Online Appendix

EC.1. Proof

Proof of Propositions 1 and 6 We give a formal proof of Proposition 6. Proposition 1 can
be directly obtained by setting II, = IIg = 0. Maximizing the Nash product in (3), we have
[z (em, 7™ (™)) — Ig] /0 = [IIZ(v™, 7™ (™)) — II]/(1 — 6). System coordination is achieved
under the following conditions: C1: §(II* —II, — IIg) = II%(¥™,r*) — IIg, and C2: r* =7m(U™).
For each contract, we find 6 such that C1 and C2 hold in the Nash bargaining solution, as well as
the corresponding contract terms.

1. Contract FP: TIEP (p,r) = pE[e=2%/"] — ¢(r). C2 is equivalent to dIIET /dr(p,r =r*) =0. It
can be verified that p” = @ is the unique solution to C2 and IT5¥(Q,r*) = II*. Combined
with C1, &7 = {ﬁcﬂfﬂs}, which is {1} when II, =0 and is an empty set otherwise.

2. Contracts TF and TF+: UL (p,B,r) = U5 "t (p,B,7) = B + pEz[e~*%/"] — ¢(r). Similar to
contract FP, we have p'¥ = p"F+ = Q and NLF(Q,B,7*) = NL"T(Q,B,r) = B + 1I*. C1
requires that 7F = fTF+ = —(1—6)(II* — ) — O, < 0. Recall that S7F+ > 0, whereas 377
can be negative. Therefore, ®7* =[0,1] and 7+ = {%}’ which is {1} when II, =0
and is an empty set otherwise.

3. Contract TB: IILB(p,B,r) = pEz[e~(@+AZ/] — ¢(r). For a fixed time-incentive parameter
B, C2 results in pTB(B) = (Q+Z?EEZZ[[ZZPJ<ZiZ;Z]/T*]. Given p = pTB(3) and r = r*,
the subcontractor’s profit is §55(8) = LB (pT5(B),B,7*). To simultaneously satisfy
condition C1, we must have 03%(8) = O(II* — I,) + (1 — O Let §5° =
mingso {057 (8)}. It is easy to see that maxgsdi?(B8) > 6LP(8 = 0) = II*. Therefore,
Cl can only hold when 6 € [max{%,(]} , 1}. It also requires that ATE =

arg o {657 (8) = 0(I1* — 1) + (1 — 0)Ig} and p7* = O‘EZ[ZC’”‘Z”AT]B —Q.
e G

4. Contract CS: TI§S(p, B,7) = pEz[e=%/"] — (1 — B)c(r). Contract C'S always achieves system

coordination, and that p©% = (1 — BCS)Q and Y5 = a-o) HPSHGHC
5. Contract C+: Contract C+ is a special case of contract C'S and the proof is omitted. O

Proof of Proposition 2. For bargaining unit 4 (i.e., the client and subcontractor i),

maximizing the Nash product [II™(¥™, #m (™), () — IL,]" [z (@™, #m(¥™)) —11,]' ", we have

’L’Z

(e, fr(wr),0)/0;, =g (e, 7™ (™)) /(1 —0;). When 0 € ®, the n Nash bargaining solutions

1 70

have a unique Nash equilibrium where TI7(W7", 77" (¥7"),0) = ©,(0) [ 3¢y T (7, 77 (97),0) +

i 00 77 J
Iz (™, 7™ (®™))]. System coordination is achieved under the following conditions: C1: ©,(8)II* =
(e ri,0), and C2: r; =#"(W™), Vi € [n]. For each contract type, we find 6 such that C1 and
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C2 hold in the Nash-Nash solution, as well as the corresponding contract terms.
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1. Contract FP: IIFP(p;,r;,0) = p;E[e*%i/™] — ¢;(r;). The first-order condition corresponding

2/ *
to C2 results in pf'f = ]E([Tz)ia(zﬁ Given p; = pf'f and r; = r}, subcontractor i’s profit is

/ aZ; /T‘
SEP = TIFP(pFP pr) = L >2£[g L 7 I ¢,(r7). C1 holds when ©,(8) =677 /II*, Vi € [n].

