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The electronic companion (EC) presents an extension of the main model to the case where
providers compete directly for customers in focuses on the free-at-the-point-of-care
(second-best) yardstick-competition scheme of §4.4 of the main paper and presents extensions
to multiple customer classes, time-varying arrival rates, more general cost structure, using tail-
statistics instead of average waiting time, provider heterogeneity, purely exogenous arrivals, and
more general queueing models. §EC.3| examines second-order conditions for the providers’ and
the regulator’s objective functions that ensure that first-order conditions (FOCs) are sufficient to

guarantee optimality. §EC.4land §EC.5| present alternative payment schemes that achieve first- and

second-best equilibria, respectively, for which we can prove that the equilibrium is unique (i.e., rule

out the existence of asymmetric equilibria).

EC.1. Yardstick Regulation When Providers Compete

In some settings, service providers have to compete with each other for customers. For example,
urbanized areas may have multiple Emergency Departments (EDs) and patients may choose which
ED to visit based on information regarding waiting times. Such choice has been enhanced by online
tools that publish average ED waiting times (CMS) 2016, ProPublica [2015). In this section, we
extend the model to allow providers to compete directly for customers based on waiting times
and, where applicable, on prices. This turns the analysis into a more complex bi-level game, where
customers choose service providers, and service providers choose their level of capacity and cost-

reduction effort.
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More specifically, we assume that NV > 2 identical competing providers exist that serve a single
catchment area. The notation and model in this section are similar to those introduced in Section [3]
with the following straightforward extensions: the prices, capacity, and cost per patient at each
provider are given by p= (p1,p2,---,Pn), b= (b1, 2, .- -, fin), ¢ =(C1,Ca,...,CN), Tespectively, and
the vector ¥ = (¢, u,p) summarizes all this information. Therefore, the customer arrival rate at
provider i in equilibrium will be given by \; (£), and let A= (A1, A2, ..., Ax) and E(X) = Zil A ().

We start by finding the equilibrium joining decisions of the customers. As in service needs
arise through a stochastic process with rate A, and each customer with a service need may decide
to seek service or not. However, now he may choose among N providers and we assume that he
chooses the provider with the lowest total cost, as long as this cost is less than the benefit of
receiving the service, r. For simplicity, we ignore any differences in travel costs incurred by the
customer when choosing which provider to visit. In equilibrium, the individual arrival rates to each
provider \;(X) must satisfy the following conditions (see also (Chen and Wan| (2005), |Afanasyev
and Mendelson (2010) for similar models):

If p; +tW (0, ;) > pj +tW(X;(2), p;) for some j, then \;(X) =0, (EC1)
If \;(X)>0and A\;(X)>0 fori,j=1,...,N then p, + W(\(2), ;) =p; + WA (2), ), (EC2)
E(X)=A6 (A_IPinN {pi+ tW(AAE),m)}) . (EC3)

It is easy to show the existence of a unique equilibrium A that satisfies f. Essentially,
condition (ECI|) specifies that, in equilibrium, any provider i with higher total cost than some
provider j will have no customers. Similarly, condition specifies that, in equilibrium, any
two providers with positive arrivals will have the same total costs. Together, these two conditions
ensure that no customer can increase their utility by switching from the more expensive to the
cheaper provider and imply .

The objective function for the providers is still given by with \;(X) replacing A(p, ) for

provider ¢. Similarly, the objective of the regulator can be written as:

N N

S(E) =V (E(D) = Y (W (A(E), i) + ) M(S) = D Rlcir o), (EC4)

i=1 1=1
subject to (9), where V (y) :Afgil(y/m xdO(x).

Throughout this section, we assume that there is a symmetric optimal solution for the regulator’s
optimization problem, denoted by S = (¢*,a*,p*). This assumption implies that the regulator
finds it optimal to have all providers active. We also assume that FOCs are necessary and sufficient
for optimality.

We begin the analysis with the case when customers may be charged a fee for service. We first

establish that regulatory intervention is still needed despite competition.
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ProposiTiON EC1. If providers compete and are free to choose their own prices, capacity, and

cost-reduction effort, first-best outcomes cannot be achieved in any equilibrium.

This result follows from the observation that, if all firms were to choose first-best actions, then at
least one firm will find it optimal to deviate. Therefore, first-best actions cannot be an equilibrium
outcome. A consequence of the proposition above is that direct competition between firms is
not sufficient to incentivize optimal behaviour in equilibrium. We next show that the cost-based

yardstick competition of Proposition [2|is not effective in incentivizing optimal capacity investment.

ProprosITION EC2. If providers compete and customers experience costly waiting time (t >
0), under the cost-based yardstick competition of Proposition @ where the price, p;, and transfer
payment, T;, are set by the regulator as given in (14) and (15), the firms’ installed capacity is the

minimum capacity level, u,, in all symmetric equilibria.

This result establishes that demand-side competition between providers is not sufficient to reinstate
the optimality of the cost-based yardstick competition. Despite the fact that any investment in
capacity will increase the demand of any individual provider at the expense of other providers, in
equilibrium, no provider wants to add capacity as the marginal value of the additional demand
is zero (because in equilibrium the reimbursement by the regulator is equal to providers’ cost).
We next show that the yardstick regulation that was shown to restore first-best outcomes in the

monopoly setting (Theorem 1), leads to first-best outcomes when providers compete as well.

ProprosITION EC3. Under the cost- and capacity-based yardstick competition scheme of Theo-
rem where price, p;, and transfer payment, T;, are set by the regulator as given in and
(with A\;(X) replacing the arrival rate \; for provider i in the definitions), the unique symmetric
Nash equilibrium is for each provider i to pick the first-best outcomes (&¢*, 1*). Also, all providers

make zero profit in equilibrium.

We now turn to the case where customers are not charged a fee to access the service, correspon-
ding to the analysis in Section in the monopoly setting. We note that the objectives of the
regulator and the providers, as well as the arrival rates, are identical to those given above except
p;=0foralli=1,2,..., N. We again assume that a symmetric welfare maximizing solution exists
for the regulator’s problem, denoted by * = (¢:, i) (with a slight abuse of notation). We refer
to this solution as the second-best. Unlike the case of first-best regulation, which was shown to be
robust to competition, we next show that the payment scheme proposed for the monopoly case

fails to generate second-best outcomes when firms compete.

PRrROPOSITION ECA4. If customers are not charged directly (i.e., p; =0), and the requlator makes
a transfer payment, T, defined as in to provider i, fori=1,..., N, the firms’ installed capacity

s the minimum capacity level p, in all symmetric equilibria.
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The proposed payment scheme fails to incentivize any capacity investment simply because com-
petition renders the benchmarking of waiting times irrelevant. Recall that, under this scheme, each
service provider is paid a fee which is proportional to the difference between the average waiting
time of every other provider and their own average waiting time. But if providers compete, in
equilibrium, all (active) providers will have the same waiting time, irrespective of their individual
capacity. Therefore, any investment in increasing capacity by provider 7 will be costly without
generating any reduction in waiting time for provider ¢ compared to other providers.

