chooses her production quantity Q; to
maximize 7,(Qy), subject to Qs > Q,,. The supplier’s problem is a classic newsvendor problem subject to a
production constraint. Her uncertain demand is the unknown expedited order coming from the project firm
due to material shortages in the project’s execution phase. To decide her production decision in face of this
uncertainty, she assesses a marginal production cost ¢ as the overage cost and uses the profit margin w; — ¢
(based on the expedited order price) as the underage cost. Under a demand distribution characterized by
c

f(x1,x2), the supplier chooses her production quantity g, that solves the newsvendor fractile by H; (Q,) = <

W]’

which is then compared with her production constraint Q; > Q,,. We characterize the supplier’s optimal

production decision Q7 formally in the following proposition.

PROPOSITION 1. m,(Q;) is concave. Given an advance order Q,, from the project firm, the supplier’s opti-
mal production quantity is decided by QF = max{Q,,,q,}, where §; is the unique solution to the following
equation

WlHl((;S)—C:O (4)

We refer to g, as the supplier’s unconstrained optimal production quantity. Since the supplier’s production
quantity has to meet the project firm’s order quantity Q,,, the optimal production is set to max{Q,,, 4}
This indicates that, when Q,, > §;, the supplier will follow the project firm’s order quantity. Following the

standard supply chain literature terminology (see Cachon (2004)), the resulting chain is a “push” supply
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chain. When Q,, < ¢, the supplier will carry excess stock (G, — Q,,) as safety stock for the project firm,
and by the standard terminology the resulting chain is a “push-pull” one. A higher order price w, leads to a

higher g, and it serves as the main incentive for the supplier to carry more safety stock in the supply chain.

4.2 The Project Firm’s Optimal Solution

The project firm seeks to find (Q,,, 7,,) that maximizes his expected profit w,(Q,,,T,,). In order to find
the optimal decision, we divide the decision space of (Q,,,T,,) into two regions (based on the supplier’s
production decision): A = {(Q,, T,,) : O > G5, T,, > 0} and B = {(Q, T,,) : 0 < Q,, < Gy, T,, > 0}. Next
we first derive the project firm’s optimal decisions in region A and B separately, and then compare the
optimal profit across the two regions to derive the project firm’s overall optimal decision. As the analysis
will reveal, these two regions are not only distinct mathematically, but they also imply different project
execution strategy for the project supply chain. In region A, the project supply chain is a “Push” one, and

in region B it is a “Push-Pull” one.

4.2.1 The optimal solution in region A (Push region).

We denote the project firm’s expected profit in region A by nt(Q,,, T,,), and the optimal solution in this
region by (Q4,T#) = arg max gy, 7.)ca 72 (O, T,,). By Proposition 1, when (Q,,, T,,) € A, we have Q7 = Q,,.
Therefore, by setting QF = Q,, in T,,(Q,,, T,,), we obtain 2 (Q,,, T,,) as follows:

nﬁ(Qm7 Tm) - Exl,xz {V - WQm - WZ(XI - Qm)Jr - ble - bZ [XZ + aZ(Xl - Qm)Jr - Tm]+}

Our next proposition characterizes the project firm’s optimal solution (Q% T4) in region A. To facilitate

presentation of our result, we define 7; as the unique solution to the following equation:
bZHZ(qvafx) +b2H3(qw£v) _bl =0 (5)

where ¢, is defined in Proposition 1. As will be revealed shortly, 7 is the project firm’s optimal project due

date decision that couples with an advance order decision §,. Both g, and 7; vary with wy, but not with w.

PROPOSITION 2. 72(Q,,T,,) is concave in (Q,,, T,,). Let w, = woH,(G;) + arb,H,(Gs, ;). For any contract
(w,wy): if w > w,, the optimal decision of the project firm in region A is (Q4,T%) = (gy,1;); otherwise,

(01, TA) = (¢*, 1), where (", 1) is the unique solution to the following system of equations:

{ woH, (¢") + axb,Hy (¢ 1) —w =0

(6)
byHy (g, t4) + byHs (¢ 1) — by =0

and they satisfy ¢* > §,, t* <. In addition, w, is decreasing in w;.
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Figure 1 The project firm’s optimal solutions for Region A, B and A UB.
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We first note that (¢*,#*) is an interior solution of region A, and (g, ;) is a boundary solution of region
A. Proposition 2 states that for every w,, there exists a w, such that when w < w,, the project firm should
order ¢* that is greater than ¢, (¢* > §,), and set the project due date at #* that is smaller than 7, (t* < 7).
That is, for w < w,, the project firm pushes the supply chain with an inventory level that is greater than
the supplier’s unconstrained production quantity, and hence the project firm bears all inventory risks in the
chain. In return he enjoys the benefit of a shorter project due date. On the other hand, when w > w,, the
project firm would just order g,, with the coupling optimal project due date set at 7. In other words, the
project firm adopts the ordering decision on the boundary (Q4 = ;) when w > w,,. Since w, is decreasing in
wy, the project firm is more inclined to operating at the boundary decision g; (which will eventually result
in a push-pull mode) for a wider range of w (e.g., w > w,), as the expedite price w; increases.

The optimal solution (Q%, T#) is illustrated in Figure 1 by the solid lines’. In Figure (1a), we illustrate the
optimal advance order (Q%) in region A, and in Figure (1b), we illustrate the optimal project due date(7*)
in region A. We show these two optimal decisions as a function of advance order price (w), by fixing the
expedite order price (w;) at some level. As is illustrated in Figure (1a), the optimal advance order Q? is
decreasing in w until w reaches w,, after which Q‘,“n stays on the boundary g, due to the constraint Q,, > ;.
Similarly in Figure (1b), we see that the optimal project due date 7* increases with w until w reaches w,,
after which T stays put at 7,. The substituting relationship between Q% and T# as w increases is quite

intriguing, as it sheds light how the project firm should leverage its control over inventory and time buffers

to mitigate increasing material cost.

3 The benchmark wholesale price w in Figure 1 will be formally defined in Section 4.2.3 (see Theorem 1).
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Next, we formally characterize the relationship between Q4 and T# when the cost parameters in the
studied model change. We focus on studying the impact of four parameters (w,w;, by, b,) and summarize

the results below.

PROPOSITION 3. The impact of w,wy,by,b, on (Q% T#) are characterized as follows:

(1) ’%<0 th>0 9 — 0, & = (. As a result, Qﬁ’<0 dT’" >0.

(2) % =0, ;LA =0, dq,‘“ >0, d’“’ < 0. As a result, ’ZQA 0, ’;T’" <0.
1 w1 dw w Wl
dg* drt dgs __ d:; dod aTA
(3) dTl>0 db1<0 dbl—(),db < 0. As a result, @ >0, WSO‘
dg drt dgs _ o di QA dT
4) sz>0 db2>0 dbz—O,db >0Asaresult,d7>0 dbzzO.

A general observation is that as w,wy, or b; increases, the optimal advance order (Q%) and project due
date (T%) decisions of the project firm move in opposite directions. This implies that the two decisions
substitute for each other when any of these parameters changes. More specifically, as the advance order
price w increases, the project firm should decrease its advance order quantity Q% and increase the project
duration 7. As the project’s overhead cost b; increases, the firm should shorten the project duration 7% and
increase the material order quantity Q?. As the expedited order price w, increases, since the project firm’s
decision Q? can be viewed as an = max{¢", g, }, where ¢" is not affected by w, and g, increases with w,
the decision Q% increases. In the meantime, the project firm’s due date decision T# decreases.

An interesting observation is that as the project delay parameter b, increases, the optimal advance order
(0*) and project due date (7) decisions of the project firm move in the same direction. This implies that
the two decisions complement each other as b, changes. More specifically, as the project delay cost rate
b, increases, the project firm should increase both his project due date and material order decisions, as
an effective risk-mitigating strategy for the increased delay penalty cost. As b, decreases, the project firm
should decrease both decisions. This is in contrast to the observations from the other three parameters.

Our results for the “push” project supply chain imply clear roles for the inventory buffer (the project
firm’s own inventory) and time buffer (available slack time in project completion). As the advance order
price (w) increases, the project firm favors lower buffer inventory and more slack time in project execution.
For increases in project overhead cost (b;), the project firm favors less available time slack but higher
inventory. However, for increased penalties (b,) in project completion failures, both buffers are needed in

higher amount to effectively manage project risks.

4.2.2 The optimal solution in region B (Push-Pull region).

We denote the project firm’s expected profit in region B by ©2(Q,,, T;,), and the optimal solution in this
region by (05, T,}) = argmax, T (Qm, Tx). By Proposition 1, when (Q,,, T,,) € B, we have Q; = §,.
Therefore, by setting QF = g, in T,,(Q,, T,,), we obtain 78 (Q,,, T,,) as follows:

nZ(Qma T;n) = Exl,xz {V - WQm — W min(Q9 Qm7 ( Qm)+ W2( qu)+

) —
—b1 Ty, — ba[Xo +as (% — )" — T}
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Looking at the above nt2(Q,,, T;,), it is clear that the optimization of Q,, and T,, can be decoupled, since
the 7,, decision depends on g rather than Q,,. Below we summarize the project firm’s optimal decision in

region B.

PROPOSITION 4. ©8(Q,,,T,,) is concave in (Q,,, T,,). For any w € [c, w], the optimal decision of the project

firm in region B is (Q%  T?) = (¢®,t%), where (¢®,t?) is the unique solution to the following equations:

{WIHI (¢*)—w=0

(7
b2H2(qsvtB) +b2H3(qsatB) - bl - 0

WEe first note that the optimal solution of region B satisfies g% < g, and t® =7, (by the definition of 7;, as
long as w > ¢), with the inequality becoming binding if w = c. Since Q} = §; in this region, we have that

8 < Q. By the supply chain terminology, the project supply chain is a push-pull one and the inventory
risk is shared between the two firms in the chain. Second, we note that (Q%, T®?) can always be solved from
the first order condition of 2 (Q,,, T;,) through Eqn (7), and the two equations in (7) are independent.

Behind the above mathematical result, there is a powerful cross-functional managerial insight for manag-
ing project executions within project supply chains. In general, project firms are functionally organized with
project managers dealing with project execution time and procurement managers placing material orders.
According to our result, in a push-pull chain the project and procurement managers are able to work inde-
pendently to optimize their project due date and material ordering decisions that align with each other’s
interests. In other words, the push-pull chain does not require compulsory internal collaboration between
different functional areas of a firm, and coordination is naturally achieved. However, the push-pull chain
calls for a deeper external collaboration between the project firm and the supplier, since the project firm’s
project due date decision ¢ is heavily dependent on the supplier’s safety stock set through her production
decision g,. As can be seen through the cost function C,(Q,,, 7,,), a supplier that carries a higher safety stock
by setting a larger g, can help the project firm reduce the time buffer needed towards minimizing C,(Q,,, T,,),
which will result in a reduced optimal cost of C,(Q,,, T,,) for the project firm.

The optimal solution (Q%, T5) is illustrated in Figure 1 by the dashed lines. In Figure (1a), the optimal
advance order Q is decreasing in w, starting with Q% = g, when w = ¢. In Figure (1b), we see that the
optimal project due date T2 does not change with w. This is because w only impact the risk allocation of
materials between the supplier and the project firm, and does not impact the project delay risk that is due to
material shortages within the chain. The project delay risk due to material shortages in the chain depends
on the total material supply of the chain, which is §; in this case and is independent of w.

Below we characterize the impact of the cost parameters (w, wy, by, b;) on (Q%, T?), in a similar fashion

to what we have shown for (Q%, T4). Since in region B we have (Q%,T?) = (¢®,1*) by Proposition 4, we

m? “m

present the impact of (w,wy, by, b,) on (0%, T5) directly.

m? "m
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Figure 2 Illustration of the non-concavity of %,,(Q,, T;,)
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PROPOSITION 5. The impact of w,wy,by,b, on on (Q8,T?) are characterized as follows:

4oy, a1y _ - () 49 a8 0. (3) 99 — o, T Q- (4) 49— 4T
(1) G <0, 72 =0;(2) 322 >0, 7 <0; (3) 7= =0, 34 <0; (4) 72 =0, 3= > 0.

We first note that w only impacts Q%, b, and b, only impact T2, and w, impact both Q% and T2. The
impact of w, b, b, on (Q%,T?) are quite intuitive. A higher advance order price w decreases the advance
order Q% a higher project overhead cost b, reduces the planned project due date 772, and a higher project
penalty b, increases the due date T5. The impact of w, is relatively more involved. First, a higher w,
increases the project firm’s advance order quantity Q, and it also increases the supplier’s unconstrained
production quantity g,. Since the project firm’s project due date ¢ is set to satisfy Eqn (7), we can easily

verify that a smaller 7% is needed when §, is increased. In other words, the increased safety stock held by

the supplier partially substitutes for the time buffer held by the project firm.

4.2.3 The unified optimal solution in region AU B.

Although we have shown that 2 (Q,,, 7,,) and n2(Q,,, T,,) are both concave functions in region A and region
B, respectively, Tt,,(Q,., 7,,) is in general not a concave function in the unified region A UB. In Figure 2, we
illustrate the non-concavity of n,,(Q,,, T,,) using a specific example, the parameters of which are provided
underneath the figure. It is obvious that 7t,,(Q,,, 7,,) is bimodal in the shown example.

In order to find the project firm’s optimal decision in A U B, we are going to compare the firm’s optimal
profits in region A and B. We let A(w,w;) = &4 (04, T4) — w8 (08, T?) be the difference of optimal profits

obtained by the locally optimal decisions of region A and B. In our following analysis, we will treat A as a
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function of (w,w,), where (w, w;) can have both a direct effect (through the price effect in the C,(Q,,) term)
and an indirect effect (through their impact on the ordering and production decisions of the firms) on &4
and 78, and hence on A. It is worthwhile to point out that when Q,, = g, (e.g., the project firm’s advance
order quantity is set on the boundary line between A and B), we have 2 (g, T,,) = n% (gy, T,,) for all T,,. This
continuity result is useful when we compare the optimal profits of region A and B. In our main theorem
below, we show that A(w, w;) possesses a monotone property, and we characterize the project firm’s optimal

decision in the unified region A U B based on this property.