2. Contracts TF and TF+ HiTF(pi,ﬂi,ri, ) = HiTF+(pi,Bi,m, ) = /37, +pi]E[€7aZi/ri] — Ci(T'l‘).

*\2 Sk
Regardless of the down payment 3;, C2 results in p/* = plF+ = % Given p; =

pIF = pI'F+ and r; = r¥, subcontractor i’s profit with down payment gi]Ei[?g-TF (B;) =61 (B;) =
7 (T, B rr) = I+ (pTF+ B, 7)) = B; 4+ 0FF. C1 requires that 37F = 7T+ = ©,(0)I1* —
6FP_ Recall that B77+ >0, whereas 7% can be negative. Therefore, contract TF+ can only
coordinate the system when 8 € ® and ©,(0) > 67 /II*, whereas contract TF coordinates the
system for all 8 € ®.

3. Contract TB: TITE(p;, Bi,r:i,0) = pEle~(@+F)Z:/m] — ¢,(r;). For a fixed time-incentive

(rH)2ei(ri)
(a+BE[Z;e (CTPIZi/TE

subcontractor i’s profit with time- 1ncent1ve parameter (3; is 67 2(8;) =UTB(pIB(B:), Bi, 7)) =

(TI)QC;(T;*)E[e—(a"rﬁi)zi/’"f] N TB _ . —TB .

(ot B e BT ci(ry). Let 6;° = mlnTﬁ;zo {677(B:)} and 0, = maxg, > {6] 7 (6:)}-
C1 holds when 0 € ® and 0,(0) € [Q?B/H*,Ei /H*], Vi € [n]. Tt also requires that §1'F =
arg, 50107 7(B8;) = ©;(0)I1*}, Vi € [n], and therefore, p] ® = (Tf)QCQ(T;)ATB —.

- (a-i-féiTB)E[Ziei(aJrBi )Zi/Ti]

4. Contract CS: IS (p;, Bi, i, 0) = p;E[e*%i/™] — (1 — B;)ci(r;). For a fixed cost-sharing ratio 3;,
C2 results in pF9(B;) = (1 — B;)pF'T. Given p; = p¢°(3;) and r; = r}, subcontractor i’s profit
with cost-sharing ratio 8; is 65°(3;) = U (pF5(8:), B, i) = (1 — 3;)0FF. Tt is easy to verify
that 6°°(8;) is monotone in §; and that 6°°(1) =0 < 679(8;) < 659(0) = 677, VB, € [0, 1].
C1 holds when ©,(0) € [0,67F /I1*], Vi € [n]. It also requires that &5 =1 — @ia(.% and p&s =
(1-Bs) br™, vie ] 0

Proof of Lemma 1 We first show that when the system is coordinated, all subcontractors except

parameter 3;, C2 results in pIZ(8;) = . Given p; = pI'B(B;) and r; = r},

for the first one must receive zero expected profit. We then show that this can only occur when 0 €
dg. Assume there exists an equilibrium under contract terms W™, where the system is coordinated
and there exists a subcontractor i € {2,...,n} with a positive equilibrium expected profit. Consider
the negotiation between the client and subcontractor 1 under contract m, given contract terms W
and work rate r; =7 for j € {2,...,n}. Let 7" denote the work rate resulting from this negotiation.
By the coordination assumption, 7" should be equal to the system optimal work rate r;. We will
derive a contradiction by showing 77" <rj.

*

Given work rate rj and contract terms W7 for j € {2,...,n}, the

sum of the client’'s and subcontractor 1’s profits is given by I'o(r) =

(@H?:zE[E‘“TJ'J—EﬁzzE[ mWT Ty, Cy(ry, T) e ;;;]E[e-an])IE[e_aTl] B

01(7"1)‘7 2y which is concave in r;.
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1. Contract FP: TIF'P(py,r,0) = piEle=*%1/"1] — ¢i(r)). Assume 7" > rf. To induce
the work rate 7P, the equilibrium payment pI'7 satisfies pi'? > QH;;QIE[e*aTJ] -

> s ci(ry) I E[e o7 =t G2 n) which is strictly larger than Q[J,_,E[e=*"] —
n —aT; j—1 —a

Zj:g [p FP(‘IIFP 15, Cy(ry, T, ))e ] ;:2 E[e"] rj=r¥ §€{2.m}

such that E[p"" (V" T, Ci(r;, Ti))e "] > ¢;(r)]r=rs- Then we have IIFP(pIP rr Q) >

as there exists i € {2,...,n}

II{E(r}), and the client obtains a strictly negative profit. Thus, 7#{" <rj.