To circumvent this issue, while still using a payment scheme that is relatively easy to implement,
we propose to set the wait-time benchmark using a similar market that operates independently from
the one we consider. To demonstrate, consider a case with 2N identical service providers, where
providers 1 through N, serve a different market to providers (N + 1) through 2N, for example, EDs
in different urban areas. For each provider 7, we define sets $; and ID; as the indices of providers
who operate in the same area as provider 4, and of those in the other area, respectively, for example,
$,={1,....,N} and D; = {N +1,...,2N}. Consider the reimbursement scheme with provider i’s

transfer payment equal to
E:t(WZD—V_VlS) N>\Z+RZ+ (Z Cj)\j— Z Cj)\j) y (EC5)
JjED; JES,jF#
where WP, WS, and R; are given by

1
S
W |1D\ZW We=s

> W, and R;= — ‘]D | > R, (EC6)

JjESY; jeDh;

and we use \; and W; to denote the (equilibrium) arrival rate and the expected waiting time for
provider i. There are two main differences between this payment scheme and the scheme proposed
for the monopoly case, see : i) The waiting-time benchmark and the lump-sum compensation
(R;) are based on a set of providers that do not compete with provider i, and ii) the reward for
reducing wait time for each provider is multiplied by the number of competing providers, N. The
first difference helps to reinstate the power of relative benchmarking which competition had eroded.
The second difference serves to amplify the reward for providers who invest in reducing wait times,

which due to competition, is not localized but marketwide.

ProposiTION EC5. If the regulator makes the transfer payment, T;, given in (ECH|) to provider
i, fori=1,...,2N, and customers are not charged directly, the unique symmetric Nash equilibrium
is for each provider to choose the second-best outcomes (¢, i*). Also, all providers make zero profit

. equilibrium.
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In summary, the presence of competition does not affect the first-best yardstick competition in
any way. The second-best scheme is affected but this can be circumvented if, for every provider
the regulator can identify a set of non-competing and a set of competing providers, and set the
waiting-time and cost benchmarks based on the first set and the rewards based on the size of the

second set.

EC.1.1. Proofs of the Results in Section [EC.1]
We first present some properties of equilibrium points that we later use in the proofs. Throughout

we use “d” for derivative and “0” for partial derivative.

LEmMA EC1. Let ¥ = (¢, pu,p) be such that A\;(X) >0 for alli=1,2,...,N. Then

i) \j(+) is increasing in p; and decreasing in p; and \;(-) is decreasing in p; and increasing in
pj, foralli,7=1,2,...,N,

1) \i(+) is differentiable with respect to p; and p; for alli,j=1,2,...,N, at ¥ and

AW (Ni(2), 1)) _ dW (A;(5), 1))
dp; dpsi

The proof follows from — and the implicit function theorem using standard arguments,
hence we omit the details.

Proof of Proposition[EC1:  Let ¥; and ¥_; denote the actions of provider i and of all providers

. 4,j=1,2,....N. (ECT)

except provider 7, and let f];* and f]*_i denote first-best actions (under competition) for provider 4
and of all providers, except provider i, respectively, for i=1,...,N.

We first show that the first-best price, p*, cost per customer, ¢*, capacity, *, and trans-
fer payment, T+, (in the competition case) are the unique solution to f. We set 2% =
(&%, ..., ¢ . o, pr, ..., p%). By , ¢*, i, and )\Z(i*) satisfy because the optimal solution
is symmetric.

By Leibniz rule

o (A [ ggd@@) — a0 (D)oo (1) 2208 m6 () forye il (ees)

Let v:[0,A] = [0,00) be defined by
v(\) =071 (A/A). (EC9)

In words, v()) is the marginal value of the marginal customer (i.e., the customer who is indifferent

between joining a provider to receive service and not joining) when the arrival rate is A.
By (EC) and (ECH)

0S() 0E(T) o (LON(D) OW (A(), i)
o = o, U(H(z))—z:(t 5. o\ )Ai(z)

i=1
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85(2) OW (Ni(X), i)
— ( e — (S )m>’

where the second equality follows from our assumption that the optimal solution is symmetric.

Hence holds in this case as well.

Now
05(2) _OE(E), =) S £) oW (A(5), )
Ou, a 8:“] & ;( aﬂ] oA >)\i(2)
gV )0 ()= 3 O (), ) ) T R e )
0 0
Z—taqu()\j(Z),uj)/\j (Z)—%R(Cﬁﬂj)y

where the first equality follows from (ECS)), and the second equality follows again from our assump-
tion that the optimal solution is symmetric and from . Hence holds in this case as well.
The first-best transfer payment, 7, is obtained by solving for II(¢*, i*|p*,T*) = 0, which leads to

(3) by @).

We next show that, if all providers j # ¢ choose first-best outcomes f]ii, provider ¢’s best response

is not fl;‘. By
By , , (EC10)), and the fact that we assume the optimal solution is symmetric we have

8 A* A* A* - * A Ak a)\l ZA: 8R A* A*

aTM ‘ O 5u
N 9 S o OA ( ) 8R(é*,ﬂ*) EC11
=)W S 5 (EC11)
oy e A ((E), )
=t (X) m .

Hence, it is enough to show that %f_*)m # 0 to complete the proof. Because 6 (the derivative
of ©) is non-zero by assumption, v is differentiable and v'(\) < 0 for all A > 0. Hence there exists

€ > 0 such that

V(E(E) < —e (EC12)

[I]

%5*)"1*) = 0. By Lemma [EC]1(ii) this implies that %}j)’ﬂj)

j=1,2,...,N. Hence, there exists a sequence d(n) | 0 such that for u;(n) = i, +d(n)

Now assume that =0 for all

WA(E* (), () = W (N (), j3}) = 6¢/2, and (EC13)
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W (N (2% (n)), f13) = W (A (Z), 7)) — 0n€/2, jE€{L,..., NI\, (EC14)

where f]*( ) is equal to 3% except for service rate at server 4, which is equal to wi(n). By (EC3] -,

(ECTY), and (ECTY)

V(2(5)) > 0(B(EY)) — bne/2. (EC15)

This contradicts (EC12). O

Proof of Proposition[EC3:  The proof is identical to that of Proposition 3 and is omitted for
brevity.

Proof of Proposition[EC3:  We show that the cost- and capacity-based yardstick payment
scheme achieves first-best in equilibrium using the fact that the first-best price, p*, cost per cus-
tomer, ¢*, capacity, i*, and transfer payment, T*, are the unique solution to f — a result
we proved while proving Proposition — under the assumption that FOCs are necessary and
sufficient to obtain the optimal actions of each provider. By , provider ¢’s objective function is

_ < _ 0 . < o
(i, pilpis Tiy X—i) =(C — i) \i(E) — R(cs, pa) + R + tAi(E)@W()\i(E)> i) (i — pi).  (EC16)

Let a; = (¢, 1) denote the actions of provider j for all j # i. Then, by (EC16|), the FOCs of provider
1’s profit function are

O e pilpn T ) = (6 — e 225 5,00 2

o O I (EC17)
; N 0
e (AW D) ) G- ) - 5 Rl
8 N a _ - 85\1
D e plpn T 8) = = Rl 1) = (D) (6 e) )
; ' i (EC18)

di (tj‘i(z)aaﬂw(j\i(z)v ﬂ)) (i — i),

_l’_

where X_; is the vector of cost, ¢, capacity, ft, and price, p;, for all firms j # 1.