THEOREM 1. A(w,w,) is decreasing in w. The optimal solution (Q%,, T?) of the project firm can be charac-
terized as follows: for any w,, there exists some unique w € (c,w,) such that A(w,w,) =0, and as a result,
we have

(1) for contracts in {(w,wy) :w<w}, (0, TF) = (¢g*,t*);

(2) for contracts in {(w,w) :w=w}, (Q;,T:) = (¢g*,t*) or (Q;,,T*) = (¢°,1®);

(4%,1%).

We note that when w = w, there exist two optimal solutions; one is an interior point in region A, and the

(3) for contracts in {(w,w,) :w>w}, (O, T)

other is an interior solution in region B. Both solutions generate the same optimal profit for the project firm.
We refer to w as the “benchmark price”, which satisfies A(w,w;) = 0. We would like to point out that w
is effectively a function of w; (e.g., w is implicitly determined by w; through A(w,w,) = 0). Moreover, in
the detailed expression for A(w,w;) =0, (¢*,#*) and (¢®) are also present and they are all impacted by w
(see Eqn (6) - (7)). Therefore, to solve w, one needs to jointly solve A(w,w;) = 0 with Eqn (6) - (7). Since
the detailed expression for A(w, w;) = 0 is rather lengthy, we refer the readers to Appendix EC.3 within the
proof of Theorem 1 for the full specification.

The optimal solution (Q,T*) is illustrated in Figure 1 by the dark circled segments of the solid and
dashed lines, where the two lines represent the optimal solution of region A and B, respectively. In Figure
(la), we see that Q% = Q? when w < w, indicating that the project firm should push the project chain, and
Q:, = 08 when w > w, indicating the project firm should push-pull (risk-sharing with supplier). Similarly,
in Figure (1b), we see that 7" = T# when w < w, and T = T? when w > w. The optimal project due date
decision aligns with the optimal material order decision, based on the push or push-pull strategy that should
be adopted by the project firm and is determined by the relationship between w and w.

According to Theorem 1, when the advance order price w is low relative to the benchmark price w, the
project firm prefers to order more than the supplier’s unconstrained production quantity in the advance order
and use his own inventory in dealing with material risks. As a result, the project firm runs a push supply
chain. When the advance order price w is high relative to the benchmark price w, the project firm leverages
the flexibility in the supply contract and risk shares with the supplier. The project firm in this case prefers

to have the supplier carry safety stock that will help him mitigate material shortage risks. In both cases,
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the corresponding project due date will be set according to the total material supply level in the supply
chain, which is equal to the project firm’s own order quantity in the former case and equal to the supplier’s
unconstrained production quantity in the latter.

To derive further insights on project supply chain management of ETO vs. MTO projects, we embellish
into differences between the management of these project types. ETO projects address unique nature engi-
neering challenges and rely on new technologies or stretch the application of existing technologies. As a
result, ETO projects commonly require high quality, specially engineered expensive materials sourced from
specialized suppliers. On the other hand, MTO projects for most cases use standard technologies and exist-
ing, often commoditized, materials sourced from an ample, competitive, and less expensive supply base.
Within our modeling environment, we translate the above observation into material-related cost and price
parameters, i.e., the parameter vector (¢, w, w;, w;), with higher magnitude values of a vector standing for
ETO projects and lower values for MTO projects.

We proceed to obtain further analytical results in support of richer managerial insights for managing
these two types of projects as follows. Project firm 1 manages a project supply chain for a project with a
parameter vector (¢, w, wy, w,). Project firm 2 manages a project supply chain with a parameter vector that
is B times that of the above, i.e., (Bc, Bw, Bw;, Pw,), with B > 1 representing a more expensive material and
B <1 aless expensive one. We keep the relative ratio between the components of the vector constant in
order to focus on the average effect of an increase or decrease in material costs. We refer to the project of
firm 1 as the “benchmark project”. Project firm 1 may be managing the project supply chain optimally either
as a “push” chain or as a “push-pull” chain (according to Theorem 1). We next characterize the optimal
supply chain management strategy for project firm 2, with its material cost parameter vector 3-scaled that

of project firm 1 and the optimal strategy contingent on the 3 magnitude.

THEOREM 2. There exists some B € [0, 40| such that
1. if B> B project firm 2 should operate a “push-pull” supply chain;
2. ifB< B project firm 2 should operate a “push” supply chain;
3. ifB= B, project firm 2 is indifferent between operating a “push-pull” or “push” supply chain.
In particular, if the optimal decision of project firm 1 is to operate a “push-pull” supply chain, then p < 1;

if the optimal decision of project firm 1 is to operate a “push” supply chain, then B > 1.

According to the above result, if project firm 1 managing the “benchmark project” should optimally use
a “push-pull” chain, project firm 2 with a more expensive material vector (i.e., f > 1) should also use a
“push-pull” chain. If project firm 1 optimally uses a “push” chain, then project firm 2 with a less expensive
material vector (i.e., B < 1) should also use a “push” chain. Allowing for some loose interpretation of the
result, and assuming we can identify a “benchmark project” for an application environment that could be

optimally managed in either a “push” or “push-pull” approach (i.e., B = B for it), then ETO projects for that
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application environment with p > B should be optimally managed in a “push-pull” fashion. Similarly, MTO
projects for that application environment with < B should be managed in a “push” fashion.

Our results provide the following managerial implications for managing project supply chains in practice.
For complex ETO projects delivering unique and highly customized products using exotic and expensive
materials, project firms should leverage the flexible contract in their relationship with the contracted supplier
and rely on the safety stock of the supplier when determining its project due date. When N/E produces
expensive (priced at $50 million) boilers for power plants, they sign flexible contracts with key suppliers
and expect them to carry safety stock for unexpected material requirement. MTO projects use mostly push
strategies in creating CTO/ATO products that are built on mature technologies via standardized modules
and commodity type materials. For example, Emerson’s flow control division (the Fisher brand), which
installs valves and measurement systems for industrial customers, runs mostly push supply chains. The use
of standardized materials of low prices reduces the inventory risk for a project firm, and their typically lower
costs make it affordable for the project firm to bear all inventory risk in the supply chain.

Taking a supplier’s perspective, the material’s prices are in general cheaper across all stages of the mate-
rial supply chain, or a higher discount of the advance order price may be accepted by a supplier, when
the material technology is mature and there are more qualified suppliers in the material supply market, as
evidenced in the MTO examples. As a result, we anticipate that a “push” supply chain will be adopted as a
stackelberg game equilibrium between the project firm and the contract supplier. On the other hand, when
the material technology is niche and there is limited availability of qualified suppliers, the material’s prices
are most likely more expensive across the supply chain and a supplier is less likely to accept an aggressive
discount for the advance order price. The project firm should then share the material inventory risk with the
supplier via the flexible wholesale contract. The higher project material cost relative to project time cost
is driving the project firm to enable material risk-sharing with the supplier. The extra material safety stock
carried by a contract supplier is extremely valuable to a project firm when the material cost is high. N/E and
Emerson, for their selected ETO projects, use a carefully selected set of “preferred suppliers” in managing
the supply of certain expensive materials in their supply chains. These suppliers are rewarded over time for

their product availability with more orders allocated to them under some premium-priced flexible contracts.

4.3 Special Case: Newsvendor Supply Chain.

The project supply chain problem formulated in Section 3 (see equations (1) - (3)) has to deal with the
unique aspect of the project firm’s objective function that incorporates project overhead costs and delay
penalties while accounting for uncertain project time and material consumption. It also accounts for the
flexible supply contract and the intricacies of logistical delays in expediting materials from the contracted

or the backup supplier. These unique attributes of the problem are not captured in, and do not follow from,
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the newsvendor with flexible wholesale contract model and its related literature (Cachon (2004), Dong and
Zhu (2007)).

However, some newsvendor with flexible wholesale contract model (referred to as the newsvendor supply
chain) can be viewed as a special case of our project supply chain model under the following interpreta-
tion and assumptions. The downstream firm of a newsvendor supply chain, a newsvendor, faces uncertain
product demand that has the same distribution as x; in our model. The newsvendor orders product invento-
ries from an upstream supplier under a flexible wholesale price contract (w, w;), and he fulfills the product
demand either through his own inventories (that are ordered in advance at w) or through an expedited order
to the supplier for her safety stock (at w). In this newsvendor variant, we impose the further restriction that
any product shortages not covered by the above execution of the contract are always covered by a backup
supplier at a unit price w,. WLOG, we assume w; < w,. We note that such a further restriction on meeting
demand shortages via a backup source has also been considered in prior supply chain works; see Lee et al.
(2000), Xie et al. (2010), and references therein. The retail price of the product is fixed and given by p.

Now let us see the reduction of the project supply chain to the newsvendor supply chain. We use a
superscript ¢ to indicate profit functions and decisions in a newsvendor chain and use the same subscripts
{m, s} to indicate the downstream and upstream firms in the chain. Based on the above description, the

expected profit of the firms in the newsvendor supply chain can be formulated as

Tca(Qm) == Exl {P X — WQm — W mln{Q? - Q1117 (Xl - Qm)Jr} — Wy (Xl - Q?)Jr}
Q) = Ex {wQy +wi-min(Qs — Qu, (%1 = 0,)") — 0}

where Q% = arg max, .o 72 (Q;). We note that the supplier (upstream firm) faces a problem that is identical
to the one faced by the supplier in our project supply chain model. As a result, Q° = Q*. The newsvendor
(downstream firm) faces a problem that can be viewed as a special case of the problem faced by a project
firm, by setting V = p - E(x,) and b;,b, — 0 (in the extreme, b; = b, = 0). As such, the newsvendor firm
can be regarded as a project firm who makes his material order decision when his project time related costs
are negligible. Since this is a special case of our studied model (by setting b; = b, = 0), Theorem 1 can
be applied and we present an updated result on the newsvendor’s optimal decision, which constitutes a

contribution of our work to the newsvendor literature.

COROLLARY 1. The optimal advance order Q%) of the newsvendor can be characterized as follows: for any
wy, there exists some unigue w® such that

(1) for contracts in {(w,w;) :w <w®}, Q% = g**;

(2) for contracts in {(w,w;) :w>nw?}, Q% = ¢*%;

7 . — ¢ ‘D — ¢-A q) — ‘DvB
r e W) T W= , = r Q% = g%5.
(3) for contracts in {(w,w) :w=w"}, Q% =¢** or Q®* =g¢q
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q* and ¢*® satisfy the following equations. Moreover, ¢** < g* and ¢** = ¢®.

woH (¢**) —w=0 8)

wiH (¢"®) —w=0 )

Given the optimal decisions of the newsvendor supply chain and the project supply chain, the first inter-
esting comparison that we would like to make is how the push vs. pull-pull (risk-sharing) contract space
changes across the two chains. This comparison is done by comparing w and w? in the two respective

models, and we summarize our finding with the following proposition.
PROPOSITION 6. W < W.

Proposition 6 implies that the project firm pushes the supply chain in more contract regions than the
newsvendor firm. For any fixed w,: if w < w®, both the project firm and the newsvendor would push the
supply chain; if w® < w < w, the project firm would push the supply chain while the newsvendor would
push-pull; if w > w, both firms would push-pull the supply chain. Figure 3 illustrates the push and push-pull
regions, with the highlighted area depicting the region in which the newsvendor would push-pull but the
project firm would push the supply chain.

Next, we compare the material order and production decisions between the project and newsvendor sup-
ply chains. As will be revealed shortly, the project firm’s advance order quantity is always greater than
or equal to that of the newsvendor firm, and so is the contracted supplier’s production quantity. The next

proposition summarizes the result.

PROPOSITION 7. The project firm’s order is no less than the newsvendor, and so is the supplier’s production
quantity. Specifically,

(1) for contracts in {(w,w;) :w <w}, Q5 > Q% and Q* > Q%

(2) for contracts in {(w,wy) :w >w}, Qi = Q% and Q; = Q%

(3) for contracts in {(w,w;) :w=w}, Q;, > Q% and Q; > Q°.

In the contract region where the project firm strictly pushes the supply chain (case 1), the project firm
orders strictly more than the newsvendor, and the supplier follows the advance order. In the contract region
where the project firm strictly push-pulls (case 2), the project supply chain behaves identically to the
newsvendor chain. When the project firm is indifferent between push and push-pull (case 3), he orders
strictly more than the newsvendor if he pushes the chain, and orders the same if he push-pulls. The proposi-
tion also implies that material inventories are more valuable to the project firm than to the newsvendor. As

a result, the project firm always carries more inventories, and so does the project supply chain.
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Figure3 Illustration of the relationship between w and w°.
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5 Numerical Study

In this section, we conduct numerical experiments to illustrate how the project firm responds to operational
changes in the operating environment. We highlight the firm’s response to each operational change by com-
paring the contract regions in which push or push-pull strategies are optimal, and by comparing the shifts
in the optimal quantities (e.g., O;,, T,;). Our numerical experiments are conducted by varying the following
parameters that represent unique operational changes of an environment: (1) the correlation between project
time and material consumption uncertainties (p); (2) the responsiveness of the back supplier (a,); (3) the

project delay penalty (b,), and (4) the project overhead cost (b,).

5.1 The Impact of the Correlation between the Project Uncertainties (p).

We first investigate how the correlation between the project time and material uncertainties impact the
project firm’s optimal decisions and profit. We consider a bivariate Gaussian distribution of (x;,X,) with
mean u = (100, 100) and standard deviation ¢ = (20,20), and we vary the correlation p € {—0.8,0,0.8}.
We fix the other parameters at c =1, w, =5, by =4, b, =10, a, =5, and V = 1200.