2. Contracts TF and TF+: T (py,B1,71,0) = T (py, By, 7r1,0) = piE[e*%/m] + B —
ci(r1). The proof for 717t < rf is similar to that for 77 < rf and is omitted.
Because contract T'F' can induce subcontractor 1 to exert any positive work rate r; by
setting p; = (r1)2¢,(r1)/(aE[Z,e~*%1/"]), while achieving an arbitrary profit division by
adjusting the down payment B, II; ¢(r;) will be maximized through bargaining, i.e.,

I () = maxrl{HlT,g(rl)}. Since II{ ¢, (r1) is concave, we have the first-order condition that

dITf & (ry)/ dryl, —r _srr =0. Comparing this condition with the first-order condition in (5) with

j =1, we have Oll(r )/87“1|,41 _ATF ot jef2,...ny > 0 and therefore 77 < 7] because at least one
*jE(2,.,

subcontractor in {2,...,n} has a strictly positive equilibrium profit.

3. Contract TB: ITB(py, B1,71,0) = pyE[e~(@+FDZ1/m] — ¢/ (r)). Subcontractor 1’s profit when

(r)%c(r JEle <"”1)21/”] ~TB ATB
e —aln). Le 17 77)

denote the equilibrium contract terms for subcontractor 1 Let 7] ” = argmax, {II{ &(r1)}.

We can easily show that 777 < r;. When 6, € [5TB/H1C(F1TB),1], where 617 =

induced to exert r; given 3, is 6B (By,m) =

ming, >0 07 2(B1,71 2), we have 7P = 7#1B < r;. So we only consider the case where 6, <
81 P /MTE(FTP). Assume 717 > 715, As TP and BTB maximize the Nash product given in
(6), we have (6,117% - 6TB>8§¢ A L i
and the assumption 7{7 > 71, it can be verified that 6,II{ (71 7) — 677 (677,71 7) > 0.
We have 072 (BT2,7TP) < 6TP(BT2,#TP) and TITE(7T2) > II{ Z(#1?). There exists an 6] €
077 JTTE(7TP), 1], such that OTIT2(FTP) = 6T (BT, 7TP). Besides, we have OIIT G (71 P) —
STB(BTB#TP) < O IITB(FTP) — 0TB(BTE,#T8) = — (0, — 0)ITE(7FTP) < 0, where the last
inequality holds because 6] > 617/ IT{ 2(71 %) > 6,. This contradicts the previous result that
0,117 B(#TP) — 6TB(BTB,#TP) > 0. Thus, 772 <718 <17,

4. Contract CS: TI¢¥(py, B1,71,0) = p1E[e=2T1] — (1 — B)ci(r1). The proof for #¢5 < r¥ is similar
to that for #7* <r; and is omitted.

Therefore, for m € {FP,TF+,TF,TB,CS}, we have 7" < rj, which contradicts the assumption

5 = 0. From this equation

that the system is coordinated.
We have shown that when the system is coordinated, all subcontractors except the first one must
receive zero expected profit. We now show that this is only possible when 8 € ®5. To achieve system

coordination, for each subcontractor, two additional conditions need to be satisfied simultaneously:



ecd

Cl: ©,(0)I1* = II7" (¥}, 77, (17)ep,), and C2: r; = 7" (V}"). To satisfy Cl, we have ©,(0) =0,

177,7

Vi€ {2,...,n}. As we only consider the case where at most one subcontractor has full bargaining
power, @ is the largest set of bargaining power structures satisfying 0,(0) =0, Vi€ {2,...,n}. O

Proof of Proposition 8 The proof is similar to that of a parallel project, except that all
subcontractors except the first one obtain zero expected profit as shown by Lemma 1. To achieve
system coordination, for each subcontractor, two conditions need to be satisfied simultaneously:

Cl: ©;(0)II* = II;" (", r}, (] ) jer; ), and C2: rf = 77*(¥]"). According to Lemma 1, we consider

’L’l?

the case where 6 € 5. Then, condition C1 is equivalent to conditions II7* (W7, r3,0) = 6,11* and
(w7, ry, (r3)jer,) =0, Vi€ {2,...,n}.

1. Contract FP: TIFF(pi,rs, (r;)jer) = (miEle *%/%] —c;(r;)) [T'=, Ele~*%/7]. Condition C2

2 =1
N2 1
(ri)%c; (r]) FP

. /\FP _ . o~ _ * .9 .
results in p;' " = Y A Given p; =p;© and r; =}, subcontractor ¢’s profit discounted
K2

2! (r*)E[e %%/ T]
to the outset of task i is §FF = (i caliEle ]—c(
g aE[Z;e” %%/ i)

coordination if 6,11* = 677 0=06" Vi€ {2,...,n}, and 6 € 5. As 7" > 0, contract F'P never

F). Contract F'P achieves system

achieves the system coordination.