If ¢; = ¢ and p; = ji* for all j=1,..,N, then ;7-TI; =0 and 51T, = 0 by (10)-(12). Also
because — have a unique solution, so do , , and . In addition, because
FOCs are necessary and sufficient to obtain the optimal actions of each provider, (¢*, i*) is a Nash
equilibrium where, clearly, providers make zero profit by . The uniqueness of the symmetric
Nash equilibrium follows from the uniqueness of the outcomes that satisfy the FOCs of the welfare
function, S, similar to the argument in the proof of Theorem [I} [

Proof of Proposition[ECj: Let T' = (1, ..., 1x) denote the vector of capacities of all providers
and similarly let I'_; denote the capacities of all providers except provider i. Let II;(c;, |75, T ;)
denote the profit of provider ¢ given by (24)) with A\(T") replacing A(x) in all relevant definitions. By
assumption aR(” 14 () and by Lemma ii IL; (¢, i | T, T ;) < O for all p; > p, and ¢;, giving
the desired result. g
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Proof of Proposition[ECH:  Let fi} and & denote optimal capacity and cost values for the regu-
lator when the customers are not charged directly for service in the competition case and [ =
(1%, ..., 1f). We denote the equilibrium arrival rate to provider ¢ by A;(I') when customers are not
charged (i.e. p; =0 for all i) and providers choose the capacity vector I'. Similar to the proof of

Proposition by (EC4]) the FOCs for welfare-maximizing actions with no fee are given by

OR(&;, ;) . AW ), ) on ()

(%:—Z; t)\j(F ) J jjul +c, (‘;Iu,i ,i=1,...,N, (EClQ)
=

OR(C, f1y) -

Ty = e (D7) + R(E;, ). (EC21)

Recall that we consider the special case with providers 1 through N, and providers (N + 1)
through 2N serve a different market. Therefore, the arrival rate of provider ¢ depends only on the
capacity of providers that operate in the same market, that is,

oA (1)
Opi

=0 for j e D;,. (EC22)

By (EC5)), provider i’s profit under this payment scheme is given by

I (es, il Ty 2oi) = = > e\ (D) + 8 (WP = W) NA(T) = Ri(es, i) + Ry
JES;
+) NI, i=1,..2N, (EC23)

JjeDh;

where WP, W2, and R; are as given in (EC6). We next show that there is a unique symmetric

equilibrium. Let a; = (¢, i) denote the actions of provider j for all j # i. Without loss of generality,
we focus on the profit of provider 1, for which $; ={1,..., N} and D, ={N +1,...,2N}. By (EC22))
and (EC23)), the FOCs for provider 1’s profit function are

o Y9N Y d OR(c1, 1)
%nl(cl,m:n,z_l)_—;cjam —t)\l(F);de()\j(F),uj)—Eml ., (BC24)
0 OR(cy,

£H1(617N1|TI7 Yo)=-MT)— %C;l,ul) (EC25)

If ¢=¢ and i = /i, then by (EC19), (EC20), (EC24) and (EC25)), ¢; = & and p; = % would yield
g—gll =0 and %1211 = 0. Because FOCs are assumed to be necessary and sufficient to obtain providers’
optimal actions, (¢%, i) is a Nash equilibrium. Because (EC19)) and (EC20]) have a unique solution,
so do (EC24) and (EC25); and thus, (&, /) is the unique symmetric Nash equilibrium. Finally,

by (EC23|) and because |$;| = |D,|, providers’ equilibrium profit is zero. [




Savva, Tezcan, Yildiz: EC: Yardstick Competition for Waiting Times 9

EC.2. Modeling Extensions

In this section, we discuss how yardstick competition could be implemented under more general
conditions than those of §4] Namely, we look at the case of multiple customer classes, time-varying
arrival rates, more general cost structure, using tail-statistics instead of average waiting time,
provider heterogeneity, purely exogenous arrivals, and more general queueing models. Although
it is possible to present these extensions for the first-best yardstick competition of we have
chosen to restrict attention to the simpler second-best yardstick competition of which we
believe to be of more practical relevance. For all extensions, we assume that the FOCs are necessary
and sufficient for determining the unique solution to the regulator’s welfare maximization problem

and that each provider’s objective is concave with the new payment scheme for each extension.

EC.2.1. Multiple Customer Classes and Time-varying Arrival Rates

In most practical settings, there are multiple customer classes with different service needs utilizing
the same limited resources, and there are settings where the arrival rates are time varying. For
example, in emergency care patients are triaged into different levels based on their severity, and
arrival rates are much higher during the day than the evenings (Armony et al.|2015)). The way
that the payment mechanisms need to be modified to account for these two additional features are
somewhat similar, so we focus on the extension for multiple customer classes and then explain how
the time-varying arrivals can be handled in a similar manner.

Assume for simplicity that each provider caters to two different customer classes. We use the
model presented in for customer joining behavior, but we append a superscript j to denote
the quantity associated with each customer class j, that is, AY), ©U) and tU) are all assumed to
depend on the customer class. Because customers from both classes use the same resources, the
average waiting time of each class not only depends on the service rate and the arrival rate for that
class but also depends on those of the other class, as well as the priority policy. We assume that all
providers follow the same priority policy and that the class a customer belongs to is observable to
the provider. For example, in emergency care patients are prioritized according to their severity
levels and a similar triage method is used across hospital EDs (see McHugh et al.| (2012)) and |Gilboy
et al. (2011)).

The service rate of type i customers is denoted by ¥ and we assume that the provider can
invest in increasing service rates and/or reducing cost per patient at a cost given by R(c, u™™, u?).
Let WO (u® 5@ XD X)) denote the expected waiting time for customer class j if the service
and arrival rates of each class are given by p9) and A9, j =1,2, where A9 satisfies (2) (with the

average waiting time definition extended as described). For notational simplicity, we denote the
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expected wait by W) and in provider i by Wi(j ) for class j. The objective of the regulator with
two customer classes is
2 M,
S (e, 1, 1) = ZAU)/ (¢ — tOWD) 409 (z) — ¢ (AD +A®) — R (e,u®, ) . (EC26)
= @ w )
Let ¢*, p* and u®* denote the optimal solution to (EC26]). The model can easily be extended

to the case for which the cost ¢ depends on the customer class as well. Set the transfer payment

to provider i to
T, =t (Wi(” _ Wf”) A 4@ <Wi(2) _ Wi(2)> AP LR v (5\51) 4 ;\§2>) ’ (EC27)
where, similar to ,

j j 1) (2
S o D Dl (e )
t N-1

,t=1,...,N, and j=1,2.
(EC28)

Then, in the unique symmetric equilibrium, each provider picks ¢*, pu"*, and p®-*. The proof
is very similar to that of Proposition 2| and, in the interest of brevity, is omitted. We note that
the transfer payment in the case of multiple patient classes given in is a rather straig-
htforward extension to that of the single patient class. It consists of the total expected cost
(Ri +¢; (5\2(-1) + 5\1(-2))> of providing service across all customers (i.e., it is not necessary to know
the exact breakdown of this cost across different customer classes), plus a customer-class-specific
fee that is increasing in the difference between the industry-wide and the specific provider waiting
time for that customer class. Extensions to more customer classes are also straightforward.

If arrival rates are time-varying, the proposed scheme can be modified similarly if the potential
and actual arrival rates (A and X in our notation, respectively) are assumed to remain constant
in non-overlapping intervals, and if expected waiting times for any customers arriving in the same
interval are the same. Although this approach ignores the transient behavior of the queues going
from one interval to the other, if the service times are relatively short compared to the rate of
change in arrivals, it should yield accurate results. This approach is widely used in call centers, see
Gans et al. (2003). If service times are longer than the rate of change in arrivals, as may be the
case in EDs, then two customers may experience different waiting times, even though their times
of arrival are not far apart. One potential solution in this case is to divide the day into multiple
smaller intervals. For example, Armony et al. (2015 has documented that there are four distinct
intervals in terms of occupancy in an Israeli ED with two relatively “stationary” periods, first

from 3am to 9am and second from 12pm to 11pm and two transient periods in between these two
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stationary periods. Theoretically, by dividing the transient periods into multiple periods, one can
ensure that waiting times experienced by patients who arrived in these sub-intervals are similar.

