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Abstract

In an environment with private information, we study the class of sequencing problems
with welfare lower bounds. The “generalized welfare lower bound” represents some
of the lower bounds that have been previously studied in the literature. Every agent is
offered a protection in the form of a minimum guarantee on their utilities. We provide
anecessary and sufficient condition to identify an outcome efficient and strategyproof
mechanism that satisfies generalized welfare lower bound. We then characterize the
entire class of mechanisms that satisfy outcome efficiency, strategyproofness and gen-
eralized welfare lower bound. These are termed as “relative pivotal mechanisms”. Our
paper proposes relevant theoretical applications namely; ex-ante initial order, identical
costs bound and expected cost bound. We also give insights on the issues of feasibility
and/or budget balance.

1 Introduction
1.1 Purpose

We live in an instant world where time is precious and convenience is an essential
prerequisite. The service sector is struggling under the burden of long waiting lines
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that hamper customer satisfaction and long term loyalty. This paper adopts a holistic
approach to analyzing sequencing problems that prioritize a customer’s well-being. A
sequencing problem consists of a service provider and a finite set of agents who wait
in a queue to process their jobs. Each position in a queue is an indivisible good. The
designer decides the order in which agents are served and their respective monetary
transfers.

Service platforms often make an attempt to smoothen out the disutility of waiting
and render a fair treatment to all its customers. We often encounter instances when
waiting for a service is either inevitable (e.g. toll plazas, surgical procedures) or vol-
untary (blood donation banks). One might argue that a consumer can always choose to
walk away and not participate in the mechanism. But, such an option is not desirable
for service providers who care about the welfare of consumers. Our model offers the
participating individuals a basic layer of protection against the agony of waiting in a
queue to avail a service. This is done by guaranteeing each agent a minimum level of
utility, when it is ex-post realized. Such an assurance acts as a safety net for an agent
and tends to improve a consumer’s overall satisfaction despite adverse circumstances.
We discuss a few real life scenarios of waiting-time guarantees below.

In Sweden, long waiting lines for surgical procedures pose a threat to the quality of
their health policy agenda. To reduce waiting lists, in 1992 the Swedish Government
and the Federation of County Council agreed on an initiative to offer a maximum
waiting-time guarantee. Patients awaiting medical procedures are guaranteed a wait-
ing time no longer than 3 months from the physician’s decision to treat/operate (see
Hanning 1996). Similarly, UK’s national health service (NHS) provides emergency
patients with a four hours target window within which 95% of the patients need to
be discharged or transferred.! Pan et al. (2021) study the perturbations in healthcare
operations caused by patients’ tardiness. Their objective is to minimize the total cost
incurred by patient waiting and provider overtime through appointment scheduling
and real time sequencing. India faces a massive congestion of vehicles at the highway
toll plazas. When an individual drives on the highway, waiting at a toll plaza to pay the
toll tax is just as necessary as waiting at the airport check-in counter or the boarding
gate before departure. The National Highway Authority of India (NHAI) ensures that
the number of toll lanes/booths are such that, the service time per vehicle during peak
hours is not more than 10 s. The NHAI rules also suggest an increase in the number of
toll lanes if the waiting time of the users exceeds 3 min. Moreover, there are specific
regions in the country where riders are exempted from paying the toll tax altogether if
the total waiting time surpasses 3 min. The above examples suggest that measures to
introduce guarantees on an individual’s realized welfare is important and desirable.

1.2 Our framework

We work in a standard sequencing environment with a finite set of agents. In our
model, each agent has a single job to process using a facility that can only serve one
agent’s requirement at a time. It is assumed that no job can be interrupted once it starts
processing. A job is characterized by its processing time and an agent’s waiting cost.

1 https://www.nhsinform.scot/care-support-and-rights/health-rights/access/waiting-times.
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The latter represents the dis-utility of waiting (per unit of time). The processing time
of all agents are publicly known while the waiting costs are private information. There
is a well established literature in this direction.> We work in a private information set-
up where agents have quasi-linear preferences and the mechanism designer allows for
monetary incentives. Businesses often resort to monetary and non-monetary incentives
to induce better queue management (express passes for peak hours at theme parks, off
season discounts, airlines providing priority check-ins against a nominal fee, Amazon
charging for faster deliveries and cash back offers for those willing to wait, etc.). For
sequencing problems, mechanism design under incomplete information was analyzed
by Dolan (1978), Hain and Mitra (2004), Moulin (2007), Mitra (2002) and Suijs (1996).
A special case of sequencing problems where the processing times of the agents are
identical is called queueing problems. Queueing problems have also been analyzed
extensively from both normative and strategic viewpoints.

1.3 Contribution to the literature

The sequencing and queueing literature has studied the impact of imposing lower
bounds on the utility function in various contexts. The most natural bound is the first
come first serve protocol where there is a preexisting order in which agents arrive. From
the cooperative game perspective, sequencing games with initial order was analyzed
by Curiel et al. (1989) who define the worth of a coalition as the maximal achievable
cost savings by rearranging its members without jumping over non-members. Yang
et al. (2019) also study cooperative games in sequencing situations with externalities
where the worth of coalition can be influenced by the external players in the queue.
From the mechanism design perspective, the queueing problem was addressed by Chun
et al. (2017) and by Gershkov and Schweinzer (2010). There are other fairness bounds
that have been studied from the normative viewpoint. We use the fairness idea of
identical cost bound (ICB) and this idea stems from the notion of identical-preference
lower bound, introduced by Moulin (1991 ).4 The notion of identical cost bound (ICB)
defines a reference problem and requires that every agent receives at least as much as
his utility from this benchmark case. The reference problem for any agent i requires
that all other agents have the same waiting cost and processing time as agent i. Since
agents are identical in this sense, each of them has an equal right to the resource. As
a consequence, there is an equal probability for agent i to occupy any position in the
queue. No agent suffers due to the heterogeneity of other’s preferences. For queueing
problems, the notion of ICB was analyzed by Maniquet (2003), Chun (2006b), Kayi
and Ramaekers (2010) and Mitra (2007). Another well-studied notion, namely, the
expected costs bound (ECB) requires that the utility of each agent is no less than the
expected cost of the agent associated with random arrival where each arrival order is

2 See De (2017, 2019), De and Mitra (2017, 2019), Dolan (1978), Duives et al. (2012), Hain and Mitra
(2004), Mitra (2002), Moulin (2007) and Suijs (1996).

3 See Chun (2006a,b), Chun and Mitra (2014), Chun et al. (2014, 2017, 2019a,b), Hashimoto (2018),
Kayi and Ramaekers (2010), Maniquet (2003), Mitra (2001, 2005, 2007), Mitra and Mutuswami (2011)
and Mukherjee (2013).

4 Also see Bevia (1996), Moulin (1990), Steinhaus (1948) and Yengin (2013).
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equally probable. Chun and Yengin (2017) introduce welfare lower bounds with the k-
welfare lower bound guaranteeing each agent his utility at the kth queue position with
zero transfer. Starting from the last position, the designer progressively reduces k (thus
increasing the welfare levels) till there is a clash with certain budgetary requirements.
For queueing problems, ECB coincides with the expected “k-welfare bound” in Chun
and Yengin (2017). Further, in the queueing literature, Gershkov and Schweinzer
(2010) honor an agent’s existing service rights by defining individual rationality with
respect to an existing mechanism (first come first serve and random arrival schedules).
They examine whether efficient reordering is possible when individuals are rational
with respect to the status quo.

We introduce the generalized welfare lower bound (GWLB), which is acompact and
unified representation of some existing bounds in the literature.’ Such a representation
encompasses both fairness bounds as well as naturally/artificially constructed bounds.®
The (GWLB) is type-dependent and guarantees an assured level of utility to every
agent.”8 By virtue of the linear cost structure, one can easily observe that such a
bound can be decomposed and expressed as a product of two components- an agent’s
own waiting cost, 8; (we do not consider interdependent waiting costs in this paper)
and some function of the job processing time vector (“s”), denoted by O;(s). The
component O; (s) is the lower bound parameter which varies depending on the specific
bound under consideration.” For instance, say mechanism 11 assures every agent his
worst case utility, that is, when he is placed in the last position. Let mechanism w2
guarantee every agent the utility he would have obtained under the first come first serve
protocol. The lower bound parameter O;(s) under w1 is the sum of the processing
times of all the agents while under 17, it is the sum of his own processing time and
the processing time of all the agents preceding him in the initial order of arrival. The
bound under w5 is stricter than 1) and guarantees a higher minimum welfare (unless
of course the agent coincidentally occupies the last position in the initial order too!)

5 Apart from ICB and ECB, GWLB covers the k-welfare bound proposed in Chun and Yengin (2017) and
sequencing with initial order studied by Gershkov and Schweinzer (2010) and Chun et al. (2014).

6 Although GWLB encompasses all multiplicative lower bounds, since the lower bound parameter O; (s)
can be any function of s, it is not broad enough to manifest any kind of solidarity requirements. For example
it does not reflect the notion of cost monotonicity or population monotonicity (Thomson 2011; Yengin and
Chun 2020).

7 This paper does not discuss the question of participation or tries to impose the individual rationality
constraint (with respect to not getting the service) at any point.

8 Wilson (1989) has analyzed priority service contracts that specifies each customer’s priority in obtaining
the service contingent on supply side constraints. We work in a framework where the facility starts operating
only after the finite set of agents have arrived. In our framework, every agent is entitled to getting his job
processed completely without interruption. Moreover, Wilson (1989) deals with priority service contract in
order to reduce inefficiency that may arise because of impossibility associated with spot pricing, while our
objective is to design mechanisms that achieve outcome efficiency and strategyproofness when no agent is
deprived of the service.

9 The lower bound parameter of any agent purely depends on the job processing time vector (“s”) and not
on the waiting costs. Refer to how we define the job completion cost of an agent in the Framework section
below for further clarity.
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1.4 Results

Under private information, we study the implications of a generalized welfare lower
bound in a sequencing problem with monetary transfers. A mechanism is said to be
outcome efficient if it minimizes the aggregate job completion cost. A mechanism is
strategy-proof if each agent is at least as well off reporting their true per-unit time wait-
ing cost as they would be by misreporting their true type. Our first theorem identifies
a necessary and sufficient condition to obtain an outcome efficient and strategyproof
mechanism satisfying the generalized welfare lower bound.

Given this property, our second theorem is a characterization result introducing the
class of ‘relative pivotal mechanisms’ which is the subclass of VCG mechanisms that
satisfy the generalized welfare lower bound.

We also address the issue of finding those relative pivotal mechanisms that satisfy
either feasibility or its stronger version, budget balance.!? When there are two agents,
the relative pivotal mechanisms are feasible under a certain restriction and are not
budget balanced. When there are more than two agents, the same restriction is sufficient
for the relative pivotal mechanism to be budget balanced (hence, feasible). The latter
half of the paper provides relevant theoretical applications of the generalized welfare
lower bound and also studies its implications in queueing problems. Chun and Yengin
(2017) have characterized the class of VCG mechanisms which satisfies ICB in the
queueing context. They discuss ICB as a special case of the k-welfare lower bound
where k = (n+ 1)/2 and argue that ICB coincides with the welfare lower bound from
random arrival. This paper eliminates the gap between their necessary and sufficient
condition by specifying a tighter and complete characterization of the same. We have
summarized all the results in the concluding section.

1.5 Applications

We first apply our results to sequencing problems with an ex-ante initial order (natural
order in which agents arrive). We show that there is no feasible (and hence no bud-
get balanced) relative pivotal mechanism.!! Our next two applications captures the
essence of fairness by constructing the identical costs bound (ICB) and expected costs
bound (ECB). For queueing problems, the notions of ICB and ECB are equivalent.
We show that if there are exactly three agents, then only for queueing problems we
can get feasible relative pivotal mechanisms under both ICB and ECB; for more than
two agents, we provide a sufficient condition that guarantees the existence of budget
balanced relative pivotal mechanisms.

10 1t is well-known that feasibility of a mechanism requires that the sum of transfers across all agents is
non-positive and budget balance requires that the sum of transfers across all agents is zero.