2. Contracts TF+ and TF HTF (pia Bi? Ti, (’f'])je'pl) = H?FJr (pi; Bi? Ti, (’f'])je'p)
(Bi + piEle%i/mi] — ¢;(r;)) ]_[Z “ Ele~*%/m]. Condition C2 results in pI¥ = plf+ = prr.
Given p; = pI¥ = pI** and r; = r?, subcontractor i’s profit discounted to the outset of

task 4 is 077 (B) = 67FT(B) = Bi + 6FF. Contract TF+ achieves system coordination if
0,11 € [6FP 11*], 0 € [6FF,11*], Vi€ {2,...,n}, and 8 € 5. As 6FF > 0, contract TF+ never
achieves the system coordination. Contract T'F always achieves system coordination if 8 € ®g.
When the system coordinates, we have p7¥ = pFP | Vi € [n], BT = 0,11* —6FF | BIF = —§FP Vi
{2,...,n}. As 6FF =TI* in serial projects, we can further simplify 577 as f7F = —(1 — 6, )II".

3. Contract TB: IITB(p;, Bi,1s, (1)) jep;) = (piE[e™@FPDZilm] — ¢i(r;)) H;.;lE[e*“ZJ'/Tj]. Condition

< ATB(RY _ (i) . _ ~TB(R. R
C2 results in p; "(8;) = TR CEnr AT Given p; = p; ”(f;) and r; = r}, subcontractor
P2 (VB[ (@B Zi /]
i’s profit discounted to the outset of task i is 075(8;) = il alr)El ]

(a8 Bl Z5e~ (@ HPZilTE) — cilri). Let
077 = ming,0 {672(8:)}, giTB = maxg,>o{0; 2(8;)} denote the lower and upper bounds of
67B(B;). Contract T'B achieves system coordination if 6,11* € [QTB,&TB} , 0€ [é;pr,giTB] , Vie
{2,...,n}, and 0 € g. As QZ-TB > 0, contract T'B never achieves the system coordination.

4. Contract ~ CS:  N%(p;, Bi,ri, (r))jer,) = (piE[e %/ — (1= B)ci(ry)) ]_[z ! | Ele=a%i/m].
Condition C2 results in p&°(83;) = (1 — B;)pf'*. Given p; =p¢*(5;) and r; =r}, subcontractor i’s
profit discounted to the outset of task i is 67%(8;) = (1 — 8;)6F'F. The profit of subcontractor i
under contract CS, §¢(f3;), is a monotone function of 3;. Besides, we have §°°(3; =1) =0, and
6¢5(B; = 0) = 6", As 6P =1I*, contract C'S always achieves system coordination if 6 € ®g.
When the system coordinates, we have p = ( ﬂcs> pFP Vie[n], B9 =1—6,, BCS =
1, Vie{2,...,n}. O
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Proof of Proposition 4 We first show that when the system is coordinated, any subcontractor
j € Ny must receive zero expected profit by deriving a contradiction. We then show that zero
expected profit for any subcontractor j € N can only occur when 8 € 7 and derive corresponding
coordinating contract terms, where ®* is defined in Proposition 4.

Assume there exists an equilibrium, where the system is coordinated and there exists a
subcontractor [ € Ny with a positive equilibrium expected profit. Consider the negotiation between
the client and subcontractor i where ¢ € P;. In other words, task i is the precedent task of task
l. Task ¢ must exist; otherwise, I does not belong to N3. Assume r; =77 for j € [n]\{i}. Let 777
denote the work rate resulting from this negotiation. By the coordination assumption, 77 ¥ should
be equal to the system optimal work rate rf. We will derive a contradiction by showing 77 #r}.