To demonstrate the yardstick scheme in a system with time-varying arrivals, assume that there
are two intervals in one day during which the arrival rates are assumed to be constant and customers
who arrive in the same interval experience the same expected waiting times. We consider only
one customer class and assume that customers do not choose strategically when to arrive. With a
slight abuse of notation let W (u™, 12 A® A?)) denote the expected waiting time for customers
arriving during period j if the service and arrival rates during each time interval are given by pu/)
and A\, j =1,2. Then, if the regulator sets the transfer payment, as in (with the averages
defined over time intervals instead of customer classes), it can be shown that socially optimal
choices for the providers is a unique symmetric Nash equilibrium.

In summary, in the presence of multiple customer classes and time-varying arrival rates, the
regulator needs to augment the yardstick competition model of §4.4 by making the transfer payment
contingent on the relative performance of the provider for each customer class and each time
interval. For example, in the case of ED, the day can be broken into four intervals (as per Armony
et al. (2015))) and average wait times for each of the five triage levels (as per McHugh et al.| (2012))

can be compared in these intervals.

EC.2.2. Extending the Cost Model

The model we used for the regulator’s and the providers’ objective can be extended to the case
when the cost per customer also depends on the service rate, for example, treating patients faster
affects the cost per patient. We could do this by assuming that the marginal cost, ¢, is no longer
a decision variable itself, but is instead a non-negative valued function, c(e, ), of costly effort
(denoted by e), and the service rate p. Similarly, the total investment cost would also be the
function R(e, yt). The mechanisms proposed in §§4.3H4.4] would still result in first- and second-best

outcomes in equilibrium with the definitions of ¢ and R; modified as follows

o1 R— !
C; = ]H;Cj(e”u/) and R’L: M;R(ejhuﬂ)

in payment schemes — and .

EC.2.3. Yardstick Competition Using Tail Statistics

An alternative to incentivizing service providers based on their average wait is to use the tail
statistics of their wait time, for example, the fractile of the wait time distribution. For example, in
order to incentivize EDs to reduce their wait times, Monitor, the UK hospital regulator, mandates
EDs to admit or discharge 95% of the patients within four hours of their arrival, and financially

penalizes the hospitals that fail to reach this target (Campbell 2016). Since the welfare-maximizing
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performance target cannot be computed by the regulator without knowing the cost function R(c, u)
or the patient equilibrium arrival rate A(c, 1), the yardstick competition that we propose in §§4.3-
4.4] can be modified to achieve first- and second-best outcomes by using tail statistics of wait
time.

To demonstrate, assume that the utility of a customer is given by r — t3X(\, u) — p for a non-
negative function ¥ (the model in §3.1]is a special case). For example, if the regulator believes
that customers’ utility depends on the probability of waiting more than four hours, then X(\, u) =
E[1{w(\, p) > 4}], where w is the (random) waiting time of a customer in steady state. Similarly,
if the regulator believes that customers’ utility depends on 95% fractile of waiting times, then
Y(A\,pu) = Hj }(95%), where H, , is the distribution of the waiting time in steady-state when arrival
and service rates are A and u, respectively. Then, the proposed schemes still lead to first- and
second-best outcomes in equilibrium if the function W is replaced by X in f or f.

EC.2.4. Heterogeneous Hospitals

To implement the proposed regulatory schemes, it was assumed that the regulator was able to
identify (at least pairs of) identical providers. In many real-world settings, such as hospital EDs,
this might not be possible because hospitals may differ along multiple dimensions, for example, the
size of their respective catchment areas A, the distribution of customer benefits O(.) (e.g., due to
case mix variation), and due to differences in the local labor markets giving rise to different costs
of treatment, ¢, capacity, u, and investment cost, R(c,u). Nevertheless, if the regulator is able to
observe the characteristics that make the providers differ, the proposed schemes can be modified
in a way similar to Shleifer| (1985).

To illustrate, note that to implement the second-best yardstick competition the regulator needs
to be able to project the total cost, total number of customer arrivals, and average waiting time
of each provider. Assume that each provider exhibits a different total cost f;(u,¢c,d) =c;(6)N\;(0) +
R;(9), arrival rate A(u,d), and waiting time W;(u,d), where 0 is a vector containing all observable
characteristics that make providers different. Also, assume that ¢ is not under the control of the
providers. Then the regulator can use the information on the total costs, arrival, and average
waiting times of all other providers along with the vector of observable characteristics, to predict
the expected costs of each provider. For example, this could be achieved through a multivariate
panel regression or indeed any other method (e.g., machine learning). If the predictive model is
100% accurate in predicting costs, and all the observable characteristics are correctly accounted
for, the proposed scheme generates the socially optimal equilibrium. Obviously, as the explanatory

power of the model used by the regulator degrades, so will the value of using yardstick competitionﬂ

L An alternative scheme, which can be particularly useful as the unexplained heterogeneity between providers is
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EC.2.5. Exogenous Arrivals

In certain situations, patients might not have a choice but seek service from the provider regardless
of wait times, for example, cancer patients seeking chemotherapy treatment. In those cases, A is
exogenous (i.e., not a function of u) and can be assumed to be fixed in our model. Then it can
be shown, as in Theorem [2, that the payment scheme still yields the second-best outcomes in

equilibrium. More specifically, the regulator’s objective can be written in this case as
S(Ca ,u) = V()‘) + (p - C))‘ - R(C, /’L)> (EC29>
and the FOCs for an optimal point (¢}, 1) become

0 % k)
%R(Cm/’bo) - )\7

B d
auR(cmuo) duW( S Hg)s

Ty = R(c:7N:)7

o

which are similar to those in Proposition

Under the payment scheme defined in , the providers’ objective becomes

It is easy to show that the unique equilibrium is the second best by using the FOCs for the provider
and the regulator (under the assumption that FOCs for the provider are necessary and sufficient).

The proof is identical to that of Theorem [2| and hence is omitted.

EC.2.6. More Complex Queueing Systems

Motivated by analytical tractability, the model assumes that providers can only control waiting
times through a single parameter p. In general this may not be true, for example, in EDs, patients
are treated using different resources in multiple treatment steps. Our results can be extended to
cover such queueing networks as follows.

Assume that patients arrive at the provider 7 at rate A; and need to go through m stages that are
served by m resources, for example, providers, bed or imaging equipment. Let p; = (i1, - - fhin)
denote the capacities of these n resources for provider 7. Assume that the provider has control over
p; and the expected waiting times (W) are determined by A; and p,;. Then it can be shown that
the payment mechanism still leads to second-best outcomes in equilibrium.
relatively high, is the modified yardstick competition proposed by |Laffont and Tirole| (1993)), pp 84-86, where the
regulator offers a menu of incentive-compatible yardstick-competition contracts and allows providers to self select.
Although this may be more complex to implement, it has the potential to further reduce the inefficiency associated

with asymmetric information and heterogeneous providers. It cannot, however, restore socially optimal outcomes and
the more efficient providers retain positive rents.
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To obtain the socially optimal outcomes in equilibrium in the first best, the payment scheme

needs to be modified slightly to result in the following profit function:

AN O 5
(e, pilpi, Ti) = (€ — ci) i + A Z D Wi, ;) (Rij — pig) — R(ei, i) + R, (EC31)
j=1 """
where
[ —LZ and 1 —LZ (EC32)
,Ui—N_lj#Ni /izk—N_lj#iMyh

We highlight the fact that the topology of the underlying queueing system of the ED is not
important, for example, it could be a complex Jackson network, and our results still apply as long
as the FOCs are necessary and sufficient for the regulator and the providers. However, increased
complexity of the underlying queueing system imposes more informational burden on the regulator
to implement the first-best scheme as the regulator needs to know the number of steps involved in

treating a patient as well as the impact of the capacity of each step on waiting times (%W(Ai, ;)),

see (EC31|). However, the required information to achieve second best is not affected.