1 For the queueing problem this impossibility was shown by Chun et al. (2017) and our result shows that
even if processing time across agents are non-identical this impossibility holds.
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2 The framework

Consider a finite set of agents N = {1, 2, ..., n} who want to process their jobs using
a facility that can be used sequentially. The job processing time can be different for
different agents. Specifically, for each agenti € N, the job processing time is given
by s; > 0. By means of an order 0 = (o1, ...,0,) on N, one can describe the
position of each agent in the order. Specifically, o; = k indicates that agent i has the
k-th position in the order. Let X be the set of n! possible orders on N. We define
Pi(0) ={j € N\{i} | 0j < 0;} to be the predecessor set of i in the order o. Similarly,
Fi(o) = {j € N\{i} | oj > o;} denotes the follower (or successor) set of i in the
order o. Given a vector s = (s1,...,5,) € R’}r+ and an order 0 € X, the cost of job
completion for agenti € N is 6, S; (o, s), where S; (o, s) := Zjepi (0)8j TSi € Ryt
is the job completion time of agent i given the order ¢ and 6; € ® := R, is her
constant per-period waiting cost and here R4 is the positive orthant of the real line
R. Due to the sequential nature of providing the service, the job completion time for
agent i depends not only on his own processing time s;, but also on the processing
time of the agents who precede him in the order of service. Note that, for any i € N
we write, Y jePio)Si = 0 if P;(0) = 0. The agents have quasi-linear utility of the
form u; (o, t;; 6;,s) = —0;S; (0, s) + t; where o is the order, 7; € R is the transfer
that he receives and the parameter of the model 6; is the waiting cost. Given any
processing time vector s = (s1,...,5,) € R}, define A(s) := ZjeN s and, with
slight abuse of notation, we denote a sequencing problem by 2 and we denote the set
of all sequencing problems with the set of agents N by S(N). A sequencing problem
Q € S(N) is called a queueing problem if s = (sy, ..., s,)issuchthats; = --- = s,.
We denote the set of all queueing problems with the set of agents N by Q(N). Clearly,
Q(N) C S(N) for any given N (such that N is a finite set and n > 2).

A typical profile of waiting costs is denoted by 6 = (61, ...,6,) € ®". Foranyi €
N, let6_;, denote the profile (61 ...60;_1, 6i+1,...6,) € ©"~ ! which is obtained from
the profile 6 by eliminating i’s waiting cost. A mechanism u = (o, 7) constitutes of a
sequencing rule o and a transfer rule t. A sequencing rule is a function o : " — ¥
that specifies for each profile 8 € ®" a unique order o (6) = (01(@), ..., 0,(0)) € X.
Because the sequencing rule is a function (and not a correspondence) we will require
a tie-breaking rule to reduce a correspondence to a function which, unless explicitly
discussed, is assumed to be fixed. We use the following tie-breaking rule. We take
the linear order 1 > 2 > -.- > n on the set of agents N. For any sequencing
rule o and any profile 6 € ©”" with a tie situation between agents i, j € N, we
pick the order o (0) with 0;(8) < o;(0) if and only if i > j. A transfer rule is
a function 7 : ®" — R" that specifies for each profile 6 € ®" a transfer vector
7(0) = (t1(0), ..., 1,(0)) € R". Specifically, given any mechanism u = (o, 7), if
(Gl.’ , 0_;) is the announced profile when the true waiting cost of i is 0;, then utility of
s ui(ui(0!,0-;);6;,5) = —0;S;(0(0!,0_;),s) + 7;(0],0_;) where 11; (0], 0_;) :=
(0(®],0-;), 7:(9],0_;)). Given any Q € S(N), any 6 € ©" and any order o € X,
define the aggregate cost as C(o; 6, 5), thatis, C(o; 6, s) := ZjeN 0;S;(o,s).

A sequencing rule is outcome efficient if it minimizes the aggregate job comple-
tion cost. A mechanism implements a sequencing rule in dominant strategies if the
transfer is such that truthful reporting for any agent weakly dominates false report-
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ing irrespective of what other agents declare. Implementation of outcome efficient
sequencing rules in dominant strategies has been well studied in the literature on
mechanism design under incomplete information. It is also well-known that, as long
as preferences are ‘smoothly connected’ (see Holmstrom 1979), outcome efficient
rules can be implemented in dominant strategies if and only if the mechanism is a
Vickrey—Clarke—Groves (VCG) mechanism (see Clarke 1971; Groves 1973; Vickrey
1961).

Definition 1 A sequencing rule o* is said to be outcome efficient if for any profile
0 € ®", 0*() € argmin, 5 C(0; 6, s).

An urgency index of agent i is the ratio of his waiting cost to his processing time,
that is, 6; /s;. From Smith (1956) it follows that o * is outcome efficient if and only
if the following holds: (OE) For any 6 € ©", the selected order o™ (6) satisfies the
following: Forany i, j € N, 6;/s; > 0j/s; = ol.*(O) < aj’.‘(e), that is, if the urgency
index of agent i is more than that of agent j, then agent i should be served before
agent j. We say that a mechanism u = (o, 7) satisfies outcome efficiency if o = o*.
In a sequencing problem with outcome efficient rule, a tie situation arises when two
agents have the same urgency index.

Suppose that a waiting cost of zero was admissible in the domain. Consider any
outcome efficient order o*(0) for § € ®". We define the “induced” order o*(0, 6_;)
as follows:

o7 (0)—1 if j e Fi(c™(®)),
07(0,0-;) = {0} (©®) if j € P;i(0™(9)), ey
n j=i.

In words, given # € ®" and given any i € N, 0*(0, 6_;) is the order formed by
setting the waiting cost of agent i at zero and hence moving agent i to the last position
(following the outcome efficiency condition of Smith (1956) by admitting zero waiting
cost of agent i) so that only the agents in the set behind F; (c*(6)) move up by one
position under the outcome efficient queue for the induced profile (0, 6_;).

Definition 2 For a sequencing rule o, a mechanism pu = (o, ) is strategyproof (dom-

inant strategy incentive compatible) if the transfer rule 7 : ®" — R" is such that for
anyi € N, any 0;,0] € ©® andany 0_; € o1

ui (i (0); 0;,8) = ui (i (0], 6-;); 6;, 5). )

For a given sequencing rule o, strategyproofness of a mechanism pu = (o, 1)

requires that the transfer rule t is such that truthful reporting for any agent weakly
dominates false reporting no matter what others’ report.

Definition 3 A mechanism p satisfies feasibility if for any 6 € @", ZjeN 7;(0) <O0.

Definition 4 A mechanism p satisfies budget balance if for any 6 € @", > jeN Ti D)
=0. ‘
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2.1 Generalized welfare lower bound

Given any sequencing problem Q2 € S(N), let O;(s) be the lower bound parameter
of agent i and O(N; s) := (01(s), ..., O,(s)) € R" denote the lower bound vector.

Definition 5 For any sequencing problem Q2 € S(N), a mechanism p = (o, 7) satis-
fies GWLB with the lower bound vector O(N; s) := (O1(s), ..., O,(s)) € R" if the
transferrule 7 : ©" — R"issuchthatforanyi € N, any#; € ©® andany_; € ©" !,

ui (i (0;,0-;); 0;,8) = —0; 0; (s). 3)

3 GWLB, outcome efficiency and strategyproofness

Given any sequencing problem 2 € S(N) and any mechanism satisfying GWLB,
we first try to identify the restriction on the lower bound vector O (N; s) for which
we can get a mechanism satisfying outcome efficiency, strategyproofness and GWLB
with this lower bound vector O (N; s). The next property is necessary and sufficient
for getting such mechanisms.

Definition 6 For any mechanism satisfying GWLB, the lower bound vector O (N s)
= (01(5), ..., Oy(s)) satisfies the constrained welfare property if

Oi(s)>s; VieN. 4)

Condition (4) in Definition 6 puts a constraint on the lower bound parameter, indi-
cating that an agent will always need to incur at least the cost of her own processing
time with zero transfers. In particular, it admits any O; (s) of the form O; (s) = s; + M;
where M; is any non-negative real number for every i € N. For the special case when
O;(s) = s; for all i € N this can be interpreted as the 1-welfare bound defined in
Chun and Yengin (2017) which states that no agent should have a utility less than her
best-case utility (when she is served first and there is no transfers). Also note that if
0;(s) = A(s) = Zje,\, sjforalli € N, then it satisfies condition (4) and we have the
n-welfare bound of Chun and Yengin (2017) extended to the sequencing case. Hence,
k-welfare bounds defined forall k € {1, ..., n}in Chun and Yengin (2017) are special
cases of the constrained welfare property.

Theorem 1 The following statements are equivalent for any given sequencing problem
Qe S(N):

(SPC1) We can find a mechanism that satisfies outcome efficiency, strategyproofness
and GWLB with the lower bound vector O (N s).
(SPC2) The lower bound vector O(N; s) satisfies the constrained welfare property.

It is well-known that for an outcome efficient sequencing rule a mechanism is strat-
egyproof if and only if the associated transfer is a VCG transfer (see Holmstrom 1979).
The standard way of specifying the VCG transfers for any sequencing problem €2 is that
forall@ € ®" andforalli € N, 7;(0) = —C(c*(8); 0, 5)+6;Si (c*(0), s)+gi (0—),
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where for each i € N the function g; : ©NM\I — R is arbitrary.!? If in addition we
require GWLB to be met, then it is necessary that for any profile # € ®" and any agent
i €N, ui(c*(0),7i(0); 0, 5) = —C(0%(6); 0,5) + gi(0—i) = —0; 0i(s) implying
that g;(6—;) > C(0*(0); 0, s) — 6; 0;(s). Since the function g;(f—;) is independent
of agent i’s waiting cost 6;, we have the following:

gi(0=) = §i(O=) = sup [Ti(xi; 0], Ti(xis 0—) := [C(0*(xi, 0-); (xi,0-), 8) — x: 0;()].  (5)

X €O
Equivalently, we can represent 7; (x;; 6—_;) in Eq. (5) in an expanded form as follows:
Ti(xis 0-1) i= 3 jengi) 075 (@ (xi, 0-i), 8) + {Si (0™ (xi, 6-7), 5) — Oi($)}xi, where x; € Ry. (6)

Observe that if O;(s) > A(s) = ZjeN s;, then S;(c*(x;,0_;),s) < O;(s) for all
x; € © and hence the function 7;(x;; 6_;) has no maximum value x; € ® though
the function has a least upper bound if we set x; = 0. Hence, if O;(s) > A(s), we
have T;(x;; 6_;) < T;(0;60_;) < oo forall x; € ©.13 One can also verify that even
if O;(s) = A(s), we have T;(x;;0_;) < T;(0; 6_;) < oo for all x; € ®. However, if
0;(s) < s;,then S; (o™ (x;,0_;),s) > O;(s) forall x; € ® and the function 7; (x;; 0_;)
has neither a maximum nor a least upper bound. Hence, for the function T; (x;; 6—;)
defined on x; € © to have a least upper bound, the constrained welfare property (of
Definition 6) is necessary.

Example 1 To illustrate the above optimization exercise, let us consider a set of three
agents denoted by N = {1, 2, 3}. Consider the profile 6 = (6] = 9,6, = 4,03 = 1).
The job processing time vector is s = (s; = 3,52 = 2,53 = 1). On computing the
urgency index of every agent we observe, 01/s; = 3 > 62/s50 = 2 > 63/s3 = 1.
This implies that the outcome efficient ordering is o*(0) = (o(0) = 1,05(0) =
2, aﬁ‘(@) = 3).Letusassume O; (s) = si—l—z#i sj/2foreachi € N thus, O(N;s) =
(01(s) = 4.5, 02(s) =4, O3(s) = 3.5). To understand how the function 7; (x;; 6_;)
behaves, refer to Fig. 1 below, which demonstrates this specifically for agent 1. Under
outcome efficiency, note the following:

(1) When x; > 6, agent 1 continues occupying the first position in the queue (since
Xx1/s1 = 02/s2 > 63/s3). The slope of T} (x1; 6—1) is negative. This can be seen
from Eq. (6) where the slope is given by {s; — O1(s)} = —1.5.

(2) When 3 < x; < 6, agent 1 now occupies the second position in the outcome
efficient ordering (since 6>/s> > x1/s; > 03/s3). The slope is positive in this
range, that is, {s; +s2 — O1(s)} = 0.5.

(3) When x; < 3, agent 1 is served last and the slope gets steeper, that is, {s] + s2 +
s3 — 01(s)} = 1.5.

Denote 6] € R such that T1(8]"; 6_1) = Ty (x1; 6_1) forall x; € ©. Clearly from
Fig. 1, the value of T} (x1; 0_1) is maximised at 8 = 6, that is, when x1/s; = 65/s>.
Similarly, we can plot T>(x2; 6—2) and 73(x3; 6_3) to compute 65 and 65 respectively.