Given work rate 77 and contract terms {p;,3;} for j € [n]\{i}, the sum of the client’s and
subcontractor 4's profits is given by IITE(r;) = QE[e*P] — ¢;(ry)E[e™ %] — 37,0\ 1y <Bj +
ij[e_aTjDE[e_aSj] s, sy
work rate r; by setting the final payment p; = (r;)2ci(r;)/(aE[Z;e®%i/™:]), while achieving

Contract TF can induce subcontractor i to exert any positive

an arbitrary profit division by adjusting the down payment (§;. Therefore, Hfg(rl) will be
maximized through bargaining, i.e., II] 5 (7] ") = max, {II7£(r;)}. As 777 is finite and nonzero,

TF T e*OLS
the following first-order condition must be satisfied: dn’éifi() i TE = Q%”D] —c(ry)Ele=*5] —

. . —aT; aﬂ‘:[e_&sj]
Zje{j’e[n]liepj/} (ﬁj +p;Ele ]]) ori lr=rTF rj=rt, jeln\{i}
the first-order condition in (5), we have 9Il(r)/0ri, _srr ry=rt, GElNi} > 0 and therefore 77 % £ r?.

i )

7&Sj]

= 0. Comparing this condition with
This is because that the expected discount rate Ele is strictly increasing in r;, j € {j' € [n]|i €
P;} and at least one subcontractor whose task is task i’s successor tasks (i.e., subcontractor /) has
strictly positive equilibrium profit. Thus, in equilibrium, any subcontractor j € Ny mush receive
zero expected profit.

To achieve system coordination, for each subcontractor, two extra conditions need to be satisfied
simultaneously: C1: ©;(0)II* =1II7* (p;, B, 74, {r; } jep,), and C2: ¥ =7 F(p;). Recall that for any i €
N, condition IT7 ¥ (p;, B, 7, {r;} jer,) = 0 must be satisfied in equilibrium. Combining this condition
with C1, we have ©,;(0) =0 for i € ;. As we only consider the case where at most one subcontractor
has the full bargaining power over the client, contract TF achieves system coordination when
0ecd™ ={00,€[0,1),i e N1,0, =0, €No}U{0 | Fi e N},0,=1,0,€10,1),5 € [n]\{i}}.

When 6 € 7, the first order condition in C2 results in p7F = ()¢, (r)/(aR[Z;e*%i/7i]) = pFP,

7 i\ ¢

where pI'F is given in Proposition 2. Given 0 € ®7F and p; = p!'F', the subcontractor’s profit is
B: + 6FF where 6FF is given in equation (8). Condition (1) requires that STF = ©,(0)II* — 6FF.
Specifically, for i € Ny, we have 7F = —§FP. O

Proof of Proposition 5 Under the delayed payment regime, we give a complete proof for projects

with multiple parallel tasks and omit the counterpart for projects with multiple serial tasks.
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Contracts F'P and T F+ are special cases of contract T'F. A necessary condition for coordination
under contract TF is also a necessary condition for coordination under contract F'P or TF+.
Therefore, we do not need to analyze contracts F'P and T F+ separately.

For contracts TF, TB, and CS, we will show that when the system is coordinated, any
subcontractor must receive a zero final payment. As the delayed final payments must be nonzero,
system coordination cannot be achieved under the delayed payment regime. Assume there exists
an equilibrium, where the system is coordinated and there exists a subcontractor [ who receives
a nonzero final payment (i.e., p, > 0). Given work rate r; and contract terms V" for j € [n]\{i},
consider the negotiation between the client and subcontractor i, where i # 1. Let 7" P denote the
work rate resulting from this negotiation. By the coordination assumption, 7" should be equal
to the system optimal work rate r¥. We will derive a contradiction by showing 7." < ri.

1. Contract TF: T} ""(pi, Bi,7) = piEle5P] + B; — ¢;(r;). The sum of the client’s and
subcontractor i’s profit is given by Hfg’D(ri) =(Q — Zje[n]\{i}pj)E[e*asD] — ci(r;) —
Zje[n]\ (i) B;. Contract T'F can induce subcontractor ¢ to exert any positive work rate r; by
setting the final payment p;, while achieving an arbitrary profit division by adjusting the down

payment ;. Therefore, HTFD(m) will be maximized through bargaining, i.e. HTFD(fiTF’D) =

maxri{Hfg’D (;)}. The equilibrium work rate #; "

can be verified to be strictly smaller than
riasp >0, #i.