EC.3. Conditions

As is often the case in queueing games, we have made the assumption that FOCs are necessary
and sufficient for both the regulator’s and the individual provider’s problems (see for example
Mendelson and Whang (1990)). This assumption, however, may not always hold (Stidham|2009).
For this reason, in this section, we present additional conditions which ensure that FOCs are
sufficient for the specific case of the M/M/1 queue. More specifically, we provide sufficient (but
not necessary) conditions for:

e FOCs to be necessary and sufficient for determining the first- and second-best solutions of
the regulator’s welfare maximization problem of Propositions [1| and 4] (see Appendices and
respectively).

e FOCs to be necessary and sufficient for the provider’s profit maximization problem under the

payment schemes of Propositions|2, Theorems|l|and 2| (see Appendices|[EC.3.2, [EC.3.3| and [EC.3.5|

respectively).

Where applicable, we compare the conditions presented here to the closest extant literature (Shlei-
fer||1985). We note that these conditions can all be interpreted as either assumptions about the
cost function R(c, u), which, loosely speaking, needs to be “sufficiently” convex for the objective
functions to be well-behaved, or about the default capacity pu, (and default cost ¢,), which needs
to be sufficiently small (large) to allow for interior solutions. We also note that these conditions

are sufficient but by no means necessary.
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EC.3.1. Assumptions for Proposition [1I; Regulator’s First-best Solution
We present sufficient conditions for the FOCs to be necessary and sufficient to obtain the regulators’

optimal (first-best) actions. We begin by defining \*(c, u) € [0, A] by

(X)) th .
6 (F5) = et .
and p*(c) > u, by
tA* (e, 1 (c)) 9 2 R(e, 1" () (EC34)

(1 () = X*(c,p*(0))? ~

for c€ (0,¢,] and p > p,. We show that A*(c, ) and p*(c) are well-defined in the proof of Proposition
[EC6| below. We next define Conditions 1-5 that are used in the next proposition.

Condition 1: (u:\:\ﬁ(#)))? is decreasing in p for u > u, and c € (0, ¢,],
Condition 2: - t_’\:i‘zc“zl)) 335;1#0) >0 for ce(0,c,],
Condition 3: ( X (e, pu*(e)) — %‘5(0))) is decreasing in ¢ for ¢ € (0, ¢,],
Condition 4: X*(0,u*(0)) < %‘5(0)),

" IOR(co, *(co
Condition 5: \* (co,u (co)) > —%.

PROPOSITION EC6. Conditions [1H{J] are sufficient for the FOCs to be necessary and sufficient

for the requlator’s welfare maximization problem to define the first-best solution.

Conditions and [5| are the boundary conditions that guarantee that first-best outcomes are
interior. Condition 1| ensures the concavity of welfare function in capacity p for all ¢ € (0,¢,] when
customers join at rate A\*(c,u). For instance, Condition [1| holds if the utilization in the system is
decreasing in capacity (for all cost levels) when customers join in a socially optimal manner, that
is, A (: 1) g decreasing in u. Condition |3|is a necessary and sufficient condition for the concavity
of welfare function in cost per customer, ¢, when customers join at rate A\*(¢, ) and the provider
chooses capacity level u*(c).

The boundary conditions given in Conditions [2 [4] and [5] essentially impose constraints on the
marginal cost of waiting-time- and cost-reduction investments. For instance, Conditions [2] and
[] require that the marginal costs of capacity and cost investments are sufficiently small at the
initial capacity, u,, and cost, c,. Alternatively, given the convexity of investment cost function,
R, these conditions can also be interpreted as the initial capacity, u,, being sufficiently small
and the initial cost, ¢,, being sufficiently high. They imply that the regulator always prefers to
invest in cost reduction or in capacity, even when the other parameters are not chosen optimally.
Similarly, Condition [4] requires the marginal cost at zero cost per customer to be sufficiently large,
for example, Condition [ holds if marginal cost at ¢ =0 is greater than the size of the catchment

area, A.



16 Savva, Tezcan, Yildiz: EC: Yardstick Competition for Waiting Times

Conditions are similar to the conditions in [Shleifer| (1985)) (given in (EC45) and (EC46]))

that guarantee that FOCs are sufficient if waiting time is not costly. The only difference is that
Shleifer| (1985) inherently assumes that capacity is fixed at its default level, u,, and hence defines
conditions for capacity level pu, instead of u*(c).

Proof of Proposition[ECH: ~ We proceed in three main steps.

Step i) First we show that for fixed ¢ € [0,¢,] and u € [u,,00) there exists a unique p > 0,

denoted by p*(e, p), that maximizes S(p,c, i), that is,

S(p*(c, ), ¢, 1) =max S(p,c, ).
p>0

Step ii) Then we show that for fixed c € [0, ¢,], p*(c) defined in (EC34]) is unique and maximizes
S(p*(e, ), ¢, ), that is,

S(p*(c, u*(c)), ¢, u(c)) =max S(p(c, u), ¢, ).

K> po

Step iii) Next we show that there exists a unique ¢* € (0,¢,) that maximizes

SP*(e,p7(c)), ¢, p(¢)), that is,

Sp*(e,u*(c")), ", p*(c")) = max S(p(c,p),c,pu(c)).

0<c<Leco

We provide the details of these steps next.
Step i) To prove the existence and uniqueness of p*(c¢, ) we show that S(p,c,u) is a concave

function of p and p*(c, p) is not at the boundaries, that is, p*(c, ) € (0,00), for fixed c € [0, ¢, and
W€ [po,0). By we have

gpS(p,c,ﬂ) = f(p,c, u)gpk(p, 1), (EC35)
where, by , f is given by
e o ) R T T (HC30)
By we have
0
a—p)\(p,u) <0, for p>0 and p > p,. (EC37)

Therefore, to show S(p,c, p) is concave in p it is enough to show that f(p,c,u) is increasing in p.

By (EC36)

2t

(1= Alp, u))3> ;A(p’ g (e

2 e = (v’(/\(p,u)) -
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(We use ’ to denote the derivative of functions whose domain is one dimensional). We have v'(y) <0
for all y € [0, A] because 0(z) > 0 for z > 0, and that A(p, ) < o by (3)). Hence f(p, ¢, p) is increasing
in p.