12 See Mitra (2002) and Suijs (1996).

13 Given condition (1), the order o*(0; 6_;) is well-defined and hence the function T; (x;; 6_;) is well-
defined at x; = 0.
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Ti(x1;60-1)

(65, 1 (65;6-1))
17

15.5

3 0 =6 X1

Fig.1 Finding the maximum value of 77 (x1; 6_1)

Definition 7 An outcome efficient mechanism u? = (o*, t?) is called a relative
pivotal mechanism if tP satisfies the following property: For any profile 6 € ®" and
any agenti € N,

t/(0) = {Si(6*(6]", 0-i). 5) — 0i()}0] + RP;(0) + hi (0—;), (7
where, given the function T;(x;; 6—;) (defined in (6)), 91.* € R, is such that
T;(07;0-;) = Ti(x;;0-;) forall x; € ®, RP;(9) :== )  (|Pj(c*(6F,0-)| —

JEN\{i}

|P;(a*(0))0;si and h; : O\ - R
Let R(N) denote the set of all relative pivotal mechanisms defined in Definition 7.

Theorem 2 For any given Q € S(N), an outcome efficient mechanism u = (o*, t)
satisfies strategyproofness and GWLB with O (N, s) meeting the constrained welfare
property if and only if it is a relative pivotal mechanism, that is, i € R(N).

It is well-known from Holmstrom (1979) that for outcome efficiency and strate-
gyproof it is necessary that the mechanism p = (¢*, ) must be a VCG mechanism
where the transfers satisfy the following property: For any profile 6 € ©®" and
any agent i € N, 7;(60) = —C(c*(0);0,s) + 0;Si(c*(0),s) + gi(0—;) where
gi : O\ 5 R is arbitrary. The relative pivotal mechanism given in Definition 7
is a VCG mechanism which is obtained for each agent i € N and each profile 6 € ®”"
by substituting g; (0—;) = T; (6/"; 0_;) +h;(6—;) where T; (6; 6_;) (resulting from the
optimization exercise in Definition 7) and the restriction 4; (6—;) > 0 are necessary
to satisfy the GWLB. After appropriate simplification of the VCG transfer 7;(0) =
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—C(0%(0);0,5)+0;Si(c*(0), s)+gi(0_;) by using g; (0_;) = T; (0]; 0_;) +h; ()
we get that forall @ € ®" and alli € N,

P (0) = —C(0%(0):0,5) +6:Si (0™ (0),5) + T3 0_1) + hi(6—;).  (8)

Simplifying (8) we get a subset of VCG mechanisms which we call relative pivotal
mechanisms (Definition 7). From the proof of Theorem 2 it is clear that given any
relative pivotal mechanism pu” = (o*, 7”) € R(N), forany§ € ®" and any i € N,
wi (1! O, 0-1); 0;,8) = —0; 0i () +{T; (07 0_)—T; (6;; O—i)+hi (0-)} = —6; 0 (s)
since T; (6/"; 0_;) — T; (6;; 0—;) +h; (6—;) > 0. Hence, GWLB is satisfied for all agents.
The sum RP;(0) = ZjeN\{i}(le(a*(Qi*, O0_i)| — |P;(a*(6))])8;s; in condition
(7) captures the relative pivotal nature of this sub-class of VCG mechanisms. Given any
profilei € N, any §_; € ®"~! the ‘benchmark’ type 67 of agenti is obtained from the
optimization exercise in Definition 7 and if this 6" is taken along with6_; € ©"~!, then
the resulting benchmark outcome efficient order is o*(@i*, 0_;). Given any ¢, € O,
this benchmark order o * (6", 6—;) may or may not be the same as the actual outcome
efficient order o*(6;, 6—;) though the relative order across the agents other than i
remains unchanged.]4 Giveno* (Gi*, 6_;)and o*(0;, 6_;), we can have the three mutu-
ally exclusive and exhaustive possibilities-(i) P; (o*(6;, 6—;)) C P;i(o™(6], 6—;)), (ii)

Pi(0™(6;,0-:)) = Pi(0c™(0], 0-:)), and, (iii) P; (o™ (6, 0—;)) C P;(0™*(6;, 0—1)).
(R1) If Pi(0*(6;,0-)) C Pi(c*(0},0-;)) (so that 67 € [0, 6;)), then relative to
o*(07,0-;), agent i has inflicted an incremental cost of 6;s; to each agent
J € Pi(0*(O;,0-)\Pi(c*(6;,0—;)) under the actual order o*(6;, 0—;). Hence,
for any j € Pi(oc™(0],0-)\Pi(c*(0;,6-;)), we get |P;(a* (6], 0-i)| —
|Pj(c*(6;,0—;))| = —1. Therefore, using the sum in (7) it follows that agent i

has to pay

RP;(0) = Z (|Pj (™ (6], 0_i)| — | Pj(c™(0;, 0_))O;si
JEN\{i}

= — Z sti.

JEP(@* (0 ,0-)\Pi(0*(6;,0—1))

When can we have 6 = 07 If for any agent i € N we have O;(s) > A(s),

then for every 6_; € e T, (x;; 0—;) is decreasing in x; € ® implying that
by setting Gi* =0 we get T;(0; 6_;) > T;(x;, 0_;) for all x; € ®. In this case,

RP;0)= Y (IPj(@*(0,0_) —|P;(0* ;. 0_))0js; = — > 0)si-
JEN\{i} JEF; (0*(0F,0_;)

(R2) If Pi(0*(6;,0-i)) = P;(c*(6],6-)), then o*(8,0_;) = o*(Y;,6-;) and
agent i has neither inflicted any incremental cost to any other agent nor
has agent i induced any incremental benefit for any other agent, that is,

14 Specifically, for any o*(Gi*, 0_;) and o*(0;,0_;), the relative order across the agents other than i
remains unchanged means that for any j, k € N\{i} with j # k, J]’.k (6f,6_;) > off (6),6_;) if and only
if and U;‘(Gi, 0_;) > G];k(ei, 0_;).
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|Pj(0*(6F,0-))| = |Pj(c*(0;,6-;))| for all j € N. Hence, using the sum
in (7), it follows that

RPO)= Y (IPj(0*®;.6-)) — |P;(@* 6} 0_)))b;s; =0
JEN\{i}

(R3) If Pi(0*(6,60-;)) C Pi(c*(6;,0-;)) (so that 67 > 6;), then relative to the
outcome efficient order a*(@i*, 0_;), agent i has given an incremental benefit
of 0;s; toeach j € P;(0*(6;,60-;))\Pi (0™ (6], 6—;) under the outcome efficient
ordero*(6;, 6—;). Hence, forany j € P;(0*(0;, 0—;))\P;(0*(0;, 0—;), we have
[P (0™ (6F,0_)|—|P;j(0*(¥;,0—;))| = 1. Thus, from the sumin (7), it follows
that agent i gets a reward of

RP©)= Y (IPj(a*(©®F,0-)) — |P;(c™ (0. 0-)))b)si
JEN\{}

= Z st,'.

JEPi(0*(6;,0-)\Pi(a*(6] ,0-i)

Therefore, (R1), (R2) and (R3) explains how the sum R P;(6) in (7) for agent i with
type 6;, given 6_; is calculated based on the difference in the cost of all other agents
N\{i} that results from the actual profile specific outcome efficient order o*(6;, 6_;)
relative to the benchmark outcome efficient order o * (Gi*, 6_;). What follows from the
above discussion is that for all & € ®" and each i € N, either |P;(c* (6, 0-;))| —
|Pi(0*(0)] € {~1,0} forall j € N\{i} or | P;(c*(6}.6-1)| — |P;(c*(®))] € {0. 1}
for all j € N\{i}. Equivalently, we cannot find a profile § € ®" and an agenti € N
such that |P;(0*(6/,60_;))| — |P;j(c*(#))| = —1 for some agent j € N\{i} and
[P (0™ (0], 0-i)| — | Pr(c*(9))| = 1 for other agent k € N\{i, j}.

Example 2 Continuing with the same illustration as in Example 1, Table 1 provides
the necessary inputs to compute the relative pivotal transfer and the correspond-
ing utility of every agent. Using the specifications provided in the fourth column
of Table 1 and given 0*(9) = (0;(#) = 1,05() = 2,05(0) = 3), we have
(1) Pi(0*(@)) = Pi(a*(0F,0-1)) = 0, (i) Po(c%(0)) = P2(0™(05,0-2)) = {1}
and (iii) P3(c*(0))\P3(c*(05,0-3) = {2}. Therefore, using (R2) above, it follows
that RP;(f) = 0 and RP>(#) = 0. Moreover, from (R3) above it also follows that
RP3(0) = Zj€P3(U*(G))\P3(J*(9;,9,3)ejs3 = 653 = 4. This explains the entries
in fifth column of Table 1. The term R P3(f) shows that agent 3 is compensated
for being served last under o *(0) relative to the benchmark outcome efficient order
0*(05;0-3) = (0] (05:6-3) = 1,05(65;0_3) = 3,04(05;60_3) = 2) where she
occupies the second position.

Using the form of the relative pivotal mechanism given in condition (7) of Defini-
tion 7 and using the specifications provided in Table 1, we derive the relative pivotal
transfers of the three agents. These transfers are-(I) rlp @) = =9+ h1(62, 63), (ID)
12[7(9) = 6+hy (01, 63) and (IIT) 1317 (0) = 5.5+h3(61, 62). Finally,using h; (8, 6;) > 0
fori # j # k # i, it follows that (A) ul(,uf(e);@l,s) = —36 4+ h1(02,03) >
—0101(s) = —40.5, (B) uz (b (0); 02, 5) = —14 + hy (61, 63) > —020(s) = —16
and (C) ug(,ué’(@); 03,s5) = —0.5 + h3(01, 02) > —0303(s) = —3.5.
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Table 1 Inputs to derive the relative pivotal transfers

Agents  0;(s) o (07,61 RP,(6)

1 O1(s) =45 0F=s (9—5) —6 o*0F6.1)=(1,2,3) 0

2 Oxs)=4 6 =s (9—;) =6 o*(03.0-)=(1.23) 0

3 03$)=35 6 =s;(%)=3 003,00 =(1.3.2) Ors3=4

3.1 Feasibility and budget balance

Before going to our results on identifying the class of relative pivotal mechanisms that
ensures outcome efficiency, strategyproofness, GWLB and feasibility; we first drop
strategyproofness and provide a necessary restriction for obtaining mechanisms that
satisfy outcome efficiency, GWLB and feasibility.

Definition 8 For a mechanism satisfying GWLB, the lower welfare bound vector
O(N, s) satisfies the weighted net welfare if

D(O(N,s)) := ZSj {Oj(s) - <w>} > 0. 9

‘ 2
JeN

The condition in Eq. (9) is independent of the per unit waiting cost of an agent
(6;), which is private information in our model. For each agent j € N consider the
product of this agent’s processing time s; and the term (Oj () —{(s; + A(s))/Z})
that captures difference between the bound parameter of agent j and the average job
processing time of agent j resulting from occupying the first and the last position
in the queue. If such an agent specific product is added across all agents, then the
resulting sum under condition (9) must be non-negative. The inequality in condition
(20) of Appendix A provides an equivalent representation of condition (9) in terms
of arithmetic mean and coefficient of variation of the elements in the processing time
vector s = (51, ..., Sy).

If we choose O (N; s) such that O;(s) = s; foralli € N, condition (9) fails to hold.
If O(N; s) is such that O;(s) > (s; + A(s))/2 foralli € N, condition (9) is satisfied.
The following lemma shows that the weighted net welfare property is necessary to
find an outcome efficient and feasible mechanism satisfying GWLB.

Lemma 1 If for any sequencing problem Q € S(N), we can find a mechanism that
satisfies outcome efficiency, GWLB with lower bound vector O(N, s) and feasibility,
then for the lower bound vector O (N, s), the weighted net welfare property must hold.

Given Lemma 1, we provide a more detailed discussion about the complete set

of O(N, s) satisfying weighted net welfare property. We denote this set by O(N, s)
and this set is explicitly given by condition (21) in Appendix A. It has been shown
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in Appendix A that the set O(N, s) is non-empty and convex and satisfies a certain
vector domination property.