First, our numerical results show that as p increases, the project firm pushes the supply chain more often
over a wider range of contracts. This is illustrated by Figure 4, in which the white area (region A) represents
the contract regions where the project supply chain operates in a push mode. Figure 4 shows the area of
region A enlarges as p increases from —0.8 to 0.8 (from left to right). The result indicates that when the two
project uncertainties are more positively correlated, the project firm is going to push the supply chain under
more contracts. We also observe that the supply chain operates in a push-pull mode (region B) when w is
high, regardless of the p and w; values. However, the area of region B enlarges when p get smaller. This
indicates that when the two project uncertainties are more negatively correlated, the project firm is more

inclined to share material risks with the contract supplier in the supply chain.
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Figure4 The impact of p on the risk-sharing strategy of the supply chain.
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We next investigate the impact of p on the project firm’s optimal decisions and profit. We seek to under-
stand how the firm is going to adjust his material order and project due date quantities as p changes, and how
the firm’s profit is impacted by p. We present the numerical results on the project firm’s optimal decisions
and profit in Table 2. In this table, each row gives the optimal decisions (Q}, and 7) and the associated
profit for a given wholesale price contract (indicated by the w,w; columns). The “OPT Region” columns
indicate whether the project supply chain operates in a push mode (indicated by “A”) or in a push-pull mode
(indicated by “B”).

We observe that as p increases, for all contracts, the optimal advance order O, increases, the optimal
project due date T, decreases, and the optimal profit decreases. This shows that inventory buffers and
time buffers substitute for each other as p changes. Besides, we observe the changes in QO and 7, are
mild when the firm’s decisions remain in one region and much wilder when the firm’s decisions switch
regions. For example, when (w, w;) = (2.5,3.0), the project firm’s optimal decisions remain in region A as
p changes from O to 0.8. The firm’s O, decision increases slightly from 132.01 to 133.79, and T, decision
decreases slightly from 106.32 to 105.09. For another example, when (w,w;) = (3.5,4.5), the project firm’s
optimal decisions switch from region A to region B as p changes from O to 0.8. The firm’s Q}, decision
increases significantly from 84.71 to 130.46, and 7, decision decreases from 111.67 to 105.13. Finally,
when (w,w;) = (4.0,4.5), the project firm’s optimal decisions remain in region B as p changes from 0 to
0.8. The firm’s O}, decision barely changes, but the 7" decision changes from 111.67 to 106.41.

In the final example above, we observe that although the material order decision O, barely changes, the
project due date decision 7,; changes (decreases) much more significantly. This is very surprising as one

would think a high positive correlation (p) would increase both decisions. We provide a brief explanation

on why 7" may actually decrease as p increases below.
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Table 2 Summary of the project firm’s optimal decision and expected profit for p € {—0.8,0,0.8}.

OPT Region oy, T Expected Profit

w w | =08 0 08 | —0.8 0 08 | —038 0 08 | —0.8 0 0.8
A A ]135.18 140.18 141.85| 10590 105.54 105.07 | 581.03 575.24 573.62
A 132.11 136.72 138.44 | 106.35 105.79 105.07 | 514.25 506.06 503.60

129.79 134.13 135.87 | 106.80 106.05 105.08 | 448.80 438.36 435.04
127.89 132.01 133.79 | 107.26 106.32 105.09 | 384.39 371.79 367.65
126.27 130.21 132.01 | 107.72 106.59 105.11 | 320.86 306.23 301.21

135.18 140.18 141.85| 10590 105.54 105.07 | 581.03 575.24 573.62
132.11 136.72 138.44 | 106.35 105.79 105.07 | 514.25 506.06 503.60
129.79 134.13 135.87 | 106.80 106.05 105.08 | 448.80 438.36 435.04
127.89 132.01 133.79 | 107.26 106.32 105.09 | 384.39 371.79 367.65
126.27 130.21 132.01 | 107.72 106.59 105.11 | 320.86 306.23 301.21

0.00 128.61 130.46 | 116.36 106.88 105.13 | 278.95 241.57 235.59

135.18 140.18 141.85| 10590 105.54 105.07 | 581.03 575.24 573.62
132.11 136.72 138.44 | 106.35 105.79 105.07 | 514.25 506.06 503.60
129.79 134.13 135.87 | 106.80 106.05 105.08 | 448.80 438.36 435.04
127.89 132.01 133.79 | 107.26 106.32 105.09 | 384.39 371.79 367.65
86.51 130.21 132.01 | 114.48 106.59 105.11 | 324.24 306.23 301.21
77.00 128.61 130.46 | 114.48 106.88 105.13 | 283.20 241.57 235.59

0.00 0.00 0.00 | 114.48 112.84 106.91 | 249.65 204.98 173.39

135.18 140.18 141.85| 10590 105.54 105.07 | 581.03 575.24 573.62
132.11 136.72 138.44 | 106.35 105.79 105.07 | 514.25 506.06 503.60
129.79 134.13 135.87 | 106.80 106.05 105.08 | 448.80 438.36 435.04
127.89 132.01 133.79 | 107.26 106.32 105.09 | 384.39 371.79 367.65
91.38 130.21 132.01 | 113.12 106.59 105.11 | 331.78 306.23 301.21

84.70 84.71 130.46 | 113.12 111.67 105.13 | 287.70 246.36 235.59

75.60 75.59 75.60 | 113.12 111.67 106.41 | 247.45 206.11 178.55

0.00 0.00 0.00 | 113.12 111.67 106.41 | 214.48 173.16 145.58

135.18 140.18 141.85| 10590 105.54 105.07 | 581.03 575.24 573.62
132.11 136.72 138.44 | 106.35 105.79 105.07 | 514.25 506.06 503.60
129.79 134.13 135.87 | 106.80 106.05 105.08 | 448.80 438.36 435.04
100.00 132.01 133.79 | 112.08 106.32 105.09 | 385.64 371.79 367.65
9493 130.21 132.01 | 112.08 106.59 105.11 | 336.91 306.23 301.21
89.51 89.51 130.46 | 112.08 110.80 105.13 | 290.78 252.28 235.59
83.17 83.17 83.17 | 112.08 110.80 106.08 | 247.55 209.05 184.60
74.38 7437 7438 | 112.08 110.80 106.08 | 207.99 169.50 145.04
0.00 0.00 0.00 | 112.08 110.80 106.08 | 175.52 137.04 112.57

Dbt M T bt e TN e O TN O O TN B M TN
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DAl [ b b b b bl b bbbt abal Rl
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Other parameters: ¢ = 1, w, =35, by =4, by = 10, a, = 5. (X1, X, ) follows a Gaussian distribution with u = (100, 100), 6 = (20,20),
and p € {—0.8,0,0.8}.

Note: QF, = 0 indicates the project firm strictly pulls materials from the supplier (for some wholesale contract where w = wy).

First, we note that in the final example above, Q7 lies in region B. As a result, T = r%. For Gaussian
distributions, it is fully anticipated that Q¥ (and also Q%) does not change with p °. For T (or %), it is not
obvious to infer how it changes with p. In Figure 5, we provide a graphical solution for ¢#, which has to
satisfy Eqn (7). Using the graphical solution we will explain why 7% may decrease when p is increased. By
Eqn (7), the solution of ## is a point on the vertical axis such that the probability of (x;,x,) falling in the gray
area equals Z—; in Figure 5. Now suppose p increases from 0O to 0.8. What this means is that the increased
correlation between X, and X, is going to “push” more probability density mass toward the diagonal line

that represents perfect correlation. This implies that it is quite likely that the probability of the white area

is going to increase, and hence the probability of the gray area is going to decrease. Since our choice of %

®In region B, we have Q% = ¢®, Q7 = g,. Both of them can be solved from the marginal distribution of a bivariate Gaussian. The
marginal distribution of a bivariate Gaussian does not depend on p.
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Figure S Explanation for decreasing 7, as the uncertainty correlation (p) increases.
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is such that the probability of the gray area equals Z—;, we must expand the gray area. Note that g, does not
change with p, and ¢, dictates the intersection of the boundary lines dividing the gray and white areas. The
only way to expand the gray area then is to move the boundary lines down, which is illustrated by the red
dashed line in Figure 5. This implies #® should be decreased and explains why we may observe a decreased
project due date when the project uncertainty correlation p changes from 0 to 0.8.

Intuitively, the project supply chain uses two buffers (time and inventory) to mitigate project completion
time and material consumption uncertainties. The inventory buffer assumes a dual role in mitigating these
uncertainties. As the correlation p between the project activity time and material consumption uncertainties
increases, the inventory buffer may cover more risk from project activity time variation. Therefore, the same
amount of inventory buffer can carry a bigger probability in meeting the project due date, which can lead
the project firm to choose a decreased project due date 7. Similarly, When p is negative and decreases,
the inventory buffer carries a smaller probability in meeting project due date, and the project firm has to
increase the amount of time buffers in order to meet its project due date with a target probability.

On the profit front, we observe that the project firm’s optimal profit decreases as p increases. In other
words, the project firm is going to benefit from more negatively correlated (or less positively correlated)
uncertainties between project time and material demand. This observation is consistent with the risk-pooling

results (e.g., market, location) that have been derived in the supply chain management literature.

5.2 The Impact of the Responsiveness of the Backup Supplier (a,).

We next investigate how the responsiveness of the backup supplier (a,) impacts the project firm’s optimal
decision and profit. We consider three levels of a, € {1,5,10}, and fix other parameters at ¢ = 1, w, =5,
by =4, b, =10, u = (100, 100), 6 = (20,20), p =0, and V = 1200. Our numerical results show that as
a, increases: (1) the project firm should push the supply chain more often over a wider range of contracts;

and (2) the project firm should always try to drive the supply chain inventories up (e.g., he is pushing the
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supply chain and carries all inventory in the channel), but may increase or decrease its project due date. A
summary of the numerical results is provided in Table 3.

When a, increases, the project firm faces a longer project delay (and penalty) when he has to resort to
the backup supplier for materials. This puts the project firm at a disadvantageous position, and to deal with
such consequences, the project firm should either carry more inventory or set a longer project due date that
absorbs some of the financial impact of a prolonged delay. Our results show that the project firm should
always carry more inventory if he can, that is, when the firm is pushing the supply chain. The firm may
increase or decrease his project due date, depending on whether he is able to drive channel inventories
up. For example, when the supply chain operates in a push mode, the project firm can drive the channel
inventories up so that it reduces his chance of resorting to the backup supplier. As a result, he may reduce his
project due date. When the supply chain operates in a push-pull mode, the channel inventory is determined
by g, and the project firm’s own ordering decision will not impact it, and as a result, the firm cannot reduce
his chance of resorting to the backup supplier and hence must increase his project due date as a way to
mitigate the financial impact. In the latter case, the project firm may also consider taking control of the
supply chain by switching it to a push mode. We do observe that the project supply chain is switched from
the push-pull mode to the push mode at many contracts, as a, is increased. As a final remark, the project

firm’s profit is always decreased as a, is increased.

5.3 The Impact of Project Overhead Cost (»,) and Project Delay Penalty (b,).

We next investigate how the project overhead cost (b;) and project delay penalty (b,) impact the project
firm’s optimal decision and the corresponding profit.

For project overhead cost (b;), we consider three levels of b, € {1,4,8} and fix other parameters at ¢ = 1,
wy =35, b, =10, a, =5, u= (100, 100), 6 = (20,20), p = 0, and V = 1200. Our numerical results show
that as the project overhead cost b, increases, (1) the project firm should push the supply chain more often
over a wider range of contracts, and (2) the project firm should always reduce its project due date (7,7) and
increase the advance material order quantity (Q;). The latter observation was shown analytically for region
A and B separately in Proposition 3 and 5. Intuitively, a higher project overhead cost incentivizes the project
firm to reduce its time buffers and in return increase its material buffers. The optimal expected profit of the
project firm decreases as b, increases. We relegate the detailed numerical results for b; to Appendix EC.4.