2. Contract TB: II] PP (p;, Bi,7) = pE[e~(@+F)Sp] — ¢;(r;). Subcontractor i’s profit when
induced to exert 7; given f; is 0, >7(B;,1;) = Ele~ (@85l (r,) /(OR[e~@tP)SD] /or;) —
¢i(r;). The sum of the client’s and subcontractor i’s profit is given by HZCB’D(ri) =
QE[e*P] — ¢i(rs) — 3 jcpp iy PiEle™*TP)5P]. Let {pIBP BIBPY denote the equilibrium

contract terms for subcontractor i. Let # " = argmax,, {HTB P(r;))}, which satisfies

~TB,D TB,D j1{TB,D (~TB,D TB,D

T; <rf as p >0, [ #i When 0; € [6; 77 /I; o7 (7, 77),1], where J; =
. TB,D/p5 ~TB,D \TB,D ~TB,D .

ming,>o0; " (Bi,7; 7), we have 7 =T < ri. So we only consider the

TB,D j{TB,D (5T B,D \TB,D _ ~TB,D \TB,D ATB,D
case where 0, < 9,77 /I, o7 (7, 77). Assume 7; > 7 070 As o7y and ;7

D
_ 5TBD)L‘8T v (-

~-re,0 = 0. From this equation and the assumption rTBD >

maximize the Nash product given in (6), we have (6,175

75,0 4L, C o
0 )5 dr; r;= rTB D B= B
PP it can be shown that QHTBD(}TB Py — o2 (BIPP #TPP) > 0. We have

3 i

§TBD(GTDD FTB.DY < §TDD(GTBD GTB.D) ad [ITEP (F5P) 5 [ITED(7T5). There exists an

i ) A

0, € [Q{B’D/Hgg’D(f-TB’D),l], such that HfHTB’D(f-TB’D) = §TBL(BIBD FTBDY)  Besides, we

K2 K3 P

have Q11787 (77 77) = 677D (5170 #17P) < QI8P (7T PP) = 6T PP (BIPP 7P P) = — (6 -

0)II; &P (7 PP) <0, where the last inequality holds because 8] > &; *7 /1L &7 (7 PP) > ;.

Z

This contradicts the previous result that 6; HTB D(pIBDy _ gTBL(FTED pTBDY - (. Thus,

’ i

FTB.D <7 ~TB,D

K2

<r}.
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3. Contract CS: IIY%"(p;,Bi,7) = piEle=*5P] — (1 — B;)es(r;). Subcontractor #’s profit
when induced to exert a work rate of r; given B is 6°7P(B,m) = (1 —
B:) (E[e=*5P]c}(r;) /(OE[e~*P]/Or;) — ¢;(r;)). The sum of the client’s and subcontractor 4’s
profit is given by Hf‘cg’D(m) =(Q -2 n]\{i}pj)E[efaSD] = ¢i(ri) = Xjemp gy Bici(ri)- Let
FEOP = arg maXT,{H-CS’D(m)} which satisfies 7C >” <77 as p; >0, 1 #4. As 675" (1,775P) =0

and 6757 (0,757 > HCS P (795P) | contract C'S can induce subcontractor i to exert the work

P 3

S,

rate rc P and achieve an arbitrary profit division by adjusting p; and j;. Therefore, Hfg’D(ri)

will be maximized through bargaining, i.e., rcs b— FCS D Therefore, T’CS b < Tl
Therefore, any subcontractor must receive a zero final payment when the system is coordinated,

which completes the proof. O

EC.2. Modeling and Analysis of Sequential Negotiation

At the start of task 7, the realized information is {U7" ,tj,c]}J 1, where W' is the contract
term with subcontractor j and ¢; and c; are the realized duration and cost of task j. The
client’s disagreement point is given by IIZ*({¥™,¢;,¢;}]) = —Z;:lp (U t5,c5)e —aTi
Subcontractor i’s disagreement point is his external earnings while waiting for the completion of
precedent tasks, which is denoted as IL ({t;}:2}).

Although the disagreement points depend on the realized information of past task duration,
cost, and payment, we will show that the negotiated contract term \i/;” is independent of the
realized information {W'",t;,¢;};Z} for any i € [n]. The intuition is that subcontractors’ earning
when waiting for precedent tasks to be completed and the client’s payments for completed tasks are
essentially a sunk cost instead of an opportunity cost and therefore does not affect the negotiation
outcome. Assume that the negotiated contract terms for tasks i + 1 to n (i.e., {\if}?,ZH) are
independent of {U",t,,¢;}iZ1. Consider the two-stage game between the client and subcontractor
1. In the implementation stage, given contract term W, subcontractor ¢ chooses an optimal work
rate 77"(U7") to maximize his profit. By exerting work rate r;, subcontractor i’s expected profit
is given by T (W7, 7y, {4 }12) = (B[ (W7, T3, G, T)Je T = () Je =01 4 TL({1}24),
which is concave in ;. We can obtain subcontractor i’s optimal work rate 7/ (¥!").