Definition 9 An outcome efficient mechanism o7 = (o*, t7) is called a minimal
relative pivotal mechanism if it is a relative pivotal mechanism with the property that
foralli € N andall0_; € ®* ! h;(_;) = 0, that is, for any profile & € ®" and any
agenti € N,

f,-p(Q) = {S;i(c™ (O], 0-1),5) — 0;(s)}6;" + RP;(0), (10)
where the weighting cost 8F € R ensures that 7;(07; 6_;) > T;(x;; 6_;) for all
X; € ®and RP;(0) = ZjeN\{i}(lpj(G*(Qi*, O-i)| —|P;j (0™ (0))0;si.

Observe that if a relative pivotal mechanism u? = (o*, t”) € R(N) is feasible,
then the minimal relative pivotal mechanism ” = (o*, T7) is also feasible since for
any 0 € ©" andanyi € N, 1 () — t/(0) = hi(6—;) > 0. Therefore, if we want
to check whether we can find a feasible relative pivotal mechanism or not, we simply
need to check the prospect of feasibility with the minimal relative pivotal mechanism
il
Proposition 1 Suppose that for any sequencing problem Q € S(N) with |[N| = 2, we
can find a mechanism that satisfies outcome efficiency, GWLB with the lower bound
vector O (N, s) satisfying the weighted net welfare property. We have the following
results:

(B2a) A feasible relative pivotal mechanism exists if and only if O1(s) > A(s) and
O2(s) = A(s).
(B2b) There is no budget balanced relative pivotal mechanism.

Can we find budget balanced relative pivotal mechanisms when there are more than
two agents?

Proposition 2 Suppose that for any sequencing problem Q € S(N) with |N| > 3, we
can find a mechanism that satisfies outcome efficiency, GWLB with O (N, s) satisfying
weighted net welfare property and satisfying O;(s) > A(s) for alli € N. Then we
can find budget balanced relative pivotal mechanisms.

Part 1 (ii) of Appendix A states that the weighted average of the lower bound param-
eters is no less than the aggregate processing time (thatis, ZjeN w;(s)0;(s) > A(s))
is a sufficient condition for weighted net welfare property. Proposition 1 shows that
the lower bound parameter of each agent is no less than the aggregate processing
time is necessary and sufficient for feasible relative pivotal mechanisms when there
are two agents and Proposition 2 shows that the same condition is sufficient to get bud-
get balanced relative pivotal mechanism when there are more than two agents. What
can we say about obtaining feasible relative pivotal mechanism for any sequencing
problem Q € S(N) with the mechanism satisfying the GWLB with O(N, s) sat-
isfying the weighted net welfare property and when there exists at least one agent
with O;(s) € (s;, A(s))? It is difficult to answer this question in general as the trans-
fers associated with any relative pivotal mechanism lacks closed form representation.
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However, the following example suggests that one would expect to get more restriction
on the processing time of the agents (over and above what is required under the con-
strained welfare and weighted net welfare properties) to get feasible relative pivotal
mechanisms.

Example 3 Consider any 2 € S(N) with |[N| = 3 and take any mechanism satisfying
GWLB with the lower bound vector O (N, s) satisfying O; (s) = s; +max j; s; for all
i € N.Without loss of generality, assume thats; > s > s3. Observe that condition (9)
holds since D(s) = s1(s2—53)/2+s2(s1—53)/2+s3(s1 —s2)/2 > 0. Hence, weighted
net welfare property holds. Consider the profile # € ®3 such that 0}‘ @ =n+1—j
for all j € N and in particular 63/s3 = a > 6/s) = b > 61/s; = ¢ > 0. Using the
function 7; (x;; 6_;) (in (6)), we can fix 6 = s1b, 65 = soc and 65 = s3c. Then, using
the transfers associated with the minimal relative pivotal mechanism (Definition 9),
we get f] (9) = S1S3b, fz(@) = —CS2(S1 — S3), and f3(9) = —CS3(S1 — S2) — S3S2b.
Ifs1 > soanda > b > ¢+ c[s2(s1 — 53)/s3(s1 — s2)], then ZjeN fj(e) = (b -
c)s3(s1 — s2) — cs2(s1 — s3) > 0 and feasibility gets violated. Hence, for feasibility
to hold it is necessary that s; = s» > s3 which is a restriction on the processing time
vector s = (51, 52, 53).

Remark 1 In Proposition 1, we are looking for a subclass of VCG mechanism that sat-
isfies budget balancedness along with GWLB. However, there does not exist a budget
balanced VCG mechanism with two agents since outcome efficiency is not compatible
with budget balancedness and strategyproofness. For sequencing problems with two
agents, De and Mitra (2019) have characterized the budget balanced and strategyproof
mechanisms. Agent sovereignty means that all agents individually have the ability to
affect the allocation outcome of the mechanism.!> They observe that the only class
of non-increasing (with individual agent’s type) allocation rules that are compatible
must disregard agent sovereignty. Note that, an outcome efficient mechanism satisfies
agent sovereignty and hence for two agents we do not find a budget balanced VCG
mechanism. When |N| > 3, De and Mitra (2019) also argue that one can find mech-
anisms that satisfy outcome efficiency, strategyproofness and budget balancedness.
This is a special case of Proposition 3 in De and Mitra (2019). Hence, as it turns out
that a bound like O;(s) > A(s) := Zje,\, sj for all i € N is sufficient to achieve
GWLB along with outcome efficiency, strategyproofness and budget balancedness.

Remark 2 1t is difficult to give an explicit expression for the transfers of a budget
balanced relative pivotal mechanism. It is specific to the exact structure of the welfare
bound under consideration and the profile under consideration. However, the proof of
Proposition 2 in the appendix provides some insight on how the transfers look like
when there are at least three agents and the welfare lower bound guarantees each agent
his utility from being served last in the queue. Equation (32) gives the precise form of

the transfer and by setting /2; (6-) = >_ ey () {Sj ZkeFj (@*(0_1)) Hk} /(n —2) to the
mechanism rip(O) where rl.p @) = — ZkeF,-(a*(e)) Orsi + hi(6—;). Note that the first

part of 7/ (0), that is, — Y, F(o*(0)) Oksi 1s the transfer associated with the pivotal
mechanism for sequencing problems.

15 See Mukherjee (2020).
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4 Applications
4.1 Sequencing with a given initial order

For a sequencing problem 2 € S(N) with initial order, there is a preexisting order
in which the agents have arrived to use the facility and the job processing starts only
after all agents have arrived to use the facility. This problem is the natural exten-
sion of the problem of reordering an existing queue (addressed by Chun et al. 2017
and by Gershkov and Schweinzer 2010) to the sequencing problem. Suppose that
initial order of arrival is ¢ € X. For a sequencing problem Q € S(N) with ini-
tial order ¢°, a mechanism satisfying GWLB has the property that the lower bound
vector is 0°"(N,s) = (09°(s),...,05"(s)) € R, where for each i €n,
07 (s) =s; + Zjepi(go) s; and hence for any profile 6 € ©", ZjeN 9]-0}’ (s) =
C(c9: 0, 5). It must be noted that with the lower bound vector O"O(N ,s), the con-
strained welfare property is satisfied since for eachi € N, O7 ’ (s) = Si(69,5) =
Si + 2 jep (o0 Sj = si- Moreover, the weighted net welfare property is also satisfied
since D(s) = ZjeN si{S; (09, 5)— (s;+A(s))/2} = Z./GN(sj/Z){(Zkepj(go) Sk —
ZkeFJ-(dO) sk} = ZjeN Zkepj(oo)(sjsk/z) - ZjeN ZkeFj(aO)(Sjsk/Z) = 0 imply-
ing that condition (9) holds.'® One can check that the special feature of the relative
pivotal mechanisms is that the function 7; (x;; 6—;) (defined in (6)) has the following
form:

T (xi; 6-) = > si— > silxit D 080 (xi.0-).9)."

JEPi (0*(xi,0—;)) JjeP;i(09) JEN\{i}
(1)

4.2 Sequencing with identical cost bounds

Identical cost bounds (ICB) requires that each agent i € N receives at least the
utility he could expect if all agents were like him (both in terms of waiting cost as
well as in terms of processing time) in a reference problem. This means that each
agent i € N in his reference problem has an equal chance of facing each order
from X. Thus, ICB requires that for any agent i € N and any profile § € ®",
ui(ni(0); 6;,s) = —6;((n + 1)s;/2) where 6;((n + 1)s;/2) represents the expected
cost of agent i with waiting cost 6; and processing time s; when all agents have the same
processing time s; and agent i gets each of the positions 1 to n with probability 1/n.

16 The reason for the last equality is the following: For any two agents j, k € N, {k € P; 0% & Jj €
Py (¢%)} which implies that for any term of the form s jsg /2, there is exactly one term of the form —s sz /2
that cancels it out.

17 Note that for any i € N, any 6_; € ©"! and any x; € Ry, {Sj(0*(x;,6_;),5) — Oj(s)}x; =

[,EP(G*Z(X o’ 51 = X jepi(00) S S:} Xi = [ZjeP,-w*(x,-,ef,-)) Sj = X jepi(o0) SJ]Xi-
J i iY—i
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Thus, any sequencing problem Q € S(N) with ICB requires that for any mechanism
satisfying GWLB the lower bound vectoris O* (N, s) = (0} (s), ..., Oy"(s)) € R} |
where foreachi € N, Ois i(s) = (n+1)s; /2. Observe that given the lower bound vector
O°*(N, s), the constrained welfare property is satisfied since 0;" (s) = (n+1)s;/2 > s;
for every i € N. Moreover, the weighted net welfare property is also satisfied since

D) = X ey 5100+ D5i/2 = (5 + A6)/2) = X jen ) { X 657 =50} =

Z;’;} {Zk> (s — sk)z} > 0 and hence condition (9) also holds. One can easily

verify that the special feature of the relative pivotal mechanisms in this context is that
the function 7; (x;; 6—;) (provided in (6)) has the following form:

(n—1)s;
TE (xiz 0-i) = Yo S [n ) 0810 G 0.0, 9.1
JEPi(0%*(xi,0—-;)) JEN\{i}

12)

4.3 Sequencing with expected cost bounds

The expected cost bounds (ECB) requires that the utility of each agent is no less
than the expected cost of the agent associated with random arrival where each arrival
order is equally likely. Formally, ECB requires the following property: For any agent

i € N and any profile 6 € ©", u;(ui (0);6;,5) > —6; (Z Sf(“)). Define

oex n!

Si(s) == s + ZjeN\{i}(sj/Z) for eachi € N. It is quite easy to verify that for each
agenti € N, )  .» w = §;(s).'” Therefore, an equivalent representation of the
ECB requirement is that for any agenti € N and any profile0 € ©", u; (u(6); 6;, s) >
—0;Si(s).

For any sequencing problem Q € S(N) with ECB, a mechanism satisfying GWLB
has a lower bound vector OS(N, s) = (Oi91 ($),..., 05" (s)) € R%, where for

eachi € N, 07 (s) = Si(s). Observe that for any i € N, 07 (s) = Si(s) =
si+ > je N\{i}(s j/2) > s; implying that the constrained welfare property given by
condition (4) holds. Further, weighted net welfare property is also satisfied since

18 Observe that forany i € N, any 6_; € " ! andany x; € Ry,

{Si (0™ (xi,0—i),8) — 0;()}x;

= Z Sj+Sl‘—(n+21)Sij|xi=|: Z Sj—(nzl)Sij|xi.

JEP; (0*(x;,0_;)) JEP; (0*(x;,0_;))
19 The equality Y, cx Si (:!’X)
S; (s). The sum in §; has two components-own processing time s; and half of the total processing time of
all other agents j # i. In any possible ordering o € X, an agent will always incur his own processing time
and hence s; enters S; (s) with probability one. Moreover, observe that any other agent j # i precedes agent
i in any ordering o if and only if he does not precede agent i in the complement ordering o “. Therefore,
when we consider all possible orderings to calculate agent i’s average completion time, s; for j 7 i will
occur in exactly half of the cases as a part of the completion time of agent i.

= §;(s) states that the average completion time of each agent i equals
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D(s) = ZjeN si{(sj + A(s))/2 — (s; + A(s))/2} = 0 and condition (9) holds. One
can verify that the special feature of the relative pivotal mechanisms in this context is
that the function 7; (x;; 6—;) (in condition (6)) has the following form:

S, S,
Ti’f(x,»;ei){ > * - > z"}w > 0;Si0*(xi 0-), ). 20
0_i))

kePi(0*(xi.6-) ~  keFi(o*(x, jeN\(i)
(13)

Remark 3 Clearly, the bounds associated with ICB and ECB are different for any
sequencing problem which is not a queueing problem, that is, for any Q €
S(N)\Q(N). However, for any queueing problem 2 € Q(N) with s = --- =
sp=a>0,35; (@) = (n+ 1)a/2 for all i € N implying that the notions of ICB and
ECB are equivalent.”!