For project delay penalty (b,), we consider three levels of b, € {5,10,20} and fix other parameters at
c=1,w,=5,b=4,a,=5, u=(100,100), 6 = (20,20), p = 0, and V = 1200. Our numerical results
show that as b, increases, (1) the project firm should push the supply chain more often over a wider range of
contracts, and (2) the project firm should increase both his project due date and material order decisions. The
latter observation was shown analytically for region A and B separately in Proposition 3 and 5. Intuitively,

a harsh delay penalty makes time buffers and material buffers more valuable to the project firm. As a result,
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Table 3 Summary of the project firm’s optimal decision and expected profit for a, € {1, 5, 10}.
OPT Region (o T Expected Profit
5 10| 1 5 100 | 1 5 10 | 1 5 10

126.28 140.18 145.95 | 105.93 105.54 105.34 | 587.20 575.24 570.03
121.51 136.72 142.83 | 106.47 105.79 105.48 | 52531 506.06 497.87
91.39 134.13 140.51 | 109.36 106.05 105.62 | 474.57 438.36 427.06
80.65 132.01 138.64 | 109.36 106.32 105.76 | 438.67 371.79 357.28
0.00 130.21 137.05 | 109.36 106.59 105.91 | 413.24 306.23 288.38

126.28 140.18 145.95 | 105.93 105.54 105.34 | 587.20 575.24 570.03
121.51 136.72 142.83 | 106.47 105.79 105.48 | 52531 506.06 497.87
96.40 134.13 140.51 | 108.54 106.05 105.62 | 474.73 438.36 427.06
88.68 132.01 138.64 | 108.54 106.32 105.76 | 432.92 371.79 357.28
78.65 130.21 137.05 | 108.54 106.59 105.91 | 396.16 306.23 288.38
0.00 128.61 135.68 | 108.54 106.88 106.05 | 367.64 241.57 220.22

126.28 140.18 145.95 | 105.93 105.54 105.34 | 587.20 575.24 570.03
121.51 136.72 142.83 | 106.47 105.79 105.48 | 52531 506.06 497.87
100.00 134.13 140.51 | 107.97 106.05 105.62 | 474.67 438.36 427.06
93.63 132.01 138.64 | 107.97 106.32 105.76 | 429.42 371.79 357.28
86.51 130.21 137.05 | 107.97 106.59 105.91 | 387.89 306.23 288.38
76.99 128.61 135.68 | 107.97 106.88 106.05 | 350.57 241.57 220.22

0.00 0.00 134.45|107.97 112.84 106.20 | 320.58 204.98 152.70

126.28 140.18 145.95 | 10593 105.54 105.34 | 587.20 575.24 570.03
108.61 136.72 142.83 | 107.55 105.79 105.48 | 52531 506.06 497.87
102.79 134.13 140.51 | 107.55 106.05 105.62 | 474.36 438.36 427.06
97.21 132.01 138.64 | 107.55 106.32 105.76 | 426.76 371.79 357.28
91.39 130.21 137.05 | 107.55 106.59 105.91 | 382.24 306.23 288.38
84.71 84.71 135.68 | 107.55 111.67 106.05 | 340.89 246.36 220.22
75.59  75.59 13445 |107.55 111.67 106.20 | 303.30 206.11 152.70
0.00 0.00 133.35|107.55 111.67 106.36 | 272.66 173.16 85.75

126.28 140.18 145.95 | 10593 105.54 105.34 | 587.20 575.24 570.03
11049 136.72 142.83 | 107.24 105.79 105.48 | 526.22 506.06 497.87
105.07 134.13 140.51 | 107.24 106.05 105.62 | 473.88 438.36 427.06
100.00 132.01 138.64 | 107.24 106.32 105.76 | 424.52 371.79 357.28
94.93 130.21 137.05 | 107.24 106.59 105.91 | 377.86 306.23 288.38
89.51 89.51 135.68 | 107.24 110.80 106.05 | 333.84 252.28 220.22
83.17 83.17 134.45|107.24 110.80 106.20 | 292.69 209.05 152.70
74.37 7437 133.35|107.24 110.80 106.36 | 255.07 169.50 85.75
0.00 0.00 0.00 | 107.24 110.80 111.94 | 224.18 137.04 25.72
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Other parameters: ¢ = 1, w, =5, by =4, b, = 10, V = 1200. (x;,x;) follows a Gaussian distribution with u = (100, 100), ¢ =
(20,20), p = 0.

the firm should increase both type of buffers. The project firm should also consider switching to take control
of the supply chain by pushing the chain as b, increases. Not surprisingly, the optimal expected profit of the

project firm decreases as b, increases. We relegate the detailed numerical results for b, to Appendix EC.4.

6 Extension: Additive Delay Model

In this section, we consider the case of additive material delay when using the contracted supplier and the
backup supplier in meeting project material shortages. As is discussed in Section 3, the delay from using
the contracted supplier is a; - min{(Q; — Q,), (X; — @,,)* } and the delay from using the backup supplier is
a - (X, —QF)". When the two delays are additive, the effective total supply delay is a; - min{(Q* — Q,,), (X —
O, +ar- (xi — Q)" —T,]*. This additive delay model may better capture a project environment where

the material consumption uncertainty is resolved gradually in distinct phases. Assuming a, < a,, the project
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firm’s expected time cost C,(Q,,, T,,) is altered as

ét(Qma Tm) = E(Xl,xz) {ble + b2[X2 +ap- mln{(Qf - Qm)7 (Xl - Qm)Jr} +a,- (Xl - Qt)jL - Tm]+} )

and the expected material cost C,(Q,,) stays the same as defined in Eqn (1b). For the project firm’s profit

750

function and optimal solutions in this additive delay model, we apply a hat accent (“"”) to differentiate them
from the previous model. Hence the project firm’s expected profit is denoted by &,,(Q,,, T,,) =V — C,(Qn) —
C.(On, T,,). We note that the supplier’s problem remains the same as before, and therefore we keep using
the same notation of m,(Q,,) and Q? to denote the supplier’s expected profit and production decision in this
additive model.

To find the project firm’s optimal decisions in this model, we let region A and B be the same as is
defined in Section 4. When the project firm’s decision is constrained in region A, the contracted supplier
will set its production quantity to be equal to the project firm’s advance order, that is, O = Q,,. As a result,
we have C,(Q,,, T,,) = G(Q,, T,,) and &2 (Q,, T;,) = T2 (O, T,,). Therefore (Q4,T4) = (Q*,T4). In other
words, when the project firm pushes the supply chain (taking a decision from region A), the delay from
the contracted supplier is immaterial (no safety stock is held by the supplier). Therefore the additive delay

model and the maximum delay model are identical. Below we give an update of the optimal decision of the

project firm for region B (Proposition 8) and region A UB (Theorem 3).

PROPOSITION 8. #2(Q,,, T,,) is concave in (Q,,,T,). Let wy, = ¢ + a1b,H,(gy,%,). If w < wy, the optimal
decision of the project firm in region B is (0%, T?) = (§,,1,); otherwise, (O, T?) = (§®,®) where (§®,7%)

mtm m> tm

is the unique solution of (q,t) to the following system of equations:
{WlHl (C]) + alb2H4(q,t) + Cllszs(q,t) —w=0

byH3(q,t) 4+ bHy(q,t) + boHs(q,t) — by =0

(10)

Moreover, (§%,7%) > (¢°,1").

Proposition 8 indicates that the two decisions of the project firm, Q,, and 7,,, can no longer be decoupled
in region B, and they have to be jointly solved from Eqn (10). The proposition also indicates that under the
additive delay model, the project firm would bear more inventory risk in the chain (§® > ¢®) and set a longer
project due date (% > %) when the supply chain is restricted to operate under the risk-sharing mode. Next

we provide the unified optimal solution of the project firm for region A UB in Theorem 3.

THEOREM 3. The optimal solution (Q *) of the project firm can be characterized as follows: for any

m? "m

wy, there exists some unique w € (wy,,w,) satisfying w > w such that

A

o T) = (", 1%);
1) = (" t*) or (0, T,) = (@, %);
1) = (3",1).

(1) for contracts in {(w,w,) :w < W}, (O
(2) for contracts in {(w,w) :w=w}, (07,
(O

(3) for contracts in {(w,w;) : w > W},
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7 Conclusion

Project firms, whether producing complex ETO products, such as Nooter/Eriksen (N/E), or producing MTO
products, such as Emerson (flow control division) and Belden (industrial automation), heavily depend on
outsourced critical materials for on-time completion of their projects. Projects are not only subject to activity
time variations, but also to other forms of disruptions, such as engineering design changes, quality problems,
and low-yield occurrences. These disruptions often impact the material consumption level and may induce
additional activity time for a project. If additional materials are caused by these disruptions and they are not
planned for, material shortages will occur that can further extend the project duration. As a result, successful
project execution needs to encompass an integrated risk management framework that mitigates both activity
time and material consumption uncertainties that are prominent in various project settings.

Risk management of project supply chains has been understudied in the supply chain and project man-
agement literature. In our paper, we employ a highly stylized model to examine the management of project
supply chains facing project activity time and material consumption uncertainties. We allow an arbitrary
level of correlation between these uncertainties, which is able to capture all types of disruptions and risks
in a project supply chain environment. We provide valuable insights on how a portfolio of risk manage-
ment strategies, such as time buffers, firm inventory, supplier safety stock, and expedited capacity, can be
deployed collectively to effectively mitigate project uncertainties and risks in disruptive environments.

Our model analyzes a two-stage project supply chain consisting of a project firm delivering a custom
project that requires a key material supplied by a main supplier under a flexible wholesale price contract. In
anticipation of the project activity time and material consumption uncertainties, the project firm decides its
project due date and advance material order for the project. Once receiving the advance order, the supplier
decides on its production and any safety stock that allows for risk-sharing with the project firm and protects
the firm from severe material shortages and project delays.

We start our analysis with the supplier’s optimal production decision given an arbitrary advance order
quantity from the project firm. We find that the supplier’s optimal production is governed by a newsvendor
solution with a production constraint. Incorporating the supplier’s optimal production decision, we then
derive the optimal decisions of the project firm. To do this, we take advantage of the fact that the opti-
mization problem naturally decomposes into two optimization problems in two regions defined as A and B,
with region A representing a push supply chain and region B a push-pull chain. Each region represents a
unique risk management strategy in dealing with challenging project environments. The strategies in the two
regions are differentiated mainly by the use (or not use) of risk-sharing with the supplier (e.g., the supplier
produces in excess of the advance order and carries safety stock for the project firm), and the requirement
(or no requirement) of interdependent optimization of the project due date and the material order decisions.
By comparing the two local optimal decisions in the A and B regions, we then derive the unified optimal

solution for the project firm across regions.
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We further take the liberty to interpret our model results as managerial insights for two major project
supply chain environments. For MTO projects, which are often characterized by low product/process com-
plexity using standardized, mature technology and cheap-to-source materials, our results suggest that the
project firm relies on its own levers to manage project risks arising from project activity time and material
consumption uncertainties. The project firm uses his own inventory obtained via an advance order from the
contract supplier and adjusts his project due date based on project costs and the remaining material shortage
risks beyond what his inventory buffer can cover. For ETO projects, which are characterized by complex
engineer-to-order products using niche technology and expensive and exotic materials, our results suggest
that the project firm should fully leverage his relationship with the contract supplier and exploit the flexibil-
ity in the supply contract to induce appropriate risk-sharing within the supply chain. The project firm should
set the project due date by taking into account project overhead cost, project delay cost, and the safety stock
of the expensive material carried by himself and the contract supplier.

In addition to the above analysis and results, we also discuss how our project supply chain model encom-
passes the newsvendor supply chain as a special case. Our comparison of the models suggests that project
supply chains place a greater emphasis on material availability, which results in the chain (and also the
project firm) carrying more inventories when compared with the newsvendor chain.

Our extensive numerical study offers interesting and counter-intuitive managerial insights for project
supply chains. First, we find that the correlation between the project activity time and material consumption
uncertainties has a great impact on the project firm’s decision and profit. A higher correlation between the
two project uncertainties makes the risk-sharing strategy less appealing to the project firm. While a higher
correlation always leads to a higher advance order quantity and less overall profit for the project firm, we
find that the increased correlation may increase or decrease project due date, which is quite counter-intuitive
as one would expect the due date decision to be positively correlated with the material order decision. In
addition, we find that responsiveness of the backup supplier has interesting implications for the management
of project supply chains, too. As the backup supplier becomes less responsive in supplying project material
to the project firm, the project firm should always hold more inventory of his own, but he may increase or
decrease the project due date. The increased material inventory carried by the project firm can help himself
reduce the chance of encountering a material shortage and hence resorting to the backup supplier, to such
an extent that the firm may be able to shorten the project due date.

Finally, we provide an extension of the project supply chain model by considering additive total supply
delay when both the contract and backup suppliers are effectively used to cover material shortages in a
project. We find that in this model, the project firm is willing to bear even more material risk within the
supply chain, and there is more dependency between the advance material order and the project due date

decisions of the project firm, especially when a push-pull strategy is preferred by the firm.
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E-Companion
The following is an E-Companion for the article titled “Managing material shortages in project supply

chains: inventories, time buffers and supplier flexibility”.

EC.1 The Heaviside function and its properties.

1 ifx>0
u(x) =
0 ifx<0

The Heaviside function:

The derivative of u(x) is the Dirac delta function 8(x), which satisfies the following two properties:

(1) d(x) is almost O everywhere except at x = 0;
+ o0 ifx=0
d(x) =
0 ifx#£0
(2) for any € >0, Lf)"f: 8(x — x0)g(x)dx = g(x). In particular, if g(x) = 1, we have [~ 8(x —xo)dx = 1.
EC.2 Anillustration of the H; functions.

We provide an illustration of the H;(-) functions in Figure EC.1. The value of a H;(-) function equals the

probability that (x;, X, ) falls into the shaded area in the corresponding figure for the H;(-) function.

EC.3 Proofs of results.