To show that p*(c,u) > 0 and is unique, we next show that -2S(0,c,u) > 0 and

Op
limy, o0 -5 (p, ¢, 1) < 0. By (EC36)

ti t ti
=202 T = A0 8 (= A0,p))?
where the second equality follows from (3)), giving a%S (0,¢, ) > 0. Also, since lim, . A(p, ) =0
for all > p, by , we have

f(0,¢, 1) =v (A0, 1)) — —c<0, (EC39)

lim f(p, e, p) >0, (EC40)
p—r00

giving lim,, a%S(p, e, 1) <0.
Therefore, for any c € [0,¢,] and p € [u,,00), there exists a unique optimal p*(c, ) € (0,00),

which is obtained by

- VN b )
Fps<p (c,,u,),c,,u,)— ()\(p ( M)aﬂ)) (u_)\(p*(c7u)7ﬂ>)2

This also proves the existence and uniqueness of A*(c, 1) defined in (EC33)).
Step ii) To prove that there exists a unique p € (4,,00) that maximizes S(p*(c,u), ¢, p) for fixed

—0. (ECA41)

0 < ¢ <c,, we show that (i) S(p*(c,p),c,p) is concave in p. (ii) lim,,,, iS(p*(c, w),c, ) >0 and

(iif) lim,, o0 7, S (0" (¢, 1), ¢, 1) < 0. By (7)) and (ECS),

TS = (o) - o) Dl + et SR
__ tA(ep)  OR( M)’ o)
(=AM (c,p1))? o
where follows from . By Condition |1 and that %}CL’“) is increasing in p by convexity
of B, ﬁs (p*(c, 1), ¢, 1) is decreasing; and hence, S(p*(c, jt),c, ) is concave in p. By Condition
and (EC42), we have ﬁS(p*(c,uo),c, tto) > 0. Also, by (EC42), convexity of R and A\*(c, ) < A by

, we get

Jirm, dCLS(p*(c, w),c p) = lim —W <0. (EC43)

Thus, the optimal capacity p*(c) given any ¢ € (0,¢,] can be obtained by (EC34)).
Step iii) Finally, we show that there is a unique ¢ € (0, ¢,) that maximizes S(p*(c, u*(c)), ¢, p*(c)).

Let S*(¢) =S (p*(¢,p*(c)),c,u*(c)) for notational simplicity. By and (ECS]), we have

o5 (. . (o) i
o= (10 e @) - e ) d e @)
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X (c, 1 (0)) OR(c,1*(c)) | O (c)
- <(u ( *( )

OR(c, p*(c))

— A (e () =

“(¢) = M (c, p*(c)? ou oc dc
=X (e e(e)) - PG, (EC4)

where (EC44)) follows from (EC33) and (EC34]). By (EC44) and Condition % is decreasing
and hence S*(c¢) is strictly concave in c¢. In addition, by Conditions [4| and |5, we have % >0 and
dS*(co

T) < 0. Thus, there exists a unique global maximum ¢* of S*(¢) and (p*(c*, u*(c*)), u*(c*),c*)

is the unique optimizer of S(c,p,p) and satisfies the FOCs (11)—(13). Because (EC41), (EC42)
and (EC44) have unique solutions, (p*(c*, u*(c*)), n*(c*),c*) is the unique point that satisfies the

FOCs. O

EC.3.2. Assumptions for Proposition

We provide sufficient conditions that guarantee the FOCs of the provider’s profit maximization
problem to be necessary and sufficient under the payment scheme of Proposition 2. Since this is
the problem studied in |Shleifer| (1985)), these conditions were first presented in |Shleifer| (1985).
Expressed in our notation, these are that R(c, u,) is convex in ¢ and

ONc,po) | O°R(c pto)

90 I 0, (EC45)

along with the boundary conditions

0 0
A(Coy o) + %R(co, o) >0 and A(0, p,) + %R(O, o) < 0. (EC46)

Further to Shleifer| (1985), we need to also assume that (EC45|) holds for all iz > p,,. These conditions

ensure that the objective function of the provider is concave and the solution is interior for all
M2 o
EC.3.3. Assumptions for Theorem
We provide sufficient conditions that guarantee the FOCs of the provider’s profit maximization
problem to be necessary and sufficient under the payment scheme of Theorem [1 The provider’s
profit is given by and if R is strictly convex then II is strictly concave. If, in addition, the
optimal actions for the provider are not at the boundaries, then the FOCs are necessary and
sufficient to determine the provider’s optimal actions. We next present sufficient conditions that
guarantee that the maximum is attained at an interior point.

The following conditions imply that ¢* € (0,¢,).

;CR(CO,M) > —\(¢o, ito) and gcR(O,u) < —=A, for all > p,. (ECAT)

This follows from because R is convex in ¢ and \; € [A(c,, 11,), A] for all 4.



Savva, Tezcan, Yildiz: EC: Yardstick Competition for Waiting Times 19

To list conditions that are sufficient for u* € (u,,00) we first introduce some terminology. By
and (| . () A ) <v(Apmin) for alli=1,..., N. Hence there exists K > 0 such that

Ait
(i = Ai)?

In addition, this implies that it is never optimal to set > M in any equilibrium for a provider by

< K.

(18)) for some M > 0. The following conditions are sufficient for p* to be an interior point. Assume

that there exits ug such that %R(c,,u) > K for p1 > pg and for any c € [0, ¢,] and that

tA(Co, o)
(M - A(Cov Mo))

aauR(c, o) < 5, for all c€[0,¢,)]. (EC48)

tA

The fact that u* € (u,,00) follows from these conditions because; i) R is convex in p, ii) e

is minimized at p = p, and ¢=c, and (iii) M is an upper bound for u.

EC.3.4. Assumptions for Proposition 4: Regulator’s Second-best Solution
We present sufficient conditions for the FOCs to be necessary and sufficient to obtain the regulators’
optimal (second-best) actions.

Let ¢(u) be the solution of
& R(el10). 1) = ~Aw) for > (EC49)

We show that ¢(u) is well-defined in the proof of Proposition below. We first define Conditions
[6HI] that are used in the next proposition.

Condition 6: A(u) < aR(O W for > po,
Condition 7: A(u) > aR(C" W for (> i,

Condition 8: (Hg((‘;)))g <1 - 82&”) — () 81\9(;) — ZR(¢(p), )> is decreasing for u > pu,,
Condition 9: % (1 — ma(ﬁ")) ~(Mo)ak(“")) — 5 R(E(110), o) > 0.

PRroPOSITION EC7. Conditions[6{9 are sufficient for the FOCs of the regulator’s problem to be

necessary and sufficient to obtain the unique second-best solution.

Conditions 6], [7] and [J) are the boundary conditions that guarantee the second-best outcomes are
interior — similar to Conditions 2} [4, and [5] guaranteeing interior first-best outcomes. In addition,
Condition [§] ensures that if p =0 then the welfare function is concave in capacity p when the
provider chooses the optimal marginal cost level ¢(u) for all g > p,. Sufficient conditions presented
for the first-best (Conditions and second-best (Conditions solutions are quite different,
despite the fact that the second-best setting can be considered as a special case of the first best.

In fact, only Condition |§| implies Condition {4 I because A\*(0, 1) < A(u) by (EC33] m
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Proof of Proposition[EC7: The proof is similar to that of Proposition [EC6|in that we first show
that for fixed p there is a unique optimal cost per patient ¢(u) and then we show that there is a
unique optimal p.

If customers are not charged for service, that is, p=0, given any c € (0,¢,] and p > p,, the welfare
function is S(c, ), where S is as given in for p =0 under the M/M/1 assumption. We start
by showing that FOCs are sufficient to obtain the second-best marginal cost (denoted by é(u)) for
fixed p > p,. We prove this by showing that S(-, ) is concave for fixed p and é(p) cannot be at
the boundaries. By (with p=0), we have

IS

_ OR(ce,p)  9*S(c,p)  OP*Rlc,p)
Oc '

Oc ’ Oc? Oc?