4.4 Feasibility and budget balance
4.4.1 Sequencing with given initial order

Using Proposition 1 it follows that if we consider any two agent sequencing problem
with initial order, then we cannot find a mechanism that satisfies outcome efficiency,
strategyproofness, GWLB and feasibility since for any agent (i say) having first posi-
tion in the initial order 0¥, O;(s) = s; < A(s). The discussion to follow shows
that this impossibility result holds in general for any sequencing problems with given
initial order.

Remark 4 Consider any Q € S(N) with given initial order ¢* and with |[N| > 3. We
provide certain observations about the minimal relative mechanism i = (o, T) with
the T;(x;; 6—;) function given by condition (11).

(I01) Let i € N be that agent having first queueing position under that initial
order o, that is, Si(ao,s) = ;. Then, for any profile 6 € ©®", 91'* =
si.{max{60;/s;}jen\(i}} is a solution to the maximization of the function TI.I (x; :
6_;) and we select o* (6, 6_;) such that P;(c*(67,0_;)) = Pi(c% = 0.
Therefore, we have 6[S;(0*(0),0-;),5) — O;(s)] = 0F[s; — s;] = 0 and

20 Observe that forany i € N, any 6_; € ©" 1 and any x; € Ry, {S;(6*(x;,0_;). s) — 0;(s)}x;

{ Y sj4si— Y szf_sl}

JEP; (0% (x;.0_;)) JEN\{i}

S N
S DT S
—i

keP;(o*(x;,0—;)) keFi(o*(x;,
21 Here g is an n-element vector with all its elements equal to a.
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hence using (11) it follows that the transfer associated with the minimal rela-
tive pivotal mechanism 1 = (¢*, 7) for agenti € N is

f,»(@) =S; Z 9]'.

JEP(0%(0))

(I02) Let k € N be that agent having last queueing position under that initial order
o0, that is, S; (00, s) = A(s) = ZieN sj. Then, using argument similar to the
one used in (R1), it follows that for any 6 € ©", 6; = 0 and Px(0*(0, 0_¢)) =
Pi(c%) = N\{k}. Therefore, we have 0F[Si(0*(0;,0-i),s) — Oi(s)] =
0F[A(s) — A(s)] = 0 and hence using (11) it follows that the transfer associated
with the minimal relative pivotal mechanism i = (¢o*, T) for agent k € N is

@) =-sx Y. 0.

JE€F(0*(0))

Points (I01) and (I02) of Remark 4 show that given a sequencing problem with
initial order o', the explicit form of the minimal relative pivotal transfers of the agents
having the first and last positions under the initial order o' are easy to derive. However,
it is difficult to get an explicit form of the minimal relative pivotal transfers for agents
having other positions under the initial order o°. Despite this difficulty, using points
(IO1) and (102) of Remark 4 and by appropriate construction of a profile we can prove
the following impossibility result.

Proposition 3 For any Q € S(N) with given initial order ¢° and with |[N| > 3,
there is no mechanism that satisfies outcome efficiency, strategyproofness, GWLB
and feasibility.

4.4.2 Sequencing with ICB and sequencing with ECB

Using Proposition 1 one can show that if we consider an 2 € S(N) with ICB and with
two agents N = {1, 2}, then we cannot find a mechanism that satisfies outcome effi-
ciency, strategyproofness, GWLB and feasibility since we require 3s1/2 > A(s) and
3s2/2 > A(s) to hold simultaneously which is impossible. Similarly, using Propo-
sition 1 one can also show that if we consider 2 € S(N) with ECB and with two
agents N = {1, 2}, then we cannot find a mechanism that satisfies outcome efficiency,
strategyproofness, GWLB and feasibility since, for each i, j € {1, 2} withi # j, we
have s; +5;/2 < A(s) = s1 +s2. What happens when we have more that two agents?

Proposition 4 For any sequencing problem Q € S(N) with |N| = 3 and either with
ICB orwith ECB, if we can find a feasible relative pivotal mechanism, then Q € Q(N).

Proposition 4 states that when there are three agents, if we can find a mechanism
satisfying outcome efficiency, strategyproofness, feasibility and GWLB either with
ICB or with ECB, then we must have a queueing problem. It is well-known from the
existing literature on queueing problems that, when there are three or more agents we
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can find mechanisms that satisfy budget balance along with outcome efficiency, strat-
egyproofness and GWLB with ICB (or ECB).?> The next section analyzes queueing
problems in this context.

5 Queueing problems

Throughout this section we assume without loss of generality thats; = --- = s, = 1,
and, given any queueing problem 2 € Q(N) for any mechanism satisfying GWLB, we
define the lower bound vector as O(N) = (Oy, ..., O,) € R". As aresult, given any
mechanism u = (o0 = (o1, ...,0,),7 = (11,...,Ty)), byusing s; = --- =5, = 1
we can represent the utility function of any agent i with waiting cost §; € © as
ui(ui; 0;) = —oib; + t; where u; := (oj, t;) for all i € N. For any queueing
Q € Q(N) with mechanism satisfying GWLB, the lower bound vector O (N) satisfies
the constrained welfare property if O(N) = (Oq, ..., Oy) is such that O; > 1 for all

i € N.One can easily verify that the special feature of the relative pivotal mechanisms
in this context is that the function 7; (x;; 6—;) (given by (6)) has the following form:

T2 (xi10-) = [0 (xi.0-) — O;] x; + > ofxi, 0-)0;. (14)
JEN\{)

For any queueing problem 2 € Q(N) and any mechanism with GWLB, the lower

bound vector with either ICB or ECB is OB (N) = (08, ..., O,{g) where OiB = %

for all i € N (see Remark 3). Given (14) we get that the function TiQ (x;; 6_;) has the
following form:

728 (i3 6-;) = [o,-*(xi, oy ; l)}

xi+ Y of(i 68 (15)

JEN\{}

The discussion to follow identifies the explicit forms of the relative pivotal mecha-
nisms.

Definition 10 For ¢* and for any positive integer K < |N|, a mechanism u* =
(o*, T®)) is a K -pivotal mechanism if for any § € ®" and any i € N,

- > 6, ifo*®) <K,
jiof O)<aF(O)<K
) =10 ifo*(0) =K, (16)
0; ifo*@O) > K.
j:K507(0)<ai* ®) / '

See Mitra and Mutuswami (2011) who introduce and characterize the K -pivotal
mechanisms for the queueing problems. Chun and Yengin (2017) also provide another

22 See Chun and Mitra (2014), Chunetal. (2019a) and Kayi and Ramaekers (2010) for a detailed discussions
on symmetrically balanced VCG mechanisms.
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characterization of these mechanism. We define a new set of mechanisms which are
obtained by appropriately mixing different K -pivotal mechanisms.

Definition 11 For any queueing problem, a mechanism g% = (0%, 7¢) is a centered
K -pivotal mechanism with non-negative intercepts if for all € ®@" and alli € N,

(=) L
T, @) if n is odd, (17)
%r.(f)(e) + %ri(7+])(9) if n is even,

l

70(0) = Hi(6-)) +

where for each i € N, the function H; : @ N\l R;.

Corollary 1 For any queueing problem Q2 € Q(N), a mechanism satisfies outcome
efficiency, strategyproofness and GWLB with ICB (ECB) if and only if it is a centered
K -pivotal mechanism with non-negative intercepts.

Corollary 1 generalizes the result in Chun and Yengin (2017), where they char-
acterize outcome efficient and strategyproof mechanisms satisfying ICB (ECB) by
eliminating the gap between their necessary and sufficient conditions.

5.1 Symmetrically balanced VCG mechanism

The symmetrically balanced VCG mechanism is defined for any queueing problem
with three or more agents as follows.

Definition 12 Assume |N| > 3. The mechanism 5 = (o*, t5) is the symmetrically
balanced VCG mechanism if for all profiles 0 € ®" and all i € N,

S o}‘(@) —1 . n— a]’-k(G) .
HOEEDY (nT 0 — Y. — o (18)

JEP;(a*(8)) JEFi(0*(9))

From the existing literature on queueing problems it is well known that the sym-
metrically balanced VCG mechanisms are outcome efficient, strategyproof, budget
balanced and satisfty GWLB with ICB (ECB) when there are three or more agents
(see Chun and Mitra 2014; Chun et al. 2019a; Kayi and Ramaekers 2010). Given
Corollary 1 it means that the symmetrically balanced VCG mechanism is a centered
K -pivotal mechanism with non-negative intercept when there are three or more agents.
Given more than two agents, consider that centered K -pivotal mechanism with non-
negative intercept for which the H; : N\l s R function for any i € N and any
6_; € OV has the following form:

S
|

™

; (%) {H(k) 0—;) — G(n—k) (5,,‘)} if niseven and n > 4,

n

Il
——

Hi(0-;) = 19)

M

(f;:;) {6 (0—i) — iy (©_)} ifnisoddandn > 3
k

@ Springer



344 S.Banerjee et al.

where for any k € {1,...,n — 1}, O4)(0—;) is the k-th ranked waiting cost from
the profile 6_; € O\l 5o that 61y(6—;) > --- > 6,—1)(6—;). One can verify
that with the H; : ®V\Jl — R function given by (19), the resulting centered K -
pivotal mechanism with non-negative intercept is the symmetrically balanced VCG
mechanism.

5.2 Feasibility and budget balance

From Proposition 1 it follows that if there are two agents, then for a queueing problem
Q € 9({1, 2}) we can find a mechanism satisfying outcome efficiency, strategyproof-
ness, GWLB with given lower bound vector O ({1, 2}) = (01, 0>) and feasibility if
and only if O1 > 2 and Oy > 2.

From Lemma 1 it follows that for any queueing problem we can find mechanisms
satisfying outcome efficiency, GWLB with O(N) = (0Oq, ..., Oy,) and feasibility
only if condition (9) holds. Condition (9) for any queueing problem reduces to the
following inequality: jen Oi/n = (n+1)/2 (see part 1(i) of Appendix A). This
inequality requires that the average of the lower bound parameters of all the agents
should be no less than (n + 1)/2. The next result shows that if the lower bound
parameter of every agent is no less than (n 4 1)/2, then we can find mechanisms that
satisfy outcome efficiency, strategyproofness, GWLB with O (N) and budget balance.

Proposition5 For any Q € Q(N) with |N| > 3, if a mechanism satisfying GWLB
is such that the lower bound vector O(N) = (Oy, ..., O,) satisfies O; > %
for alli € N, then we can also find mechanisms that satisfy outcome efficiency,
strategyproofness, GWLB and budget balance.

To prove Proposition 5, we make use of the fact that for any queueing problem
with three or more agents, the symmetrically balanced VCG mechanism satisfies
outcome efficiency, strategyproofness, GWLB with ICB (ECB) and, more importantly,
budget balance (see Chun and Mitra 2014; Chun et al. 2019a; Kayi and Ramaekers
2010). From Part 1(i) of Appendix A, it also follows that if the lower bound vector
O(N) = (0y, ..., Oy) is such that all agents have identical O;’s, that is, O; = B*
for all i € N, then condition O; = B* > % for all i € N is both necessary and
sufficient for getting mechanisms that satisfy outcome efficiency, strategyproofness,
GWLB and budget balance.

6 Summary and conclusions

The generalized welfare lower bound is imposed on an agent’s utility function to offer
him an assurance that his welfare level will not drop below a guaranteed amount. Such
a comprehensive bound will make future studies more compact and convenient. Below
we summarize and elaborate on our results.

(1) For a sequencing problem, we can find a mechanism that satisfies generalized
welfare lower bound, outcome efficiency and strategyproofness if and only if
the constrained welfare property (given in Definition 6) holds. The constrained
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@)

3

“

(&)
(6)
N

®)

©)

welfare property puts a restriction on the lower bound parameter, indicating that
an agent will always need to incur at least the cost of his own processing time.
For a sequencing problem, an outcome efficient mechanism satisfies generalized
welfare lower bound and strategyproofness if and only if it is a relative pivotal
mechanism (given in Definition 7). For any given vector of waiting costs, the
main aspect of a relative pivotal mechanism is to construct a ‘benchmark’ wait-
ing cost. This is based on an optimization exercise conducted using the lower
bound parameter of the agent and waiting costs of all other agents. Given the
benchmark waiting costs of all agents, under the relative pivotal mechanism, the
transfer of each agent has three parts. One part of the transfer depends on the
difference between his lower bound parameter and his job completion time with
this benchmark waiting cost. The other part of the transfer involves calculating the
externality caused by this agent with his waiting cost on all other agents relative
to what would have happened if, ceteris paribus, this agent had the benchmark
waiting cost. The third part of the transfer is any non-negative valued function that
depends on the waiting cost of all other agents.