Proof of Proposition 1. We restrict Q; to Q; > Q,, throughout this proof. When Q; > Q,,, we have

min(Qs — O, (X1 — Qn)") = (x1 — Q)™ — (x; — Qy)". Hence, the contracted supplier’s profit function
7, (Q,) can be simplied as
Tcs(Qs) = ]Exl {WQm + wi (Xl - Qm)+ — Wi (Xl - Qs)+ - CQS}
- Exl {WQm +w (Xl - Qm)Jr - Wlu(xl - Qs)(xl - QA) - CQs}

T2 B {-widx— (1) — Q) — waalx — Q) 1) <)
= Ey, {wiu(x, — Qy) — ¢}
=w //u(xl — Q) f(x1,x)dx1dx; — ¢

T2 — i [[18~ Q) (-1l e

= —w /f(waz)dxz

<0
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Figure EC.1 An illustration of the H; functions

(a) Hl (q) (b) HZ(qat) (C) H? (qvt)

(d) Hu(g,1) (e) Hs(q,1)

Hence 7t,(Q;) is concave. The unconstrained optimal solution that maximizes 7t,(Q;) is denoted by g, which

can be solved by the first order condition 4%9) — (). As a result, the constrained optimal solution where

a0
Q; 2 O is Of = max{Qp, §; }-

|
Proof of Proposition 2. We write out T (O, ) explicitly as follows
T (Oms T) = By {V = WQi — wa (X1 — Q) = 1Ty — ba[Xo + @ (% — Q)" = T,] "}
=Ey 5, {V = w0 —wau(xy — 0,)[x1 — On] — 1T,
—byu(X; — Q)X+ a2 () — Q) — T,] " — ba[1 —u(x; — Q,)][x2 — T,,] " }
=Ex x, 1V = WO —wau(X; — Q) [X1 — Qu] — b1 T,
—byu(x; — Qp)u(Xy + a2 (x; — Q) — T) [X2 + a2 (X1 — Q) — T,
—ba [l —u(x) — Qu)u(x2 — 7)) [x2 — T,,] } (EC.1)

A

Concavity of 4 (Q,,, T,,). We show the concavity of Tt (Q,,, T,,) by showing its Hessian matrix is negative

semi-definite. We first derive the first order derivative of 7t (Q,,, T;,) below.

an?n(Qm) Tm)

90 = ]Exl,xz {—W - W28(X1 - Qm)(_l)xl - Qm] - WZM(XI - Qm)[_l]
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—b:8(x1 — Q) (= Du(X2 + ax(x1 — Q) — T) X2 + a2 (X1 — Q) — T,
—bau(xi — 0)3(x2 + ax (X1 — Q) — T)(—a2) [X2 + a2 (X1 — Q) — T,
—bou(xi — On)u(xe + ax(X1 — On) — T))[—a2]
—bao[=8(x1 = Q) (= 1D)]u(x2 — T,,) [x2 — T,,] }
Ey, x, {=W +wau(x1 — Q) + @rbyu(xy — Q) u(X2 + a2(x1 — Q) — Ton) }
= —wetws [ ule = @n) o x)dxid,

+axb, //u(xl — Qw)u(x2 + ax(x1 — Q) — T,) f (21, %2)dxydx,

where the first equality holds by interchanging derivative and expectation, the second equality holds due to

(1) Ey, {8(x; — Qn)[x; — Q,]} =0. This is because

Ey, {8(x1 — O)[x1 — Ou]} = / 80t — Ow) (X1 — Q) f (11, 22)drdlxs
— / O — 0u) (O x2)dxs
=0

(2) Similarly, Ey, y, {@sbyu(x; — Q) 8(%s + a2 (X1 — Op) — Tp)[Xa2 + an(x) — Q) — T, } = 0.
(3) In addition, we have
Ey, x, {020(x1 — Q) u(X2 + a2 (X — Q) — T) [X2 + a2 (X1 — Q) — T,
—b2d(x1 — Oy )u(x2 — T,,) [x2 — T,,] }
= // by0(x) — Qp)u(xs + ax(x1 — Qn) — T,) X2 + aa (%1 — Q) — T f (x1,X2)dx1dx,
— / byd(xy — Q)u(xy — T [x2 — T] f (x1, %2 )dx 1 dxs
— [ bauts a0~ Tl + @z 0= Ty (@) — [ bautxs = Tyl = Tl (O )
=0
and the last equality holds by writing the expectation as integration. By applying the same technique, for

the first order derivative with respect to 7,,, we have

01, (Qns Thn)

T = Ey, x, {—01 — bou(x) — 0,)0(%2 + ar(x) — Q) — T) (— 1) [X2 + a2 (% — Q) — T,

—bou(x; — Qp)u(xz +ax(x1 — Q) — T,) [~ 1]
—ba[1 —u(x; — 0)]8(x2 — T,) (—1) [x2 — T,]
—ba[1 — u(x; — Qu)]u(x2 — T,,)[-1]}
Ex, x, {=01 + bou(xi — Qn)u(x2 + a2 (xi — Q) — T,1) + bo[1 —u(x) — Q,)u(x, — T,) }
— —bit b [ [ uln = Quuls + an — Q) = T f v

+b2/ [1—u(x; — Qn)|u(xy — T,) f (x1,x2)dx1dxy
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Next we show that T (Q,,, 7,,) is concave by showing its Hessian matrix H, is negative semi-definite. The

Hessian matrix of ©(Q,,, T,,) is defined as

P, (O )  0°70, (O Th)

H 002, 90,07,
AT (O T)  PTA(Qus T)
07,00, oT?

The elements of H, are derived below:

10, (O, T)

202 = Ex x {w2d(xy — Q) (—1) + axb28(x; — Q) (—u(X2 + a2 (X) — Q) — T,y)

+azb2M(X1 - Qm)S(XZ +a2(X1 Qm) —Am )( 612)}
= _WZ/f(Qm)XZ)dXZ —azbz/u(xz m)f(Qm,xz)dxz

—ab, [ u = Q) f (31, Ty — a1 — Q)

W = By, x, {bou(x1 — 00)8(x2 + @2 (%1 — Q) — T,)(—1) + ba[1 —u(x) — Q) |8(x2 — T,,) (— 1)}
= —bz/ (x1 Qm)f<x1> ar(xy — Q) )dx; — bz/[l —u(x Qm)}f(bem)dxl

P10 (s )

anaTm }EXI"XZ {_azbzu(xl - Qm)S(XZ + (lz(X] - Qm) - Tm)}

= // —aybyu(x; — Q,)8(x2 + az(x1 — Q) — T,) f (X1, %2)dx1dx,
= —azbz/ (X1 = Q) f (1, Ty — a2 (x1 — Q) )dx,

82 A maT;n
TG o) — sty [ uto— Qw1 T~ — Q)

To show H, is negative semi-definite, it is sufficient to show z'H,z < 0 for any z = (z;,2,) € R?. This is

completed below.

azn?n (an T;n)
anaTm

azn?n(Qin77:n) az A(Qma m)
oT?

aQ}%’[ m
= - W2/f(Qm7x2)dx2 +(12b2/u()€2 - Tm)f(QmaXZ)dx2:| Z%

z’Hz = ( )Z% +2( )z1z2 + ( )zi

o [0t~ 01700 Tm>dx1} 2

_ -bz/ u(x; — Q) f(x1, Ty — a(x; — Qm))dxl] (21 +22)°

<0

Convex Optimization. Now that we have shown 72 (Q,,, T,,) is convave, since the constraint (Q,,, T,) € A

is a convex set, we can solve the constrained maximization problem by applying the lagrangian approach.
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Specifically, let L(Q,,, T, Ao, Ar) = T (00, T) + Ao(Qm — Gs) + ArT,,, where Ay, A; are the lagrangian

multipliers. The optimal solution (Q%, T#) can be found by solving the following equations:

Y Tm

A
aTE,,,E)QQm,m +A =0 (EC.2a)

A
(O, Tn) (aQT'” ) +Ar =0 (EC.2b)
Ao(Qn—qs) =0 (EC.2¢)
AT, =0 (EC.24)
7\'Q77\'T7 (Qm - ) T > 0 (ECZe)

Let (0, T, ), A7) be a solution satisfying eqn (EC.2a) - (EC.2e). The solution must satisfy the follow-
ing conditions:
(a) A7 = 0. We prove this by contradiction. Suppose A7 > 0, since A374 = 0, we must have 7* = 0.

Therefore,

anﬁz(Qm7 Tm) A
o, M

= —bl +b2 // m X2+Ll2( Q;:l) ) (Xl,XZ)d)C]dXQ
—|—b2/ 1 —u(x;, — ONu(xs — T f(x1,x2)dx 1 dx, + Ay
= —bi+b,+ N}

>0

which contradicts with Eqn (EC.2b).
(b) Né > 0 if and only if w > % +ayhy [[u(x) — Gs)u(xz +ax(x; — Gs) — ;) f(x1,x2)dx;dx,, where 7 is the

unique solution of ¢ to the following equation:

—by+b, // u(xy + ar(xy — gs) —t) f(x1,%2)dxdx;

+b2/ 1 —l/l (Xz—f)f(XhXQ)dxldXQ =0
First we show A, >0 = w > % +axby [[u(x) — Gy)u(xy +ax(xy — Gs) — 1) f (x1,x2)dx1dx,. From Eqn
(EC.2c), we get O = g,. Then from Eqn (EC.2a), we get the w inequality.
Second we show Né >0<=w> % + ayby [[u(x; — Gs)u(xs + ay(xy — Gs) — 1) f(x1, %2 )dx dx,. We

prove by contradiction. Suppose A7, > 0 does not hold, e.g., A, = 0. If this is the case, then (05, 7,7)
satisfy Eqn (EC.3). Therefore,

W= w, // S x1,x0)dxdxy +
arb, // u(x; — ONu(xy +ax(x; — Q) — T) f(x1,x2)dx, dx,
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< w, //u(xl — ) f(x1,x2)dx1dx; +
a>b, // u(xy +ax(x — G) — 1) f(x1, X2 )dxidx,

== % +(12b2 // )CQ +Clz( qé) )f(xl,xg)dxldxz

where the inequality holds by exploiting the relationship between (@ T4) and (§,, ;) (It can be shown

by a graphical approach and is omitted). This contradicts with the w condition.
Combining the above (a) - (b) results, we have that: if w > m + axby [[u(x; — Gy)u(xa + ax(x — Gs) —

7,) f (x1,%2)dx,dx,, we have Q4 = g, and T* =1i;; otherwise, (an, T#) can be obtained by solving a system

m

of equations: a"é"(a%’:’n‘T’”) =0, aﬁé”%QTZ’T’" = 0, which is the unique (g,) to the following system of equations:
(
W //u X1 — q) f(x1,x)dx;dx,
+ axb, // u(xy — qJu(xs + ax(xy — q) — 1) f(x1,%2)dxidx, —w =0
(EC.3)
b2 // ux, — X2+612(X| q) —[)f(xl,XQ)d.X]d)Q
+b2/ [1—u(x; — q)u(xy — 1) f(x1,x2)dxidx; — by =0
By the definition of H,, H, and Hj, it completes the proof of the proposition.
|

Proof of Proposition 3. We first note that 0% = max{q*, g}, T* = min{t*,7,}. Before we prove the

proposition, we first prove the following claim that we will make use of.

CLAIM EC.1. For the (¢*,t*) satisfying Eqn. (6), we have
(1) M <0, Ald) 0,.

oA

(3) AL > 0, Phins) <,

oA

(2) 3H2(;1’/: <0, aHz (A < 0;

Proof of Claim EC.1.  'We prove case (3) only. The other cases can be proved by the same approach.

OH, q" ) / / (1 — @) (= D)]u(xs — ) f (x1, x0)dx,dxs

:/u X =t f(qx)dx, >0

aH3(qA7tA) _/ [1—u(x1

i = "3 — ) (1) f (1, 30)dx d

__ /[1 — (o — M) f(x1, ) dx <0

Next we prove the proposition by considering the following cases:
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(1) 3

d"A <0, d’A >0, ‘l‘“ =0, d" = 0. As a result, dQﬁ' < 0 '" > 0. To show this, we take the derivative

with respect to w in Eqn (6) and get
0 dq 0 dr?

W["%Hl (¢") + axboHy (¢ 1) atA [w2H, (q") + axby Hy (g, 1)) - I 1=0
3 d qA 3 g (EC4)
aAszquz )+ byHs (g, tY)] atA [byHy (g, t*) + byH3 (g, )] o =0
For ease of presentation, we suppress the qA, t* in H;. From the second equation in (EC.4), we have
it GEtIE dg
% T oH, | oHy 10y (EC.5)
ah T A
Plug it in the first equation of (EC.4), we have
oH, aH3
aHl aH aHZ Era dgh qu
b Cab, 2yt ot | D
[ aA—i-azzaA (azzatA)%%z‘F%% dw
which is equivalent to
OH oH, U H, 55 | d
Wli/;l+a2b2 jaH atAaH — (a2 Az)BH anBH i_l_o
aq a az*‘z + ?AS at azAz + &)tA3 dw

th

By Claim EC.1, we have the term [-] < 0. Therefore d"A < 0. To prove ¢~ > 0, we also show

aH2 3H3 / / (61— ) (= DJu(xs + as(rr — @) = ) £ (k1,30 ) o
+//u (51— ) [8(xs + a(x1 — ¢) — ) (—a)] £ (1, 2 )i dxs
+ [ 12800 = ) (= Dlutrs = ) (1, 0)
=~ [ute~ )£ )
~a [ ule — ) flxt = i - )

+/M(X2—IA)f(447xz)dxz

<0

Therefore by (EC.5), we have > 0. Finally 2- s — ‘”y =0 are trivial and thus omitted.