(EC50)

Because R is convex S(-,u) is concave for fixed p. Since, in addition, % > 0 and %ﬁ’“) <0
by Conditions [6] and [7] given any p > p, there exists a unique é(p) € (0,¢,) that is obtained by the
FOCs and it satisfies .

We next show that the FOCs are sufficient to obtain the maximum of S(¢é(u), 1) by showing that
it is concave and the optimal is attained at an interior point. By and , we have

4 s = (v — — ) 2w OR(E(), 1)\ DE(n)
gy - 1) ((Aw» u—Mu)) o <A<u>+ he ) o
(1) AW 10N D
+(/~L—)\(M))2 (1 N ) (1) o 8uR( (1)s 1)
_ tA(1) _8)\(,u) ; M_g ;
EES YR <1 au > (1) o on (€(pe), ), (EC51)

where (EC51)) follows from and (EC49)). By (EC51) and Condition iS(E(M),u) is decre-
asing in p and hence S(é(u),p) is concave. By (EC51) and Condition @ iS(E(uO),,uo) > 0.

Also, because lim,,_, % =0, d’(\i(:) >0 by and ¢é(p) > 0 as discussed above, we have

hmu—mo %S(E(,u,), N) < hmu—mo _%

zes S and is the unique solution that satisfies the FOCs under Conditions O

R(¢(p), 1) < 0. Hence p € (po,00). Clearly (&(p), p) maximi-

EC.3.5. Assumptions for Theorem
We provide sufficient conditions that guarantee the FOCs of the providers’ profit maximization
problem to be necessary and sufficient under the payment scheme of Theorem [2] which yields the
profit function in .

We claim that if

i) eA(p) + R(c,p) is jointly convex in ¢ and p,

ii) v is convex,

iii) I is convex,
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then II(c,p) in is concave. Clearly, if cA(u) + R(c,p) is convex, it suffices to show that
W (A(p), p) is convex to prove the the concavity of II(c, u). By

d2

dTLQW(A(u), 1) = (X' (1))0" (A1) + A" ()0 (M) (EC52)
Because v'(A(u)) < 0 by definition, it is enough to show that A\”(u) < 0 to prove the concavity of .
We note that + implies X’ (u) < 0 because A(p) = pu— m by (2). Hence, if the optimal is attained
at an interior point f guarantee that the FOCs are necessary and sufficient to determine the
provider’s profit-maximizing actions. We next provide sufficient conditions that imply that this is

the case.

Similar to (EC47)) assume that

%R(CO,M) > — (o) and %R(O,,u) < —=A, for all p> p,. (EC53)

Conditions (EC53|) imply that ¢ € (0,¢,) by because R is convex in ¢ and A; € [A(u,),A] for
alli=1,...,N.
The following conditions imply that u* € (u,,00) by because R is convex in p. Assume that

iR(a o) < (e — M)’ (A (1)) N (1) (EC54)
and
lim imc, ) > Tim — (A @)X () (BC35)

for all c€[0,¢,], where v is defined as in (ECY).

EC.4. Alternative Payment Scheme for First-best with a Unique
Equilibrium

In this section we first present an alternative scheme that achieves first-best outcomes in the unique
symmetric equilibrium. Then we show that a modified version of this scheme leads to a unique

equilibrium, that is, the unique symmetric equilibrium that achieves first-best outcomes is the only

equilibrium.
For A\, ;t>0let ¥, :R? — R be defined as
WA p), if p> A,
U\ ) =4 LR EC56
( ILI/) {WZ"‘ Cz);‘L\’Rz’ lf /,[/< )\’ ( )

for given W;, ¢ and R; and also let the transfer payment, T}, to provider i be
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If, in addition, the toll is set as in the ith provider’s objective becomes

H(Ci’ ,Uz'|pi7Tz') = (Ei - 02)5\1 - th(‘I’z(Xz, Mi) - Wz) - R(Ci7 Mi) + R1 (EC58)
Before we establish the equilibrium under this payment system, we note that, for a given \; provider
i will never choose j; < \; because by (EC56) its profit will be negative, and it can always set
c¢; = ¢; and u; = j1; to obtain zero profits. Therefore we assume, without loss of generality, that

125 Z 5\1‘. AISO lf i Z 5\1

H(Cm Mi\Pn Tz) = (51‘ - Cz’)Xi - tXi(W(Xh Mi) - Wz) - R(Cia Mz‘) + R; (EC59>

by (EC56) and ([24)). For the rest of this section we assume that FOCs are necessary and sufficient
for determining the optimal actions of the provider and the waiting time function satisfies the

following assumption.

ASSUMPTION 1. We assume that 2 W (X, 1) > 0, %W(A,u) >0, and % <0.

ProprosiTION ECS. If the requlator sets service provider i’s price equal to p; given in (16) and
transfer payment equal to T; given in (ECbHT7)), then the unique symmetric Nash equilibrium is for
each provider i to pick c; =c* and p; = p*, fori=1,...,N. Also, all providers make zero profit in

equilibrium.

Proof of Proposition[EC§:  Provider i’s optimal actions are obtained by

0 - 0

%H(ci’m’p“ﬂ) =—\— %R(Ci’ui) =0, (ECﬁO)
in(c- 1pi, T)) = — 0 R(ci,ps) —th; 0 W (A, 1) =0 (EC61)
8#7] 17/’L’L pl? 3 - 81'[% 17/’L’L laul ZJ/"[/’L - .

Because first-best marginal cost, ¢*, and capacity, u*, satisfy 7, the case where ¢; = ¢* and
w; =p* for alli=1,..., N is clearly an equilibrium. Also, similar to the proof of Theorem [ there
cannot exist a different symmetric solution because ¢* and p* are the unique solution to f.
Hence, there exists a unique symmetric equilibrium that yields first-best outcomes. [J

Next we show that if NV =2 there cannot be an asymmetric equilibrium.

ProprosiTION EC9. Assume that N =2 and 82;;7(;’;“) > 0. Under the payment scheme in Propo-

sition [ECY there exists a unique equilibrium.
We need the following result to prove Proposition [EC9]

PRrRoOPOSITION EC10. Consider the payment scheme in Proposition [EC§ and assume that

9”2 R(c,p)
dcOp

where p; is defined as in . If A1 > Ao >0 then fi1 > fis and ¢ < Cs.

>0 and N =2. Let (&, ji;) for i =1,2 denote an equilibrium and \; = X(p;, ju;) be given by
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Proof of Proposition[ECY: Similar to the proof of Proposition we only consider p; > \;.
By if provider j choses action (¢;, fi;) provider ¢’s profit function is

T(ci, palpi, T) = (&5 — o)Ay — Rlci, jus) + R(E5, fiy) — A (W (Ag, ) = W (A, i) (EC62)

We next show that an asymmetric equilibrium does not exist when N = 2. Let (ji;,¢;) denote

the action chosen by provider ¢ and P A(ps, 1;) be given by where p; is defined as in
Assume that )\1 )\2 By (EC60) and ( m

8R(51)ﬂ1) _ _5\2 _ _')“\1 _ 8R(527ﬂ2) )

9 9 (EC63)

By convexity of R if [i; = fi,, then ¢; = é,. Hence, a potential asymmetric equilibrium with )\1 )\2
must have fi; # fio. Without loss of generality we assume fi; < fio. By . )\1 )\2 implies p; < py
because W()\l,ul) > W()\Q,,uz) when ji; < fiz and A= o By . p1 < py implies ¢; < &, because

0

aw(j\lvﬁl)

0
WA

BN W (A, fi2)

by Assumption [l Because ¢; < ¢, and fi; < fis,

OR(¢y, fi1) - OR(Cy; fi2)
oc oc

by convexity of R and %f;“) > 0. Because this contradicts (EC63)), an asymmetric equilibrium

with A\; = Ay does not exist.