Consider the contracting stage. Given the contract term U!", work rate r;, realized information
{¥m t;,¢;}Z1, and anticipated contract terms {\i';"};l:, 41, the client’s profit is given by

Hgﬂ(\ljm T“{\IJ] 7t]7CJ}j 1’{Wm}j z+1)

—(QE[ SO T R (U T, (s, o) e = S0, Blpm (U7, Ty, C;(r5, T;) e T B[ Xt

sz])

j=i+1
e Timt | Hmz({\If t, e }ot) i ed ; Applying the Nash bargaining solution,
-:”’” \I/m je{i+1,....,n
which states that if an agreement is reached the negot1ated contract term W solves the following
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problem: maxyn{ [T — 1) [T —T127) ™" | = (), T > 10, TIE° > 1027}, Simplify
the objective to

[E[ (W T O, T ))efaTi]—ci(n-)]ei [QiE[eﬂTi]—E[ (T, Ci(ry, T, ))e*“Ti]]l_eie*azﬁ;ﬁtj’

where Q; = QE[e™*>i=i+17)] —> i Elp (\Ilm T;,Ci(r;, T ))e*“Tﬂ']IE[efaZ o 1], As we assume
that the anticipated contract terms {\Ilj}j:i 41 are irrelevant to the realized information
{W" t,, ¢, }iZ], the negotiated contract term \i/;n also is. It is straightforward to verify that this claim
holds for the boundary case where ¢ =n. That is, the negotiated contract term \ilm is irrelevant
to the realized information {U"",t;,¢;}7Z}. According to an inductive argument, our claim that
the negotiated contract term \Il;””' is irrelevant to the realized information {V7",;,¢; }j:1 for any
i € [n] is true. Based on this irrelevance property, we next give a formal proof of Lemma 2 and
Proposition 7.

Proof of Lemma 2 Analogous to the proof of Lemma 1, the proof of Lemma 2 consists of two

steps. We first show that when the system is coordinated, the expected profit of all subcontractors

except for the first one should be equal to their disagreement points (i.e., II7' —II, =... =" —1II =
0). The detailed proof for this step is omitted.

We then show that this can only occur when 6, = ... =6, =0 for the sequential negotiation.
Specifically, consider the negotiation between the client and subcontractor i (i € {2,...,n}) given

the realized duration, cost, and payment information of previous tasks. Assume that all the other

subcontractors are induced to exert the system optimal work rate. One necessary condition to

achieve system coordination is 6; (Hm —|—Hm’i 11, —Hm’i) ‘r:r* =1II" — 1L;|, _ . or, equivalently,
0; (QiE[‘f—aTi] - Ci(ﬁ)) —eXnt = =1 —10,| _ .. As HZ‘H I, ,=...=1I —1I, = 0, we have
Q:E[e 7] — ¢;(r;) = QE[e %i=iTi] — D iC (rj)IE[ —aXis l], which is strictly larger than zero

when 7 =r* for any i € {2,...,n}. So, the condition §; =0 has to be satisfied for i € {2,...,n}. O

Proof of Proposition 7 Consider the negotiation between the client and subcontractor ¢ given
the realized information of previous tasks. Assume that all the other subcontractors are
induced to exert the system optimal work rate. To achieve system coordination, two conditions
need to be satisfied simultaneously: C1: 6; (QiE[e*“Ti] — ci(n—)) e Timh = I (s, s, (8)527) —
IO, ({t;}:20) ‘r:'r’*’ and C2: rf =7 (V). According to Lemma 2, we consider the case where 8 € Ag.
Then, condition C1 is equivalent to condition E[p™ (U, Z, /rF,Cy(rs, Zy/ri))e= %1 /T] — ¢ (r}) =
011 if i = 1 and E[p™ (U™, Z; /r¥,Ci(r:, Z;/rF))e=%i/™] — ¢;(r}) = 0 if i € {2,...,n}. Notice that
both conditions C1 and C2 are irrelevant to the realized information. This is a consequence of
the irrelevance property we identified before. Therefore, we do not need to check the equilibrium
conditions using the backward induction. Instead, we could examine the equilibrium conditions for

all subcontractors simultaneously as in the proof of Proposition 3. The coordinating result can be

directly obtained. O