% =0, % =0, 5’“1 >0, d” < 0. As a result, Qf‘" >0, dT’" < 0. The former two cases are trivial as

w, does not appear in Eqn (6). To show the latter two, we ﬁrst take the derivative with respect to w,
for the equation wH,(g,) = c and get
dH, (qs) d‘is -0

dqs dWl

H](qs) +W1

where dH' W = — [ f(Gs,x2)dx2s = — f1(Gy). Hence

dQS — Hl(Ns)
dw, W1f1(57s)

>0 (EC.6)
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To show % < 0, we take derivative with respect to w, for Eqn (5) and get

dg, o di;

+ by Hy (G, T) + baHs (G0, 7)) — b] - 25 — 0
dw, a [b2H,(Gs, Ty) + baH3(Gy, 1) — by dw,

;, [b2H>(§s, T;) + baH(Gs, ) — byl -

It is easy to verify that [szz(q}, fy) + byHs(gs, 7)) — by] < 0 and %[szz(qs, f,) + byHs(Gs, 1) — by] <
0. As a result, d’? <0.

d"A >0, Z; < O, ZZY 0, 5; < 0. As a result, ‘Z%A >0, ‘g'" < 0. To show this, we take the derivative

w1th respect to b; in Eqn (6) and get

d d d drt
[waH, + aybyH, ] - QA + = [W2H1 + a,b,H,) - =0
aq db,  ot? db,
d qA 3 g (EC.7)
a y [szQ + b2H3] db a [b2H2 + b2H3] dibl - 1 - 0
From the first equation, we get
d b Oty th
7 _ Wdrga A" (EC.8)

dbi W% +ab, 23 db,

Plug it in to the second equation, we have

b (aHz 3H3 ) a2b2 %I;Iq 4 20 aH2 8H3 de 1=0
’ Ig*  0q" " wySh +arby 5% ot It “db,
which is equivalent to
b oH, sz% OH, b % oH; | dr' 1—0
s Wy 31{;1 + azbz M At w, gﬁ; + azbz oy~ ort | db,

By Claim EC.1, we have the term [-] < 0. Therefore d"A < 0. By (EC.10), 4

’db

ZZY 0 is trivial as g, does not depend on b;. To show d’° < 0, we take derivative with respect to w,
for Eqn (5) and get
0 . dg 0 . drt,
8~ ~— [b2Hy(Gy, ;) + boH3 (s, ;) — by - le + == o [b,H, (s, 1;) + baH3(qy, 1) — by] - b, =0

which is equivalent to

—1=0

oH, oH;| di,
by——+b,—| -
[Zatx + 2E)ts} db,
By Claim EC.1, we have the term [-] < 0. Therefore dff <0.

dg* drt dgs _ oy di oy, Ty
by >0, dby >0, a = 0, by > (. As a result, db. > O, b > (. To show this, we take the derivative

with respect to b, in Eqn (6) and get

d d d dr’
[WzHl + azszz] CIA [WQH] -+ azszz] — + Clez =0
0 dq’ a dr? )
3 [b,H> + byH5) - dZ + == 54 ~ [b2H, + by Hs) - b, +H,+H;=0
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From the first equation, we get

d H ab, 22 dr?
dq" _ _ L - Wk A (EC.10)
de Wzﬁ +a2b2 an W2 an +a2bza Y de

Plug it in to the second equation, we have

p,. [OHe OHS] | b |, O )
10 T T wd v ab, % T p a2 dby| [0t o] dby
+H, +H; =0
which is equivalent to
WZ?;ZAI 8H3 a2b2H2
H, - H,  Jgh oH, oH, + H;
WZW_*—azbzan q Wzﬁ +a2b2W
b 8H3 a2b2 BtA aHz WZ?)ZJ aHg drt .
, | — . cTteA T2 To L2
A w,? ’ q,, Lt ayb, 2% % At 9 o +a2b23H2 oh | db,

By Claim EC.1, we have the first term [] > 0, the second term [-] < 0. Therefore 4~ > 0. Similarly we

can show ﬁ > 0. Moreover, ZZS =0, jf > 0. We omit these proofs.

[ |
Proof of Proposition 4. Let g(T,,,x1,X%) = Xy + ax(x; — gy) — T,,. For simplicity, we write g instead of

g(T,,,x1,x,) in the following proof. We can write the project firm’s expected profit 2 (Q,,, 7,,) as

(O Tn) = By {V = WO = w1 (X1 = Q)" — (w2 —w1) (X1 — )™
—biT, — b+ a(x —g,)" —T,]"}
= Eximo {V = WO — wiu(x1 — Q) [x1 = Q] — (w2 — wi)u(x1 — G,) [x1 — G,
—b T, — by (1 —u(x; — G))u(x2 — T,,) [x2 — T,,] — bou(x; — G, )u(g)[g] YEC.11)

Concavity of n°(Q,,, T,,). We show the concavity of 2 (Q,,, T,,) by showing its Hessian matrix is negative
semi-definite. We first derive the first order derivative of 72 (Q,,, T,,) below.

o (O, Tn)

an = IEx1 X2 { w—=w (Xl Qm)( ) [Xl - Qm] - Wlu(xl - Q’")(_l)}
= —w+4w //u(xl — Q) f(x1,x)dx;dx,

T (> Thn)
o7,

—bou(x, — G,)8(g)(—1)[g] — bou(xi — G, )u(g)[—1]}
= —b —|—b2/ (1 —u(x; — Gy))u(xy — T,) f (x1,x2)dx1dxy

b // 8(Ts x1,22)) f (X1, %2 )dx1dxy

= By {=01 = ba(1 = u(x1 = §5))8(x2 = T,) (=1) [%2 = T] = ba(1 — u(x1 = G))u(x2 = T,) [1]
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Second Order Condition. Next we show that n2(Q,,, T,,) is concave by showing its Hessian matrix,

denoted by Hj, is negative semi-definite. The Hessian Hj is defined by
aznfi (Qn17 Y;n) aZnﬁ (Qrm Tm)

H.— 90}, 90,97,
P B (Qn, o) 0P (O, Thy)
37,90, T2

where

T (O Tn) _ / / 8(x1 — Q) (— 1) (x1,22)dox,dx,

90;,
= —Wl/f me-xZ de
a%’ — b, / (1= u(x) — 3,))8(x2 — T,) (= 1) f(x1, 30 )dx,dxy

+b, // 8(0um, Ty x1,%2) ) (—1) f (1, %2)dx1 dxs
= —b [(1 = uxi = @), )
*bz/u(xl —Gs)f(x1, T — ax(x1 — §s) )dxy

PIQnT)

00,,0T

To show Hj is negative semi-definite, it is sufficient to show z"Hzz < 0 for any z = (z;,2,) € R”.
aznﬁ(gnﬁ Tm) azﬂz(gma Tm) zni(an T;n)

z'Hyz = ( 20 )21 +2( 90,07 )2122 + (T)Zz
== [Wl /f(vaxz)dxz] Z%
= b [0 o= @) T+ [ o= 20,7, sl ~ ) | 2
<0

Convex Optimization. Let

(Qm;Tmay\'Qh;\‘QZa)\'T)_Tc (Qma m)+7\‘Q1Qm+7\fQ2( Qm)—i_;\'T

The optimal solution in Region B has to satisty the following equations:

ont (O, T,
ng) +ho1—ho2 =0 (EC.12a)
o, (O, Tn) B
o, +Ar =0 (EC.12b)
Ap1Qm =10 (EC.12¢)
Mo2(Gs —QOm) =0 (EC.12d)
MT, =0 (EC.12¢)

Mo.ts o2 Ary Oy (Gs — Om), T > 0 (EC.12f)
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B
7“Q,2’

following conditions:

Let (Q%, T A2

my Tm VO,

A%) be any solution satisfying Eqn (EC.16a) - (EC.16f). The solution must satisfy the

(a) A2 = 0. We prove this by contradiciton. Suppose A2 > 0, then by Eqn (EC.16¢), it must hold that
T8 =0. Then

a7,

= *bl + b2 //(1 - u(x1 - qs))u(xz)f(xl,x2)dx1dx2
b [ [ ute = @ues +ax(v = 3) (1, 22)dxdrs + 2

— bi+b / / (1=l — ) f(x1,5)dx1dxs + bs / / u(ry — G) f (s xa )i, + A
= —b+b,+ 2}

+Ar

> 0

which contracdicts with Eqn (EC.16b).
(b) A, = 0. We prove this by contradiciton. Suppose A, > 0, then it must hold that Q% = 0 (by Eqn
(EC.16c¢)) and 7»32 =0 (by Eqn (EC.16d)) . Then

871:5, (Qm ) Zn)

90, + 7\4Q.1 — 7VQ,2
— b, //u(x1 —0) £ (1, x2)dxidxs + A5, — 0
= —w+w —I—?»g’l
>0

which contracdicts with Eqn (EC.16a).
(¢) Aj, >0 <= w < c. First we prove Ay, > 0= w < c. Since Af,, >0, we have Q% = g, and T, =17,.
Then from Eqn (EC.16a) we have

—w+w // u(x; — G) f (x1,x2)dxidx, — kgﬂz =0

Note that by Proposition 1, we have wy [[ u(x; — §y) f(x1,%,)dx,dx, = c. Hence we have w = ¢ — Af) , <
c. Second, we prove 7\,52 > 0 <= w < c. We prove by contradiction. Suppose Né‘,z > 0 does not hold,
then it must be A}, = 0. Note from Eqn (EC.16a), we have

—wtw / / u(xy — ;) f(x1, % )dxidx, — A5, =0

It gives w = w [[ u(x; — G;) f(x1,x2)dx1dx, = ¢, which contradicts with the induction assumption.

Combining the above (a) - (c) cases, we have that: for all w > ¢, (0%, T?) can be obtained by solving a

m? -m
anﬁ(Qme) — O 37‘51 (Qm:Tm
90m ’ 9T

system of equations: ) — 0, which gives T? =7, and Q¥ is the solution to w,H, (¢q) —
w=0.
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Proof of Proposition 5. The proof can be done by taking derivatives with respect to the parameters in

Eqn (7), similar to the proof provided for Proposition 3. It is omitted.

|
Proof of Theorem 1. We treat A=A (Q4, T#) — B8 (08, T?) as a function of (w,w,) and express it by
A(w,w;). Next, we analyze the sign of A by fixing w;. Since w, > wy,, by applying Proposition 2 and 4, we
have
o (g4, ") ds,1;) >0 forw <w,
Aw,wy) = < T (¢, 1) — B (4%, 1P) for w, <w <w,
T (G, 1) — 72 (¢%,1%) < 0 forw >w,

For w, < w < w,, plugging in (¢*,#*) and (¢®,7%) to n, 8, where 7%, and m% are expressed in (EC.1) and
(EC.15), we have

oaum) _ [onlgr) Il 30) | Dm0 D)0
ow ow oq* ow oA ow 04, ow
B [aﬂﬁ(qthB) L Om(q’. 1Y) 0 om,(q",1%) o o, (",1") 3%}
ow dg®  ow o8 Jdw 0g, ow
=¢F—q (EC.13)

<0

Therefore A(w,w,) decreases in w. Since A(w,w,) is also continuous in w, and note A(w,,w;) > 0 and
A(w,,w;) <0, then there must exists a w € (w;, w,) such that A(w, w;) = 0. As a result, we have A(w, w;) >

0 for w < w, and A(w,w;) < 0 for w > w. The w is the w that satisfies the following:
T (¢", 1) —mh (4", 1%) = 0
which is the equivalent to the w satisfying the following equation:
wq 4+ bit* +w, //u x1 — ¢ — ¢ f (e, x0)dxydx,
+b, // u(x; — g ulx, +ax(x; — ") — Yo + ar () — ¢*) — 141 (1, x2)dx, dx,
+b2/ 1 —u(x; — q")ulx, — ) ey — 2] (x1,x2)dx,dx,
= wg® +bit® +w, // u(x, — g*)x1 — ¢%1f (x1, %2 )dx dx;,
Hwa =) [[ule =30l =4 (v, x)dnds
b / (1= (s — G3)u(xr — %) e — 151 (o1 2 ) vy v
+b, // u(x, — G )u(xs + ax(x; — G,) — %) ey + ar (x; — G) — t%1f (x1,%,)dx,;dx,  (EC.14)

Note that (¢*,#*) and (¢?,1®) have to simultaneously satisfy Eqn. (6) and (7) that also involve w. That said,

we can jointly solve (w, ¢*,t*, g%, ) by combining the equations and the solution is unique.
|
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Proof of Theorem 2.  Let us use a superscript 3 to denote project firm 2’s profit functions and decisions
in his project supply chain. For example, let (¢*P,t4P), (¢®P ¢BP), (gP, P) be the counterparts of (g*,*),
(¢%,18), (G,» 1,), and AP ("B 1AB), nBP(gBP tBP) be the counterparts of 7 (g, 1), 7B (¢P,1?), where the

material costs of project firm 2 are all adjusted by a factor of B. Furthermore, we define

A(B) = A(Bw, Bwi|Be, Bwz) = m, P (P, 1P) — miP (g7, 15F)

A(B) is continuous in B because both 4# and n2P are continuous in f.
Define B = sup{pB : A(Bw, Pw:|Bc, Pw,) > 0}. We next prove the following lemma, which basically
implies that A(B) < 0 (or =, >) if and only if B > B (or =, <).

LEMMA EC.1. For any B° satisfying A(B°) =0, we must have —|B go < 0.

Proof of Lemma EC.1. First, we derive explicitly A(f) and d’;ﬁ as follows:

A(B) = (B, AB) — nBB (BB (BB
= [V—Ey, {Bw-q"P +Pwr- (xi —¢*P) "} = Eq x, {b1it*P +b2[x0 + a2 - (x) — ¢*P) " —1*P) 7} ]
—[V =By, {Bw-¢"P + Bwi - min{g? — ¢"P, (xi — ¢"F)"} + Bws - (xi — ¢0) "}
By, {01"P 4 by[% + - (% — @0) " —1*P] "} ]
= Ex, {Bw-¢"P +Bwi- (xi ="F)" +B(wa —w1) - (xi = &) "}
+Ey, x, {bltB’[3 +by[xy +ay- (%) — o) — tB’B]+}
—E,, {Pw- g+ Pwy - (x; — ¢*P) )"}
—Ex, x, {01*P +0a[%0 +ar - (x) — ¢™P) T — 1P T}

and

dA(B) _ OA(B) | 0A(B)9¢""  IA(B) a'?  OA(B) dg"P  IA(B) "  IA(B) Ig
dB OB ' og*b 0B | amb OB | ag*h o | ak 9B | o op

= Ey, {W'C]B’B +wp- (%) — qB’B)+ + (w2 —wi) - (x4 _67?)+}

—EXI{W qAﬁ—i-Wz (x; — q'P) }

Next, we show that for any A(B°) =0, dA(B |g—po < 0. We consider two cases.

(1) ¢ > g In this case, we have

EX],Xz {bltA,Bo +b2|:x2+a2 qAﬁ ABO }
< Eyx {bﬂB’BO +b[x,+a;- LIAB BBO }

< Ey, x, {bltB’Bo +by[X+ay - (X — ‘750)+ — %P ]+}
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where this first inequality holds by the optimality of AP (corresponding to qA*BO), and the second
inequality holds by ¢*#" > 3% . Combining the above inequality with A(B°) = 0, we get

By, {Bw- " +Bwi - (x1 =) + B (wa —w1) - (61— )"
~Ex, {Bw- " +Bw:- (i — ") | <0

- dA
which leads to % |ﬁ:Bo <0.
(2) ¢** =g In this case, we have

Eyx x, {bltA‘BO +by[xs+a; - ( qAB ABO }
= By {bltB’Bo +by[Xs +ay - (X1 — qE’ — IB’B°]+}
and therefore
Ex {BOW PP 4 By (x1 = )T B (wa — i) - (%) — 67?0)+}
—Ex, {BO CIAB +B wy - (X — qABO }

Recall that ¢’ is the minimizer in region B, and the above equality implies ¢®F" = 8" = ¢*#". We
note that qB‘ﬁo = qE“ if and only if w = ¢, and when w = ¢, we can show cjfo =+ qA*BO. This case does not
exist.