For a sequencing problem, if we can find a mechanism that satisfies generalized
welfare lower bound, outcome efficiency and feasibility, the weighted net welfare
property (given by condition (9)) must hold.

If there are two agents, then there is no budget balanced relative pivotal mechanism
and we can find a feasible relative pivotal mechanism if and only if O; (s) > A(s)
fori =1, 2.

If there are more than two agents and if O;(s) > A(s) for alli € N, then we can
find a budget balanced relative pivotal mechanism.”

For any sequencing problem with a given initial order we cannot find a relative
pivotal mechanism that satisfies feasibility.

For a three agent sequencing problem with either the identical cost bound or the
expected cost bound, if we can find a feasible relative pivotal mechanism, then the
sequencing problem must have identical processing time across all agents, that is,
the sequencing problem must reduce to a queueing problem.?*

For a queueing problem with more than two agents, an outcome efficient mech-
anism satisfies strategyproofness and generalized welfare lower bound with
identical cost bound (or expected cost bound) if and only if it is a centered K-
pivotal mechanism with non-negative intercept (given in condition (17)). It is also
argued that a special case of centered K-pivotal mechanism with non-negative
intercept is the symmetrically balanced VCG mechanism (given in condition (18)).
Using the symmetrically balanced VCG mechanism one can show that if there
are more than two agents and if the lower bound vector O(N) = (Oy, ..., Op)
is such that O; > (n 4+ 1)/2 for all i € N, then we can find an outcome efficient
mechanism satisfying generalized welfare lower bound, strategyproofness and
budget balance.

23 Recall that to check for feasibility we restrict our attention to minimal relative pivotal mechanism without
loss of generality.

24 Recall that for a queueing problem identical cost bound and expected cost bound are equivalent.
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Generalized welfare lower bound has been shown to be compatible with some
standard desirable lower bound properties in the literature. As future research, one
can also study the implications of this bound when the costs are interdependent. What
happens if we allow for budget deficits with appropriate bounds on the deficit is also
an important open question in this context.

7 Appendices
7.1 Appendix A

(1) For any sequencing problem 2 € S(N) with a mechanism satisfying GWLB
with lower bound vector O (N; s), a good way to explain condition (9) is in terms
of mean ¢ (s), variance V (s) and coefficient of variation CoV (s) := /V(s)/¢
of the elements of the processing time vector s = (s1, ..., s,). Specifically, an
equivalent way of representing condition (9) is the following:

> wi)056) = S [t 14 (Covi] 0)

JeN

where w; (s) := s; /A(s) foralli € N.2

(1) If we have the queueing problem, that is if Q € Q(N) with s; = -+ =
sp =a > 0, then ¢(s) = a, CoV(s) = 0 and w;(s) = 1/nforalli € N.
Condition (20) holds if and only if ) jeN Oj(s)/n > (n + Da/2. Moreover,
if we also require that the generalized welfare lower bound of all the agents
are identical, that is O;(s) = B* for all i € N, then condition (20) requires
B* > (n+ Da/2.

(i) It is well-known that CoV (s) < +/n — 1 for any positive integer n and any
s = (s1,...,5,) € R . Therefore, a sufficient condition for (20) to hold for
any sequencing problem € S(N) with a mechanism satisfying GWLB and
having lower bound vector O (N s) is obtained by substituting CoV (s) =
+/n — 1 in (20) that yields ZjGN w;i(s)0;(s) = ni(s) = A(s).

(2) Fixany N and any s = (s1, ..., s,) € R ,. Let O(N, s) denote the set of lower
bound vectors O(N, s) = (O1(s), ..., O,(s)) satisfying the constrained welfare
property and the weighted net welfare. It is obvious that the set O(N, s) is non-
empty and convex. It is non-empty since for O(N,s) = (01(s), ..., Oy(s)) with
0i(s) = (si + A(s))/2 forall i € N, inequality (9) holds. For convexity of
O(N, s), observe that if O(N, s), O'(N, s) € O(N, s) so that D(O(N, s)) > 0
and D(O'(N, s)) > 0, then, given (9) it easily follows that for any A* € [0, 1] we
getDV*O(N, s)+(1—=A*)O'(N, s)) = A*D(O(N, 5))+(1—=2*)D(O'(N, 5)) >
0 implying A*O(N, s) + (1 — A*)O'(N,s) € O(N,s). Forany i € N, define

25 To derive inequality (20) we have used the following equalities: ) jeN s% =nVar(s) + n{;(&)}2 =
n{EYHL+ (Cov(s)?) = AL + (Cov(s))?).
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Ei(s) == s; + (ZjeN\{i}sj ZkeN\{j}sk> /si and O'(N,s) = (Ei(s),s_;).20
It is easy to verify that for any i € N, O'(N,s) = (Ei(s),s_;) € OWN,s)
since D(O (N, s)) = 0. Moreover, given (9) it is also obvious that for any i €
N and any O(N,s) € R/l such that O'(N,s) > O(N,s) and O(N,s) #
O'(N,s), we have O(N,s) ¢ O(N,s). Therefore, for any i € N, O'(N, s)
is a boundary point of the set O(N, s). Further, for the same type of reasoning,
O(N,s) = (01(s), ..., 0,(s)) € O(N,s) such that O;(s) = (si + A(s))/2
for all i € N is also a boundary point of O(N, s). However, one can verify
that ZjGN wj(s)Oi(N, s) = O(N,s), that is, O(N, s) is a weighted sum of
the elements of the set {{O(N, s)}icny} With weight w;(s) = s;/A(s) for each
i € N. The set {{O(N, s)}ien} plays a key role in explaining the set O(N, s).
For any A = (A,...,A,) € [0, 1]" with ZjeN Aj = 1, consider the vector
ZjeN AjOT(N,s) = (ME(s)+ A —=Ap)st, ..., A En(s) + (1 — Ay)s,). One
can verify that O(N, s) is a non-empty and convex set given by

O(N,s) = {O(N,s) € ]Rﬁ+ | 3x € [0, 1]" with Z Aj =1, s.t. O(N,s)
JeEN

> ijof(zv,s)}. (21)

JeEN

Therefore, the set O(N, s) is non-empty and convex with the added property
that any element in this set weakly vector dominates some weighted sum of the
elements of the set {{O"(N, s)}ien}-

7.2 Appendix B

Proof of Theorem 1 (SPC1) = (SPC2). As discussed in the paragraph below Theo-
rem 1, a mechanism satisfies outcome efficiency, strategyproofness and GWLB only
if the associated transfer is a VCG transfer (see Holmstrom 1979) and we have,

gi(6-) = &) == sup [Ti(x;; 6-)], Ti(xis 6—;) := [C0*(xi, 6-1); (xi, 6-),5) — x: 0i()].  (22)

X €O

Consider any profile § € ©" and any i € N such that éj /sj = a > 0 for all
j € N\{i}. Consider any x/, x/" € © such that x//s; > a > x'/s; and x| > x/". If
0;(s) < s;, then we have

) ) g x
Ty (xj; 6-i) = Ti(x}'; 6-) = (] = x{)lsi = Oi ()] + ) _ sis; [—’ - s—'} > 0. (23)
1

5
J#i J

26 Note that if [N| = 2, then E; = A(s) forany i € N.
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Moreover, for any x; > sia, Ti(xj;0_) = xi[si — Oi(s)] + ZjeN\{i} éij
(o™ (xi, é_i), s) is increasing in x;. Therefore, the xl.* that maximizes 7; (x;; 67_1-) is
then x** = oo implying that we do not have a supremum. Therefore, for a supremum
to exist it is necessary that O; (s) > s;.

(SPC2) = (SPC1). Consider any sequencing problem 2 € S(N) and any mech-
anism satisfying the GWLB and with the lower bound vector O (N, s) satisfying the
constrained welfare property. For any profile § € ®" and any i € N, consider the
type x;“ € O such that it is a supremum for the function 7; (x;, 6_;).

Step 1: Forany i € N and any 6_; € ®N\I there exists x* € {{s; (O /st) bken (i) U
{0}} such that T; (x/; 0_;) > T;(x;; 0—;) forall x; € ©.

Proof of Step 1: Consider any agenti € N and any 6_; € ®/¥N\}l and we define the
vector R(6_;) = ((Rj (0—i) =0;/s}))j=i) of agent specific waiting cost to processing
time ratio of agents in N\{i} and R(6_;) = (R1(0—;) = 0y/sq1), ..., Ru—1(0—;) =
O(—1y/S(n—1)) be the permutation of R(G,i) such that R{(6_;) > --- > R,_1(6_;).
We divide the proof into two possibilities (a) O; (s) € [s;, A(s)] and (b) O;(s) > A(s).
Proof of Possibility (a): We first show that there exists xl?k € [siR,—1(0—;), si R1(6—;)]
that maximizes 7; (x;, 6_;). Observe that for any x; € ®, the function T; (x;; 6—;) =
[Si(0™(xi, 0-i),8) — Oi()Ixi + 3 jen iy 058 (0" (xi, 0-i), 9). I x; > s; Ri(0-y),
then Si (o*(x,-, 97,'), S) = Si and hence Ti(xl-; 97,') = [Si — Oi (s)]xi
+ Zje N\{i) 0;S;(c*(x;, 6_;), s) which is non-increasing in x; since by interval prop-
erty s; < O;(s) implying that the coefficient of x; in 7;(x;; 6_;) is non-positive.
Hence, (i) if a maxima exists then we can always find a waiting cost x! < s; Ry (6—;)
that achieves it. Similarly, if y; < s; R,—1(0—;), then S;(o*(y;,6—;),s) = A(s) and
hence it follows that T; (y;; 6—;) = [A(s) — O;(s)]yi + ZjeN\{i} 0;Si(a*(yi, 0-), 8)
which is non-decreasing in y; since by interval property A(s) > O;(s) implying that
the coefficient of x; in T; (x;; 6_;) is non-negative. Hence, (ii) if a maxima exists, then
we can always find a waiting cost x}* > s; R, _1(6_;) that achieves it.

The function T;(x;;6_;) is continuous and concave in x; on the interval
[si R,—1(0—;), siR1(A—;)] and the interval [s;R,_1(6—;), s; R1(6_;)] is compact.27
Hence, the function 7; (x;; 6_;) has a maxima in the interval [s; R, 1 (0—;), s; R1(6—;)].
Given xlf* € [siR,—1(0—;), si R1(6—;)] and given continuity of 7;(x;; 6_;), for two
agents the proof is complete since x* = s5;R1(0;) = s;(0;/s;) and it follows that
T;(6:(0)),6;) = [si — 0i(s)1s;i(0;/sj) + 0;(s; + s;). Therefore, consider the more
than two agents case. If there exists k € N\{i} such that xl?k = 50wy /Sk) (so
that Ti(xi*; 0_i) = T;(5i(Or/sx); 0—i) = Ti(x;; 0_;) holds for all x; € ®), then the
proof is complete. If not then suppose there exists k € {l,...,n — 2} such that

27 From the functional form of T; (xj; 6—;) and given outcome efficiency it is obvious that given any 6_;,
the function T; (x;; 0—;) is continuous in x; on any open interval (s; Rx4+1(0—;), s; Rg(6—;)) for all k €
{1,..., n —2} and by using appropriate limit argument one can also show continuity at any point s; Ry (6—;)
fork e {1,..., n — 1}. For concavity note that for any 6_; € ®_;, for every x; € (s; Rk41(6;), s; R (6;))
forallk € {0,..., n}, where R,y = 0 and Ry = oo, T;(x;; 0—;) = [Si(c*(x;, 0;).5) — 0;(s)] x; +
2 jen\(i) 08 (0" (x;, 0;)) is a straight line. Moreover, S; (0 (x;, 6;), s) is non-increasing in x; € Ryy.
Hence, the slope S; (6*(x;, 6;), s) — O; (s) is also non-increasing for x; € Ry . As a result the piece-wise
linear continuous function 7j (x;; 6_;) is concave for x; € Ry 4.
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x! e (i Req1(0-1), si Re(0—;)), that is,

k

Ty (x5 0-) = [Zsm +5i — 0i<s>} X+ Y 080t (L 0-0), ).

r=1 JEN\{i}

If Zle Sy + 8 — 0i(s) > 0, then for any x; € (x7,s; Re(0—;)], 0% (x;,0-;) =
o*(xf,0-) and T;(x;;6-;) > T;(x[;6-;) since T;(xi;60-i) — Ti(x/560-;) =

[Zle sy +8i — 0; (s)] (x; — x;k) > 0. Therefore we have a contradiction to our

assumption that atx;" the function 7; (x;; 6_;) is maximized. If Zle S Fsi—0;(s) <
0, then for any x/ € [s;Rx(0—;), x}), o*(x/,60—;) = o*(x},6_;) and T; (x]; 6_;) >
T;(x}; 0—;)since T; (x5 0_;)—T; (x[; 0_;) = [Zf:1 Sy +si — O; (S)] (x/=x7) > 0.
Again we have a contradiction to our assumption that at x;" the function T; (x;; 6_;)
is maximized. Therefore, the only possibility left is Zlle Sy +si — 0i(s) = 0.
However, in that case T;(x; 0_;) = ZjeN\{i} 0;Si(0*(x},0_;),s) and for every
xi € [$5iRk+1(0—), si Ri(6—;)] the function T;(x;,6_;) attains its maximum value
implying that 7; (x; 0—;) = T;(s; Rk+1(0—i); 0—;) = T;(si Rp(6—;); 0—;) and Step 1
continues to be valid.