The above two cases conclude the proof for Lemma EC.1. The lemma implies that A(f) crosses 0 from
above at most once.

By the definition of B and the continuity of A(B), we proved that A(B) < 0 (or =, >) if and only if B > B
(or =, <). This completes the proof for the three cases stated in Theorem 2.

For the remainder of Theorem 2, note that if project firm 1 prefers to push-pull, it implies A(1) < 0. By
the single crossing property of A(B) and the definition of B, we have B < 1. Similarly we can show that if
project firm 1 prefers to push, we have p > 1.

|

Proof of Corollary 1. The corollary follows directly from Theorem 1 by setting b, = b, = 0, and the

proof is omitted.
|

Proof of Proposition 6. Let w”12) denote the w such that A(w,w,,b,,b,) =0

dA(w,w,by,by) [anj;(qf‘,t") oml (¢, t*) og*  omd (g, t*) ot oml(qt,1*) aqs]

db, ob, dg*  ob, orh b, oG, ob,
_{aﬂi’;(q’*ﬁ) +8ﬂﬁ(q37t3)37q3 om, (¢°,1%) or® aﬂﬁ(qB,tB)acix}
ab] an abl atB ab] aql ab]
_am (gt rt) o (qg°, 1)
T 9, b
B A

=1 —t

>0
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Hence, A(w,wy,by,by) > A(w,wy,0,b,). Let w2 5052 gatisfy  A(wb192) wy b b)) = 0 and
AW) wy by, b,y) = 0. First we have AW wy by, by) > AW w0, b,) = 0 due to the above result.
Hence A(W%*2) w, by, by) > A(Wb1#2) w, b, b,). Then since A is decreasing in w, we must have w2 <
wibib2),
Next we show w(®2) = w0 We first show A(w,w;,0,b,) = A(w,w;,0,0). As a result of this, if
w(02) satisfies A(W®%2) w,0,b,) = 0, it must also satisfy A(W**2) w,,0,0) = 0. Therefore w(**2) =
w®0. Let ¢*(by,b,),t"(by,b,) be the optimal decision in region A that is contingent on (b,b,), and
similarly for ¢®(by,b,),t%(by,b;). By Eqn (6) we have 14(0,b,) = +4oo. Similarly, #?(0,b,) = oo.
Moreover, by Eqn (6) we can have ¢*(0,b,) = ¢*(0,0), since H,(¢",+o) = 0. One can then ver-
ify that ) (¢ (0,52), (0, b2)) = T (¢* (0, 0),4(0,0)) and T8 (¢(0, b»), (0, b2)) = 74 (¢#(0,0), (0, 0)).
As a result, A(w,wi,0,b,) = 74 (¢*(0,b,),t(0,b,)) — w8 (4%(0,b,),15(0,b,)) = 7 (¢*(0,0),#*(0,0)) —
72 (¢%(0,0),£5(0,0)) = A(w, wy,0,0).

Combining the above, we have w0 = w(®2) < yb1:b2) which completes the proof (note that there is a
slight difference of notation used in the proposition: w*1*2) = and w(®?) = 1)

|

Proof of Proposition 7. We consider the following contract cases:

(1) Contracts in {(w,w;) : w < w}. By Proposition 6, we further consider two sub-cases:

e w < w?. In this case, by Corollary 1, we have Q% = ¢*4; and by Theorem 1, Q*

m

= ¢*. Therefore,

we have

waH\ (q") = w— a:byHa (g 1)
woH (¢*) = w

where the first equation is from Eqn (6), and the second is from Eqn (8). Since H,(g*,t*) > 0, we
have H,(¢*) < H,(¢**). Hence, ¢* > ¢**. That is, Q% > Q°. Note that this case is the push region,
and therefore Q7, = Qr 0% = Q°. Hence QF > Q°.

e w® < w < w. In this case, by Corollary 1, we have Q% = ¢*#; and by Theorem 1, O}, = ¢*.

Therefore, we have

woHi (q*) = w— axb,Hy (¢, 1)

wiH, (¢"?) =w

where the first equation is from Eqn (6), and the second is from Eqn (9). Since w; < w,, we
have H,(q") < H,(q"*?). Hence, ¢* > ¢*%. That is, Q;, > Q°. Note that in this case we also have
Qf =0, > g,= Q% Hence Q' > Q°.

o w=w". Inthis case, Q% = ¢** or 0% = ¢*#; and Q’, = ¢". For either case of 0%, we have Q% < Q7

as is shown above. The result for Q% and Q* holds as well.
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Q;, > 0% and 0; > O%;

(2) Contracts in {(w,w;) : w > w}. In this case, by Corollary 1, we have Q% = ¢*%; and by Theorem 1,

Q' =4 ¢® = ¢*® by Eqn (7) and (9). Moreover, Q7 = Q% = g,
(3) Contracts in {(w,w;) : w = w}. The stated result follows immediately by combining the analysis for

the above two cases.

|
Proof of Proposition 8. Let g1(Q, Ty X1,%2) = X + ay(x; — Q) — Ty and g5(Q,, Ty X1, %) = x5 +
ay(x; — Q) + (@ — ay)(x; — Gy) — T,,. For simplicity, we write g;,g, and drop their dependencies on
the parameters when the context is clear. Based on these, we can write the project firm’s expected profit

R (O, T,) as

(O ) = By {V = WOy = wi (X1 = Q)" — (w2 —wi) (xi — g,) "
—b T, — bo[%o + a1 (X1 — Q)" + (a0 —a1)(x1 — G) " —T,,] "}
Exixo {V = WO — win(x1 = Q) [X1 = Q] — (W2 — wi)u(x1 — G;) [x1 — G
=b1 T, = by(1 —u(x) — Qn))u(x2 — T,,) [%2 — T,,]
—bou(xXy — Q) (1 —u(x) — g,))u(g1) 8]
—bou(xi — G, )u(g>)[g2]} (EC.15)

Concavity of &2 (Q,,, T,,). We show the concavity of 2 (Q,,, T,,) by showing its Hessian matrix is negative

semi-definite. We first derive the first order derivative of 2 (Q,,, T,,) below.

aﬁz (Qm ) T;n)

30, = Ey x, {—w—w18(x; — 0,,)(—1) [x; — Qu] —wiu(x; — Q) (—1)

~ba(=3(x1 ~ 0,)) (= Dl ~ T, )2 ~ 7

~ba8(x — Q) (1)1~ ulx ~ 4)u(s e

~bau( = 0,)(1 = u(x — 3))3(e1) (g1

~bau(x = 0,) (1 = u(xs = 4 u(g:)[~ai]

~bau(x — )3(8:) (~a) s
~baulx 3 u(e)[-an]}

= —wetw [ ule — @u) e x)dxdx,
by [ [ ue = 0)(1 = st = )81 (@ Tovx1 22))f (31 2 i
arbs [[ ulsi = 3)u(ga(@n Tt v) f 1,22y
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where the first equality holds due to interchanging derivative and expectation, and the second equality holds
due to the property of the Dirac delta (8) function (see similar property in the proof of Proposition 2).
Similarly, for 7,, we have

o, (O, T)

aZn Exl,xz {_bl bz(l - M( Qm))S(XZ - Tm)(_l) [X2 - Tm] - bz(l - M(Xl - Qm))M(Xz - Tm) [_1]

—bou(xy — Q) (1 — u(xi — §,))d(81)(—1)[g1]
—bou(x; — Q) (1 — u(x) — gy))u(g:)[—1]
—bou(x; — §;)8(g2)(—1)[g2]
—bou(xy — §s)u(g2)[—1]}

— by +b / (1 — (s — On))ulor — To) f(x1, 3 )drdoxs

+b, / / (s — Ou) (1 — (1 — G.))1t(g1(Qons Tops X1, %2)) f (11,2 )yl
+b; //”(xl — G5)u(82(Oum, Ty X1,%2) ) f (X1, x2)dxydx,

Next we show that % (Q,,, T,,) is concave by showing its Hessian matrix, denoted by Hj, is negative semi-
definite. The Hessian Hp is defined by
R (O, Tn) R (O, T)

_— 002, 90,07,
P PR5(Q, To)  0*RE (O, Thy)
37,90, T2

The elements of H are derived below:
24B
anma(g;:’m = — l/f(Qm7x2)dx2 ale/u(xz_Tm)f(Qm7x2>dx2
_a%bZ/u(xl - Qm)(l - u(xl - QS))f(xlv Tm —a (xl - Qm))dxl
~atby [ (v =) f 0, T — i = @) — (@ — @) — 4
aZ’\B
Fo0ete) — by (1=t~ Q). T
_bz/u(xl - Qm)(l - M(X] - q‘Y))f(thm - al(xl - Qm))dx]
—bz/u(xl —Go)f(x1, Ty —ar (x1 — Q) — (a2 — ar) (x1 — G) )dx;
248
W = _ale/ ( Qm)( (xl q ))f(x17 Tm —a (xl - Qm))dxl
—abs [u = g f(0. T ar( — Q) — (@ — 1) (51 — 4

To show Hj is negative semi-definite, it is sufficient to show z" Hzz < 0 for any z = (z;,2,) € R*.

T _ 2
z Hpz = ( 30 90,07, )z122 + ( T2 )2

)z +2(
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= — W /f(QmaXZ)dx2+alb2/u(x2 - ’Zjn)f(QmaXZ)dx2i| Z%

[ [0 -t~ 01700 mm} 2

- bZ/”(xl - Qm)(l - ”(xl - qv))f(xl?Tm - al(xl - Qm))dx1:| (alZI +Zz)2

- -bz/”(xl —q,)f(x1, Ty —ai (1 — Q) — (@2 — ar) () —cjs))dx,] (@121 +22)°
<0

Convex Optimization. Since #2(Q,,,T,,) is concave and B = {(Q,,,T,,) : O < G5, Q0 > 0,T,, > 0} is a

convex set, we can apply Lagrangian approach to derive the solution to the optimization problem. Let

L(Qm: Tm7 7\'Q,] ) )\'Qla A’T) - fcﬁ(va Zn) + 7\'Q.,1 Qm + xQ,Z(q.v - Qm) + xTTm

where ,Ag,, Ar are lagrangian multipliers. The optimal solution (Q%, T?) can be found by solving the fol-

m? "m

lowing equations:

Rt (O, Thn)

20, Aot —hg2 =0 (EC.16a)
m(aQT’:’m +Ar =0 (EC.16b)

A010n =0 (EC.16¢)

Mo2(Gs — On) = (EC.16d)

MT, = (EC.16e)

Moisho2, Ary Oy (G5 — Q) T 2 0 (EC.16f)

Let (Q5, T2, A 1, Ay, A7) be a solution satisfying Eqn (EC.16a) - (EC.16f). The solution must satisfy the

m? “m> ™01

following conditions:

(a) A2 = 0. We prove this by contradiciton. Suppose A2 > 0, then by Eqn (EC.16¢), it must hold that

T? =0. Then
A C) (aQTZ T) +Ar
= —bi+bs [ (1= utw = Q8)utes = T2 x) v,
by [ uxi = @) (1~ ulos = 3l (Q4. T 31 ))f (3.2 ) v,
+b, / / Uy — G)u(ga(0F, TP 3, x)) f (x1, xa)dovrdxs + A2
= —bi+b,+ 2}
>0

which contracdicts with Eqn (EC.16b).
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(b) A, = 0. We prove this by contradiciton. Suppose A, > 0, then it must hold that Q% = 0 (by Eqn
(EC.16¢)) and A%, =0 (by Eqn (EC.16d)) . Then

o (O T,n)
an

= —w+w // u(x; — S (x1,x)dxdx,
+a b, // ux, — 1 - u(x )) (gl(Qm, m>x17x2))f(x1>x2)dx1dx2
+a,b, // u(xy — G,)u(g2(0n, Ty, x1, X)) f (31, X2 )dxydxy + Ay | —

_W—‘f-Wl //l/l X1 —O f xl,xz)dxldxz ""7‘5,1

= —w+w +7\,LQ?’1

+Ao1 — g2

Y

>0

which contracdicts with Eqn (EC.16a).

(©) A, >0 <= w<c+ab, [[ulx; — g,)u(xs + ax(x; — §,) — &) f(x1,x2)dx, dx;.
First we prove kg}z >0=w<c+ab [[ulx; — g)u(x, + ax(x; — Gy) — 1) f(x1,x2)dx1dx,. Since
Ay, >0, we have Q% = g, and T, = ;. Then from Eqn (EC.16a) we have

—w+w // —Gs) f (x1,%2)dx,dx, + a\by // Gs)u(g2(gs, fs, x1,%2) ) f (31,22 ) dxydoxy — 7%72 =0

which gives w < ¢+ a1b, [ u(x; — Gy)u(x + ax(x; — Gy) — ;) f (x1, %2)dx1dx,.