Proof of Possibility (b): If O;(s) > A(s), then for any i € N and any given
6_; € ®MUII the function T;(x;; 6_;) on Ry is maximized if we set x} = 0.
Since the function T;(x;; 6—;) is only defined on the domain ®" = R;\{0},
xlf* = 0 acts as a supremum of the function T;(x;;6_;) and that T;(0; 6_;) =
ZjeN\{i} 0;S;(0*(0,0_;),s) > T;(x;; 6_;) forall x; € ©.

Fix any i € N. First, suppose that O;(s) € [s;, A(s)]. Given the proof of Pos-
sibility (a) of Step 1 and given any 6_; € ©"~!, let us define x} := 6} so that
T;(x'; 0—_;) = T; (6]"; 6_;) and there exists k € N\{i} such that 6 = s; (6 /sy). Con-
sider the VCG transfer having the following property: Forall@ € ®" and foralli € N,
77(0) = —C(07(0); 0,5) + 6;Si(0*(0), 5) + g (0—;) with g;(0—;) := T;(0; 0_;).
Then forany given§ € ®" and any agenti € N, wehave u; (1} (0); 0;, ) +0; 0; (s) =
—[Si(@*(0),s) — 0i()]0; + gi(0-i) = Ti(O,0-;) — T;(6;,0—;) > 0. The last
inequality follows from the fact that 7;(6;,6_;) < T; (0}, 0_;) for all ; € ®. Hence,
U; (u?‘(@); 0;,s) > —0; 0;(s) implying that this VCG transfer satisfies the GWLB for
agent i. Next, suppose that O;(s) > A(s). Given the proof of Possibility (b) of Step
1 and given any 6_; € ©"1, let us define xl?“ := 0 so that 7;(x;; 0—;) < T;(0; 6_;)
for all x; € ©. Consider the VCG transfer having the following property: For all
0 € ® andforalli e N, t7(0) = —C(c%(0);0,5) + 6;S;(c*(0),s) + gi(6—;)
with g;(0_;) := T;(0; 6_;). Then for any given & € ©®" and any agent i € N,

we have u;(u;(0); 0;,5) + 0;0i(s) = —[S;(0*(0),s) — 0:()]o; + gi(0-;) =
T;(0; 6—;) — T; (6;; 6—;) = 0. Thus, using the constrained welfare property we have
identified VCG transfers that satisfies GWLB. O

Proof of Theorem 2 For outcome efficiency and strategyproof it is necessary that the
mechanism p = (0, ) must be VCG with transfers satisfying the following prop-
erty: For any profile 6 € ®" and any agent i € N, 1;() = —C(c*(0);0,s) +
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0;S;(0*(0), s) + gi (0_;) where g; : OV — R is arbitrary. For the GWLB condi-
tion to hold, in addition, it is necessary that

(D gi(0—i) = giO-;) = T;(0];0-;) € maxyeo T;(x;;0—;) and T;(x;;60—;) =
[Si(c*(x;i,0_i),5)—0;(s)]x; +ZjeN\{,-} 0;S;(c*(x;,6_;), s) (see condition (22)
in the proof of Theorem 1).

Hence, using (I) we canreplace g; (6—;) = h; (0_;)+T; (0;"; 0_;) where h; : @ N\ —
R and k;(6—;) > 0. By substituting g; (0—;) = h; (6—;) + Tl-(@l.*; 6_;) in the transfer
7;(0) and then simplifying it we get

7(0) = [Si(6*(6],6-:),5) — 0i(s)16] + Z 06 (0) +h;(6—)), (24)
JEN\{i}

where §;; (0) := (Zkepj(ﬂ*(ei*’g_’,)) Sk — Zkepj (@*(9)) sk) . Observe the following:

(@) If P;(0*(0)) = Pi(c*(6},0-;)), then for any j € N\{i} we have P;j(c*(0)) =
Pj(c*(0],6-;)), then it easily follows that §;;(9) = 0 = (|P;(c* (6, 0-))| —
|Pj(a*(0))])si-

(b) It Pi(0™(6],60-:)) C P;(c*(@)), then for agent any
J € Pi(o™(ON\Pi(c* (0], 0-;)), we have P;(0™*(0],0-;))\P;j(c*(0)) = {i}.
Hence, §;;(0) = s; = (|Pj(0*(0;, 0-))| — | Pj(c*(0))])s;.

(¢) If Pi(c*(0)) C Pi(c*(0],6-;)), then for any j € Pi(c* (0], 0-;))\Pi(c*(0)),
it easily follows that P;(c*(9))\P;(0*(6}",6-;)) = {i}. Therefore, we obtain
8ji(0) = —si = (IPj(0*(O], 0-)| — [P; (0™ (©))si-

By substituting the values of §;;(6) for possibilities (a), (b) and (c) in the sum
ZjeN\{i} 0;6;i(0) of (24) we get the sum in (7).

From (I) condition (24) and the expansion of the sum ) JEN\(i) 0;6;;(0) summa-
rized in (a), (b) and (c) we get T = t7.

To prove the converse, observe that since any u? is a particular type of VCG
transfers, u? is sufficient to ensure outcome efficiency and strategyproofness. To
complete the proof we need to check the sufficiency of GWLB with u”. Consider
any relative pivotal mechanism wu”. For any 6 € ©" and any i € N, we have
ui (1! (0); 6i,8) + 6;0i(s) = —6;[Si(6%(6),5) — 0i()] + [Si(a*(6;,6-),5) —
Oi (DO +D_ e iy P (@ O], 0-)) | —|Pj (0™ (0)0)si+hi (O-;) = Ti (6], 6-i)—
T;(0) + hi(6—;) > 0. Therefore, u;(u’(0);6;,s) + 6;0i(s) > 0 implying
ui(uf (60); 6;,5) > —6;0;(s). Hence, any relative pivotal mechanism u? satisfies
the relevant generalized welfare lower bounds. O

Proof of Lemma 1 Suppose for a sequencing problem Q2 € S(N) we can find a mech-
anism that satisfies outcome efficiency, GWLB and feasibility and let u = (o*, )
be such a mechanism. Then using GWLB it follows that for every 6 € ®" and each
i €N, ui(pni®);6;,s) =—0;Si(c*@), s) + t;(0) > —6; O;(s) implying that for all
i €N, 7(0) > 06;Si(c*(@®),s) — 6;0;(s). By summing the transfers over all agents
and applying feasibility it follows that C(c*(0); 6, s) — Zje,\, 0;0;(s) < 0. Hence,
for the mechanism p = (0, 1) to satisfy outcome efficiency, GWLB and feasibility
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it is necessary that

ZQj{Oj(s)—Sj(a*(G),s)} >0, VO e®". (25)
JEN
Consider a set of profiles, 8! = (6{, R 0,’1) € ©" defined for any positive integer

t such that 9; = sj[1 —{j/(2'n)}] for all j € N. Observe that for any given ¢ and
any I,m € N such that < m, 6]/s; > 6}, /s, so that for every positive integer 7,
we have the same outcome efficient order o%(6") = (o?, cee, o,?) with 0](.) = j for
all j € N. Also observe that as t — o0, 65 — 5; > 0. Given (25), the condition
ZjeN 9; { 0;(s) =S (09, s)} > 0 must hold for every positive integer ¢ and hence it
must also hold at the limiting value of  as well, that is, it must also hold when 6; = s;
for all j € N. Hence, it is also necessary that

> 5[0, = 86" 9} z0. (26)
JeN

If we can show that the equality } ;. y 5;8;(0%, ) = > jen Siftsj + A(s)}/2 holds,
then one can easily verify that using this equality in (26) we get the result.?® Hence,

our final step is to show this equality. Observe that

Zstj(ao,s) = ZS-/ S +Zsk = Zsjz-—i— Zzsjsk

jeN jeN k>j jeN jEN k>j
2 SjSk

SDICED 31 D3LS B ol RS i) IC
jeN JjeN \k#j jeN k#j

_ 25j + D s Sk . sj+ A(s)

=Yy (k) o (S ABY
, 2 , 2
JEN JEN

Therefore, from (27) we get the required equality and the result follows. O

Proof of Proposition 1 Consider any sequencing problem Q2 € S(N) such that N =
{1, 2}. Given any mechanism satisfying GWLB with the lower bound vector O (N, s)
satisfying the constrained welfare property, assume without loss of generality that

28 Specifically, if ZjeN sjSj (00, s) = Z/EN sj{s;j +A(s)}/2, then expanding the left hand side of (26)
we get

Zstj(s) — ZSij(ao,s)

JjeN JjeN

+A +A
-5 00 5 o () < o - (£9)).

JjeN JjeN JEN
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0O1(s) = s1 + Aysp and Oz(s) = so + Apsy where Ay > O and Ay > 0. If 6 =
61, 6,) € ©2is any profile such that 0;/s1 > 6,/s2, then, given 91.* = 5;0;/s; if
Xi € [0,1) and 9;" = 0if A; > 1 forany i, j € {1,2} such thati # j, from the
definition of minimal relative pivotal mechanism ji” = (o*, T7) it follows that

t/(61,6,) = —min{Ay, 136251 and (01, 62) = (1 — min{Aa, 10152 (28)
Therefore, from (28) it follows that
7 (61, 60,) + (01, 02) = [(1 — min{Az, 1})0152 — min{Ay, 1}6s1]. (29)

Feasibility requires that 7 (61, 62) + £7 (01, 6,) < Oforall @ = (6, 62) € © and for
any 01 and any 6, such that 01 /s; > 6> /s>, (I) (1 —min{A,, 1})0152 < min{A{, 1}6s].
If (1 —min{X,, 1}) > O (thatis, if Ap € [0, 1)), then given any 8, > 0 and any A1 > O,
by taking any 0; sufficiently large such that 8; > min{Ay, 1}s162/(1 — min{X,, 1})s2
and making it sufficiently large we have a violation of condition (I). Hence, 1, > 1.
Similarly, if 8" = (6], 0;) € ©?2 is such that 01/s1 < 03/s2, then, given A, > 1, from
the definition of minimal relative pivotal mechanism ” = (¢*, T7) it follows that

/(67,0 = (1 —min{Ay, 16551 and (6], 65) = —6;s>. (30)

Feasibility requires that (6], 0}) + 73 (6], 05) < 0 for all 8’ = (0], 65) € ©? and
hence given (30) for any 6; and any 6, such that 6] /s; < 6} /s>, for feasibility it is
necessary that (II) (1 — min{Ay, 1})9és1 < 9{sz. If (1 — min{A{, 1}) > O (that is,
A1 € [0, 1)), then given any 67, by taking 6, > s,0;/(1 — min{A, 1})s; we have a
violation of condition (II). Hence, we must also have A; > 1. Therefore, for feasibility
it is necessary that A1 > 1 and A, > 1, thatis, O1(s) > A(s) and Oz(s) > A(s).

Conversely, if A1 > 1 and A, > 1, then, from the definition of minimal relative
pivotal mechanism ji” = (c*, TP), it follows that for any 0 € e2, any i € {1, 2} and
any j € {1,2} with j #1i,

AD _ —09jS,' if P,‘(O'*(Q)) = @,

W= {o if Py(o(6,0_1). 0-) = {j}. GD
It is immediate from (31) that for all 61, 6, € ® we get feasibility. Hence, we have the
first part of the result.

The proof of the second part, that is, any relative pivotal mechanism given by (31)
is not budget balanced, is a special case of Proposition 3 in De and Mitra (2019) where
we need to replace linear sequencing rule by its special case of outcome efficient
sequencing rule. O

Proof of Proposition 2 Consider any sequencing problem Q2 € S(N) for which the
mechanism satisfying GWLB and having the lower bound vector O (N, s) meets the
following property: O;(s) > A(s) = Y. jensj forall i € N. Observe that the
constrained welfare property given by condition (4) holds for this example as well.
For any 6 € ®" and any i € N, the function T;(x;; 6—;) (given by Definition 7)) has
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a supremum at 6* = 0 for all i € N implying that P;(c*(0,,6_;)) U {i} = n and
hence S; (6*(0, 6_;),s) = A(s) < O;(s). The reason is the following: For any i € N
and any x; € © such that P;(c*(x;,0—;)) C N\{i} and P;(c*(x;,0—;)) # N\{i},
the function T7;(x;; 6—;)) is decreasing in x; since [S;(o*(x;, 0—;),s) — O;(s)] =
Zjepi(o-*(xiyeii)) sj— ZjeN\{i}S/ = — ZjeF,-(o*(x,-,e,,-)) s; is negative. Therefore,
forany i € N, 6 = 0 implying that agent i is always served last in the benchmark
ordero*(0, 0_;). Given 6" = 0, itis quite easy to verify that (I) 6/ [S; (0 * (x;, 0_;), s) —
0;(s)] = 0and (I) RP;(0) = — ZkeF;(o*(e)) Oksi. Therefore, using (I) and (II) in
Definition 7 we get that an outcome efficient mechanism u? = (o*, t?) is a relative
pivotal mechanism if 7 satisfies the following property: For any profile § € ®" and
any agenti € N,

@) =— > Osi+hiO), (32)

keF;(0*(9))

where h; : OV 5 R, Letn > 3 and foralli € N and all 6_; € @N\UI,

suppose we set h; (0_;) = ZjeN\{i} {sj ZkeF_/(a*(G_i)) Gk] /(n — 2) in the transfer
given by (32). One can then simplify the resulting transfers (32) and show that we get
budget balance. O

Proof of Proposition 3 Consider any sequencing problem Q2 € S(N) with given ini-
tial order and, without?” loss of generality, assume o such that O'io = i for all
i € N. Consider any 6 € ®" such that 6,/s, > 01/s; > -+ > 6,_1/S,—1 SO
that Pi(0*(0)) = {n}, Pj(c*(0)) = {1,...,j — 1} U {n} for all j € N\{1,n}
and P,(c*(0)) = @. Consider the minimal relative pivotal mechanism 1 = (¢ *, T)
(in Definition 9) with the 7;(x;; 6—;) function given by (11). It is easy to verify the
following:
(i) Given P;(c”) = @, from (I01) of Remark 4 we have 0F = s16,/s, and
Pi(c*(0%,6_1)) = Pi(c®) = @. Further, P,(c*(0:,6_1))\Pa(c*(0)) =
{1} and P;(0*(6],0-1)) = Pj(c*(0)) forall j € N\{l,n}. Thus, 7(6) =
(1Pu (™ (0F, 0—1))] — [ Pu(c*(0))))Ons1 = Ons1.

(ii) Given P,(¢%) = N\{n}, from condition (I02) of Remark 4 we get
0% = $p6p—1/sp—1 and P,(c* (0, 0_,)) = P,(c%) = N\{n}. Moreover,
P;(c*(0)\P;(c*(6,,0-,)) = {n} for all j € N\{n}. Hence, the trans-
fer of n is 7,(0) = ZjeN\{n}ﬂPj(o*(é‘:,O_n))l — |Pi(@*ONNOjsn =
— 2 jeN\(n} Ujsn- Therefore, the transfer of agent n does not involve the
waiting cost 6,,.

(iii) Finally, consider any k& € N\{l,n}. Observe that if x; = si6,/su,
then TkI (xg; 0—r)) is decreasing in x; since the coefficient of xj, that
iS 1Y jepiononSi — Ljenon il = =18 < 0. Hence,
0F # skbn/sn. Further, (|Py(a* (0], 0-1))| — |Pu(0*(0)))busk = 0O since
P,(0*(0;,0_)) = Py(c*(@)) = ¢. Thus, the transfer of any agent
k € N\{l, n} does not involve the waiting cost 6, of agent n and hence
can be expressed in the following form: 74 (6) = 073" ;c p, (o O0-10)5i ~

ZjePk(o'o) skl + ZjeN\{k,n}(|Pj (U*(Q/j» ) |Pj(0*(9))|)9jsk~

29 We do not provide a formal proof since it is a special case of the proof of Theorem 1 in De and Mitra
(2019).
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From (i), (ii) and (iii) it follows that ZjeN T;(0) = Ops1 + ZjeN\{l} 7;(0). From
(i) and (iii) above it also follows that the sum ZjeN\{l} 7;(0) does not involve the
waiting cost 0, and hence by defining 7 (6*(0); 6_,) := ZjeN\{l} 7;(0) we get

ij(O) = Ons1 + T (07(0); 0—n). (33)
JeN

If jeN 7;(0) > 0, then we have a violation of feasibility and the proof is com-
plete. Therefore, assume ZjeN T;(0) = Ops1 + T(0*(0);6—,) < 0. Given that
T (0*(0); 6_,) is independent of 6,, if we increase the waiting cost of agent n to any
yn(> 6,) by keeping 6_, fixed, then the outcome efficient order remains unchanged
(that is, 0*(y,, 0—,) = o*(@) for all y, > 6,) and the transfers of all but agent 1
continues to remain unchanged due to above mentioned independence argument, that
is, 7 (6*(yn, 0—n); 0—p) = T (6*(0); 6_,) for all y, > 0,. Hence, we have

D 2 0-n) = yus1 + T(@*(0):0-) Y yu > by (34)
JEN

Since the first term in the right hand side of condition (34) is increasing in y, and
the second term remains constant with a change in y,, it follows that by making y,
sufficiently large (say some y;) we get ZjeN Ty, 0—p) = yis1i+7T(c*(0);0_,) >
0 leading to a violation of feasibility. O

Proof of Proposition 4 Consider any sequencing problem Q € S(N) with any mech-
anism satisfying GWLB with ICB and with |N| = 3 and, without loss of generality,
assume that s1 > so > s3. Consider the profile 6 € ©3 such that o}‘(@) = j for all
Jj € N and in particular 0y /sy = a > 0/so = b > 03/s3 = ¢ > 0 and assume
that (i) a > max{cs;/s2, bsy/s3}. Since 0‘;.(s) =m+1)s;/2 > s;forall j € N,
using the function TJ.C (xj;6_;) given by (12), we can take 6] = sic, 6 = s2a
and 65 = s3a. Then using the transfers associated with the minimal relative pivotal
mechanism (Definition 9) with T].C (xj; 0_;) given by (12) we get the following:

(1) 71(0) = —cs1(s1 — 52) — bsys2,
(2) ©2(0) = asa(s; — s2), and
(3) 73(0) = as3(s1 — s2) + bsas3.

If s1 > s3, then ZjeN T;(0) = (s1 — s2)(as2 — cs1) + (51 — $3)(as3 — bsy) =
(s1 — s2)s2[a — (cs1/52)] + (s1 — s3)s3[la — (bs2/s3)] > 0 (due to (i)) and we have a
contradiction to feasibility. Hence, for feasibility it is necessary that s; < s3 implying
s1 > 857 > 53 > s51. Hence, 51 = sp = s3.

Consider any sequencing problem Q € S(N) with any mechanism satisfying
GWLB with ECB and with |N| = 3 and, without loss of generality, assume that
§1 > s > s3. Consider the profile § € &3 suchthato*j’.‘ (#) = jforall j € N andinpar-

ticular 01 /sy = a > 62/s) = b > 03/s3 = ¢ > 0. Since OJS(S) =(s; +A(s)/2 > s
for all j € N, using the function TjE (x;; 6—;) given by (13), we can take 6] = s1b,
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05 = spa and 05 = s3a. Then using the transfers associated with the minimal rel-
ative pivotal mechanism (Definition 9) with TjE (xj;0_;) given by (13) we get the
following:

(1) #1(0) = —s1b (242 ),
@) 22(0) = sa (253) . a
(3) #3(0) = s3a (452) + S2S3b

If s > s3, then ZjeN 7;(0) = (“;b) (5251 + S153 — 25283) > (“;b) (s253 + s153 —

25283) = (“_b)”zw > 0 and we have a contradiction to feasibility. Hence, for
feasibility we need s1 < s3 implying 51 = 53 = s3. O
Proof of Corollary 1 For any profile 6 € ®" and i € N, consider the type 6 € ©
such that the function TiQB (x;, 0_;) (defined in (15)) takes the maximum value, that
is, 7,27 07, 0-) = T,2% (x;, 0_) for all x; € ©". Let F(0—) = (((0—;) = 0;) %)
be the vector of agent specific waiting cost in N\{i} and r;(6—;) = (r1(6—;) =
01y, - .- ra—1(0—;) = 6(»—1)) be the permutation of 7(6_;) such that 1 (6_;) > --- >
rn—1(0—;). We can verify that if n is odd, 9;‘ € {r% 0_1), Tl (0—;)} and when n is

even, 0 = rz (6_;). Using the resulting 6 that maximizes the function Tl.QB (x;,0_;)
(defined in (15)), we have the following forms of the relative pivotal mechanisms
derived for the even and odd cases separately. If n is odd, then we get the transfer
given by ri”dd (0) + h;(6_;) where,

- 2 O if o (0) < 23,
keF;(o*(O))|1 <oy (0)<"F
449y = 0 if o () = % (35)
> O if o(0) > %,

kePi(o* O <o @) <n

and if n is even, then we get the transfer given by 777" (6) + h; (0—;) where,

- > 0) —j ifai*(6)<%,a;(9)2%+landn>2,
keF; (o*(0)|1<o (0)<%
6 s
ceven (g) — 79% ifo (@) = § and0o}(0) = 5 +1, (36)
! &d ifo (@) =5 +1lando;(0) =5

O+ -+ ifof) >3 +1, oy0) = Fandn > 2.
keP,(a*(@))l%+l§a,:‘(0)<n

Observe that, ziodd(e) is a K-pivotal mechanism with K = ”H while 777" (9) is the
simple average of two K -pivotal mechanisms-one with K = n /2 and the other with
K =n/2 + 1. We can then generally express,

@)+ if n is odd,

1. ( +1) (37

7'(0) = Hi(6- ,)+{f @
2

7,7 (0) + 5 (0) ifniseven.

O
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Proof of Proposition 5 Given that for any queueing problem Q2 € Q(N), the sym-
metrically balanced VCG mechanism satisfies outcome efficiency, strategyproofness,
GWLB with ICB (ECB) and budget balance, it follows that with O; = (n 4 1)/2 for
all i € N (which is the bound associated with ICB (ECB)), the result holds. In partic-
ular, for any 6 € ®", the utility of an agenti € N associated with the symmetrically
balanced VCG mechanism satisfies u; (6;*(6), rfb(é); 0;) > —6;(n + 1)/2. Consider
any queueing problem with generalized welfare lower bounds satisfying the following
property: Foralli € N, O; > (n 4 1)/2 or equivalently, for each i € N, there exists
Bi = Osuchthat O; = (%) + B;. With the symmetrically balanced VCG mechanism
we have that for each 0 € ®" andeachi € N,

) 1 1
ui (0 (0), T°2(0); 6;) = —6; <%) > —0; <nJ2r ) — Bi, forany g; > 0.

Therefore, the symmetrically balanced VCG mechanism also ensures outcome effi-
ciency, strategyproofness, budget balance and GWLB for any lower bound vector
O(N)=(0q,...,0,)suchthat O; > (n+ 1)/2foralli € N. O

Data Availability No data was used or analysed in this study. Data sharing is not applicable to this article.
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