Second, we prove A, > 0 <= w < ¢+ aib, [[u(x) — §,)u(xs + ax(x; — §,) — &) f(x1,%2)dxdx,. We
prove by contradiction. Suppose Kgﬁz > 0 does not hold, then it must be 7\.572 = 0. Note from Eqn
(EC.16b), we have

—bl +b2 // 1 —u xl - Qﬁ)) (.Xz T )f(xl,xz)dxldxz
+b2 // u\x, — 1 — M(X] qs))M(XZ +a (X] — QZ) — T,f)f(x] ,Xz)dxldXQ

+b, //u x1 —gu(xa+ay(xi — 08) + (ar —ay) (xi — G;) = T))) f (x1, %2 )dx1dx, = 0

and by definition of 7;, we have

—b, + b, // u(xy 4+ ay(x) — gs) — &) f (x1,x%2)dx;dx,

+b2/ [1—u(x; —gs)]u(x, — 1) f(x1,%)dx1dx, =0

Therefore by Eqn (EC.16a), we have

w = w, // u(x; — Sf(x1,x2)dxdx,
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+arb, / / u(x — Q) (1 — (o, — G,)u(e +ar (xy — QF) — T2) £ (1, x2)dox, dxs

+ab, / / u(x, +a (x) — 08) + (ar — ar) (x1 — G,) — T)) f (x1,%2)dx, dx,
— / / u(xy — 08) f(x1,%)dndxs

tab, // V(o + ar(x1 — @) — ) f(x1, % )dxidoxs

+a1b2/ [1—u(x — G,)]u(x, — 1) f(x1,x2)dxidx;
—a1b2/ (1 —u(x; — Q%) u(x, — T?) f(x1, x,)dx,dx,
> w // u(x; — Gs) f (x1,x2)dx1dx;
+a,b, // u(x + ax(x) — Gy) — 1) f (x1, x2)dx1dx,
=c+ab, // u(xy +ax(x) — Gy) — 1) f (x1,x2)dx1dxy

which contradicts with the induction assumption.
Combining the above (a) - (c) results, we proved that: if w < ¢ + a1by [ u(x; — G,)u(x; + ax(x; — G;) —

7)) f (x1,x)dx dx,, we have Q8 = g, and T? =1;; otherwise, (Q%,T?) can be obtained by solving a system

my tm
or (Qm Tn) __ O 87[ (Om,Tm) __
m a7’;71

i / / u(x1 — ) f(xr,x)dxidxs

+arb, // u(xy — q) (1 — u(xy — ,)ule +an(x1 — q) — 1) F (x1, ) dxrds

+a1b2// Yl + ay (51 — @) + (a2 — a1) (1 — @) — 1)) f (i) dxrdxs —w =0
by / (1= (s — @))u(xs — 1) f(x1,%)dxidoxs

by / / w(ry — q)(1— u(xr — )l +ar (x1 — q) — 1).f (v, ) dxydxs

L +b2// xz—l-a](x] q)+(a2—a|)(xl—qs)—l)f(.xth)dX]dXz—b] =0

of equations:

= 0, which is the unique (g,) to the following system of equations:

(EC.17)

By the definition of H,, H;, H, and Hs, Eqn (EC.17) is exactly Eqn (10) in the proposition. Let the solution
to Eqn (EC.17) be denoted by (§%, 7%).
Finally, we prove that (¢®,7%) > (¢”,1®). First by Eqn (7) and (10), we have
wiH (¢®) —w =0
W1H1 (qB) + a1b2H4(éB, fB) + a1b2H5 (qAB, fB) —w=20

Since Hy(¢%,7%) > 0 and Hs(g",#%) > 0, we must have H,(§?) < H,(¢®). As a result, §* > ¢®. To prove

% > 1%, we show by contradiction. Suppose * < %, by Eqn (10), we have

0 = byH5(§",7%) + byHi(9%,1°) + boHs (47, 1%) — by
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= by // (1 —u(x; — %)) u(xr — %) f(x1, x2)dx,dx,

b [ [ un = @)1 = uxi = gl + a1 (51 = 4°) = ) f 1, 2 s

+b, // u(xy +a,(x; — 4% + (ay — ay) (x; — G,) — %)) f(x1,%)dx1dx, — by
> bz// (1 —u(x; — §°))u(x, — %) f(x1, x2)dx1dx,

+b, // u(x; — G%) (1 —u(x; — G,))u(x, — %) f(x1,x2)dx,dx,

+b, // u(x; — G )u(xs + ax(x; — Gs) — t%) £ (x1,%2)dx,dx, — by

> byHs(Gs, t7) + byHy (G, %) — by

=0

where the last equality hols by Eqn (7). This is a contradiction that 0 > 0.
|
Proof of Theorem 3. The main proof is similar to that of Theorem 1 and is omitted. We provide a sketch
of the proof for W > W below. Since a; > 0, for any (w,w,), we must have &2 (0% T%) < n(Q TZ). On

the other hand, &4 (0%, 74) = (04, T*). Therefore,

Alw,wi) £7,(0,,T0) = #3(00, 1) > m, (05, T,) =m0 (Q5, T7) = Alw, wi)

This implies that for any v satisfying A(W,w;) = 0, we have A(W,w;) > 0. Note that A(w, w,) is decreasing
in w (the proof is omitted, but it is a property similar to that has been shown for A(w, w,)). Therefore for the
W satisfying A(w, w;) = 0, we must have W > .

|

EC.4 Additional numerical results.

We provide detailed numerical results on the project firm’s optimal decision (Q7,, T*) and expected profit

m? ~m

for project overhead cost b, € {1,4,8} and project delay penalty b, € {5,10,20} in Table EC.1 and EC.2,

respectively. Other parameters used in the numerical test are provided under each table.
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Table EC.1 Summary of the project firm’s optimal decision and expected profit for b, € {1,4,8}.
OPT Region o, T, Expected Profit
4 8| 1 4 8 | 1 4 8 | 1 4 8

137.49 140.18 141.50 | 127.36 105.54 83.38 | 919.91 575.24 195.24
133.88 136.72 138.09 | 128.37 105.79 83.49 | 852.10 506.06 125.38
91.39 134.13 13552 | 187.65 106.05 83.60 | 824.28 438.36  57.03
80.65 132.01 133.44 | 187.65 106.32 83.72 | 810.56 371.79 -10.21

0.00 130.21 131.67 | 187.65 106.59 83.84| 77570 306.23 -76.48

137.49 140.18 141.50 | 127.36 105.54 83.38 | 919.91 57524 195.24
133.88 136.72 138.09 | 128.37 105.79 83.49 | 852.10 506.06 125.38
96.40 134.13 135.52| 174.28 106.05 83.60 | 805.41 438.36  57.03
88.68 132.01 133.44 | 174.28 106.32 83.72| 779.83 371.79 -10.21
78.65 130.21 131.67 | 174.28 106.59 83.84 | 738.59 306.23 -76.48

0.00 128.61 130.12 | 174.28 106.88 83.96 | 704.38 241.57 -141.92

137.49 140.18 141.50 | 127.36 105.54 83.38 | 919.91 57524 195.24
133.88 136.72 138.09 | 128.37 105.79 83.49 | 852.10 506.06 125.38
100.00 134.13 135.52 | 163.57 106.05 83.60 | 796.90 43836  57.03
93.63 132.01 133.44 | 163.57 106.32 83.72|761.90 371.79 -10.21
86.51 130.21 131.67 | 163.57 106.59 83.84 | 717.76 306.23  -76.48
76.99 128.61 130.12 | 163.57 106.88 83.96 | 676.71 241.57 -141.92

0.00 0.00 0.00 | 163.57 112.84 86.78 | 643.18 204.98 -201.46

137.49 140.18 141.50 | 127.36 105.54 83.38 | 919.91 575.24 195.24
133.88 136.72 138.09 | 128.37 105.79 83.49 | 852.10 506.06 125.38
102.79 134.13 135.52 | 155.40 106.05 83.60 | 792.97 43836  57.03
97.21 132.01 133.44 | 155.40 106.32 83.72 | 752.00 371.79 -10.21
91.39 130.21 131.67 | 155.40 106.59 83.84 | 705.70 306.23 -76.48
84.71 8471 130.12 | 15540 111.67 83.96 | 661.63 246.36 -141.92
75.59 7559  75.59 | 15540 111.67 86.29 | 621.39 206.11 -196.38
0.00 0.00 0.00 | 155.40 111.67 86.29 | 588.43 173.16 -229.34

137.49 140.18 141.50 | 127.36 105.54 83.38 | 919.91 57524 195.24
133.88 136.72 138.09 | 128.37 105.79 83.49 | 852.10 506.06 125.38
105.07 134.13 135.52 | 149.52 106.05 83.60 | 791.48 43836  57.03
100.00 132.01 133.44 | 149.52 106.32 83.72 | 746.84 371.79 -10.21
9493 130.21 131.67 | 149.52 106.59 83.84 | 698.88 306.23 -76.48
89.51 89.51 130.12 | 149.52 110.80 83.96 | 652.77 252.28 -141.92
83.17 83.17 83.17 | 149.52 110.80 85.92 | 609.54 209.05 -190.50
7437 7437 7437 |149.52 110.80 85.92 | 569.99 169.50 -230.05
0.00 0.00 0.00 | 149.52 110.80 85.92 | 537.53 137.04 -262.51

S
=

Dbt M T bt O TN B e O TN O O TN B M TN
ocuououLouo|ouhououo|ouhouwouo|Louwouo|ocuhouo
NANANNNN S S S S S | 0 0 o o o b |90 0 0 0
coooooooo| bbb coooooo|LLiLiLiin| coocoo
THWHWwWww > | W mmmw > | Wwwww > | mwwww > | Www > | —
iseiesierjieelegegie g ge gl iecieeloviegugn gege gl v g h g S d i it gt ge ges

oW W > 3> > | DWW > 3> 0> | W0 | > 0 | B > > >

Other parameters: ¢ = 1, wy =5, by = 10, ap =5, V = 1200. (x;,x;) follows a Gaussian distribution with 4 = (100,100), c =
(20,20), p = 0.



ec23

Table EC.2 Summary of the project firm’s optimal decision and expected profit for b, € {5, 10,20}.
OPT Region o T Expected Profit
10 5 10 20 | S 10 20 | 5 10 20

136.34 140.18 143.80 | 83.56 105.54 117.30 | 627.78 575.24 537.37
132.56 136.72 140.63 | 83.78 105.79 117.55 | 560.61 506.06 466.30
129.68 134.13 138.25 | 84.00 106.05 117.81 | 495.08 438.36 396.61
127.31 132.01 136.33 | 84.24 106.32 118.07 | 430.86 371.79 327.99
125.26 130.21 134.70 | 84.47 106.59 118.35 | 367.71 306.23 260.27

136.34 140.18 143.80 | 83.56 105.54 117.30 | 627.78 575.24 537.37
132.56 136.72 140.63 | 83.78 105.79 117.55 | 560.61 506.06 466.30
129.68 134.13 138.25 | 84.00 106.05 117.81 | 495.08 438.36 396.61
127.31 132.01 136.33 | 84.24 106.32 118.07 | 430.86 371.79 327.99
125.26 130.21 134.70 | 84.47 106.59 118.35 | 367.71 306.23 260.27

0.00 128.61 133.28 | 87.48 106.88 118.63 | 331.48 241.57 193.29

136.34 140.18 143.80 | 83.56 105.54 117.30 | 627.78 575.24 537.37
132.56 136.72 140.63 | 83.78 105.79 117.55 | 560.61 506.06 466.30
129.68 134.13 138.25 | 84.00 106.05 117.81 | 495.08 438.36 396.61
127.31 132.01 136.33 | 84.24 106.32 118.07 | 430.86 371.79 327.99
86.51 130.21 134.70 | 86.78 106.59 118.35|372.36 306.23 260.27
76.99 128.61 133.28 | 86.78 106.88 118.63 | 331.31 241.57 193.29

0.00 0.00 132.01 | 86.78 112.84 11891 |297.78 204.98 126.98

136.34 140.18 143.80 | 83.56 105.54 117.30 | 627.78 575.24 537.37
132.56 136.72 140.63 | 83.78 105.79 117.55 | 560.61 506.06 466.30
129.68 134.13 138.25 | 84.00 106.05 117.81 | 495.08 438.36 396.61
127.31 132.01 136.33 | 84.24 106.32 118.07 | 430.86 371.79 327.99
91.39 130.21 134.70 | 86.29 106.59 118.35 |376.97 306.23 260.27
84.71 84.71 133.28 | 86.29 111.67 118.63 | 332.89 246.36 193.29
75.59  75.59  75.59 | 86.29 111.67 129.82 | 292.65 206.11 129.90
0.00 0.00 0.00 | 86.29 111.67 129.82|259.69 173.16 96.94

136.34 140.18 143.80 | 83.56 105.54 117.30 | 627.78 575.24 537.37
132.56 136.72 140.63 | 83.78 105.79 117.55 | 560.61 506.06 466.30
129.68 134.13 138.25 | 84.00 106.05 117.81 | 495.08 438.36 396.61
127.31 132.01 136.33 | 84.24 106.32 118.07 | 430.86 371.79 327.99
94.93 130.21 134.70 | 85.92 106.59 118.35 |380.11 306.23 260.27
89.51 89.51 133.28 | 85.92 110.80 118.63 | 333.98 252.28 193.29
83.17 83.17 83.17|85.92 110.80 127.81|290.75 209.05 136.75
7437 7437 7437 |85.92 110.80 127.81 | 251.20 169.50 97.19

0.00 0.00 0.00 | 85.92 110.80 127.81 | 218.74 137.04 64.74

=
=

Shbhonouns|nbnonons|bhbhons | nbhons | Bnsns
T T T o e e o o P o IR oy RO

FEEDIE> P> | TERTE> B> | GRS BB | @ e > e | e | v
e N I L o N N A N S e AT T

coocooococoo| | coocoooo| nuununn| coooo
selovlvellovls =to =t =to=Ss = lovllv e ovlo oo = s 2l o~ lfo e o —Se s s 4 o %, M = = P 2 o = 2=

Other parameters: ¢ = 1, w, =5, by =4, a =5, V = 1200. (x;,x;) follows a Gaussian distribution with 4 = (100,100), c =
(20,20), p = 0.
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