Next we consider the case A #* A and assume without loss of generality that A > A Then, by
Proposition [EC10| we have ji; > jio. By Assumption 1} A, > X and fi; > fis imply

W (A, fin) — W (A, fin) > W(Aa, fi) — W (Ao, i) (EC64)
By (EC62), if I1(¢4, fi1|p1,T1) > 0 then
Az (52 — &+t (W (Aa, fin) — W(S\zvﬂl))) > R(¢1, fir) — R(C2, fiz).
This with (EC64)), implies
Jo (52 — &+t (W (A, i) — W (A, gl))) > R(é1, fir) — R(Ga, fis). (EC65)

Then because A; > o, (EC65) and (EC62) imply I1(¢ég, fia|p2, T2) < 0. Hence, an asymmetric equi-

librium where two providers experience different equilibrium arrival rates does not exist. [
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Proof of Proposition[ECT0:  Let (&, ji;) for i = 1,2 denote an equilibrium and \; = A(p;, fi;) be
given by . Assume that :\1 > 5\2 > 0. We first show that fi; > [i» by contradiction. We show below
that

aR(Eh ﬂl) < aR(E% ﬂQ)

EC66
Oc Jdc ( )
if i1 <jip. By (EC62)), provider ¢’s optimal action in equilibrium satisfies
o _ . . ~  OR(G;, ;) o
@H(Ci’ui|pi’ﬂ) =-A— e =0,for j #1.
Because 5\1 > 5\2, we have
8R(617ﬂ1) 3 N 8R(52,ﬂ2)
Oc = A h= oc
which contradicts (EC66)). Hence, if A > 5\2, i1 < fis cannot hold.
Next we prove (EC66|) if ji; < fio. If 5\1 > 5\2 and fi; < ji; then by
(p1+tW (A1, fin) < (p2 +tW (A, i), (EC67)

where p; and p, are given in . Because \; > \, and i1 < iz, we have W(le,,&l) > W(j\g,[w).
This implies p; < po by (EC67)). By , p1 < po implies

. - 0 T . < 0 L
(&1 +t)\15W()\1,/.L1) < C2 +t)\QaW(>\2,IU/2) (ECﬁS)

By Assumption |1| and that 5\1 > 5\2 and fi; < iz, we have aw(;\;’ﬁl) > aw(é\f’h). This and 5\1 > 5\2
imply that if p; < p, then ¢, < é; by (EC68|). Because i1 < [is and ¢, < ¢é; (EC66)) holds by convexity
02 R(c,p)
Of R and WP«# 2 0.
We now show that & < & if A; > . By (EC62) provider i’s action satisfies

OR(Ci ) 5 0 5 -

in any equilibrium. By Assumption |1} and the fact that 5\1 > 5\2 and fi; > ji2, we have

0 v . 0 ~L
@W(Aum) < %W()\Q,/h)-
Therefore
- 0 s . ~ 0 ~
<—)\16'LLW()\17M2)> > <—>\2(9MW()\2a#1)> .
Thus by (EC69) we have

OR(Cy, fi2) S OR(¢y, fin)

o 5 (ECT70)
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Also, by the fact that p; > pus and R is convex

OR(Cy, fi1) S OR(Cy, fi2)
o o

(ECT1)

By (EC70) and (ECTI),

OR(Ca, f11) _ OR(G1, 1)
> .
o o
This implies ¢; > ¢; by m >0. O
We finally consider the case with N > 3. Assume that providers are divided into two disjoint sets
A; and A,. For simplicity, assume that 4; ={1,2,...,n;} and Ay ={n; +1,..., N}, for n; > 1.
For i € Ay, set

~AL A'Al_i . .
a |A|ZJ’ =g 2 B Z » Wi \A2|ZW

jEA2 jEA 7€A JjEA2

Also set the transfer payment for hospital i equal to T; defined as in using &1, ):{41,
WiAl and Rf‘l as defined above. Effectively, we use providers in set A, to set the “yardstick” for
providers in set A, and we can set similar targets for those provider in set A, using providers in
set Aj.

When providers are split into two sets A; and A, the providers in the same set would take the
same actions since their profit functions are identical. Hence, the comparison of providers in two

sets would reduce to the case of N =2, and the unique symmetric equilibrium which yields the

first-best outcomes for all providers would be the unique equilibrium by Proposition [EC9]

EC.5. Alternative Payment Scheme for Second-best with a Unique
Equilibrium

In this section we prove that, under the proposed reimbursement scheme of there cannot be

an asymmetric equilibrium for N = 2. Then, we alter the proposed reimbursement scheme slightly

to obtain a new scheme under which the welfare maximising actions are the unique equilibrium.

ProrosITION EC11. Assume that there are only two providers (i.e., N =2) and the regulator
pays the transfer payment T; defined as in to provider i for i =1,2. Then there is a unique

Nash equilibrium.

Proof of Proposition|[EC11: By Theorem |2 the only symmetric equilibrium is where providers
pick p} and c¢. We next prove that, for N =2, this is the unique equilibrium. Assume not and
let a; = (c1, 1) and as = (c2, p2) denote another equilibrium with a; # ay. Under the proposed

reimbursement scheme, the profits of providers 1 and 2 are given by

H(cr, pn) = —arA(p) + 1(Wa = Wi)A(n2) — Rlcr, pn) + R(cz, p2) + c2A (). (EC72)
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H(c2, p2) = —coA(p2) + (W1 — Wo)A(p2) — R(c2, p2) + R(c1, pa) + cr A (p1)- (EC73)

In order for (a;,as) to be an equilibrium, we must have II(¢q, A1) >0 and II(c2, A\2) > 0 because
if ay = ay, then II(cy, p2) = 0. We next show that this is not possible in an asymmetric equilibrium.

Assume without loss of generality that A(p1) > A(u2). This implies Wy < W, by (2), since p = 0.
By (EC7I)

t(W2 = Wi)A(p2) = crA (1) + R(er, A(pn)) — R(c2, A(pz)) — coA(p2). (ECT74)

Hence

(2, p2) = —c2A(p2)+t (W1 = W2)A(p1) — R(ca, Mpz)) + Rler, Ap)) + 1A (pa)
(a) (b)

< —CA(p2) + (W = W2)A(p2) — R(c2, A(p2)) + Rlcr, M) + erd(p) <0,
where (a) above follows from the fact that W; < Wy and A(p1) > A(p2), and (b) follows from (ECT74)).
This proves that (a;,as) cannot be an equilibrium if A; # A, O

A regulatory scheme with a unique equilibrium for N > 3: If N > 3, we can modify
the reimbursement scheme so that the only equilibrium is the second best. Specifically, as in
Appendix [EC.4] we divide the providers into two disjoint sets 4; and A,. For simplicity assume
that A; ={1,2,...,n:} and Ay ={n;+1,...,N} for n; > 1. For i € A, set

W S > W, and A - >N
| As| | As|

JEA2 JEA2

Again, set the transfer payment for hospital i € A; equal to T; defined as in using WiAl and 5\;41
as defined above. Effectively, we use providers in set A, to set the “yardstick” for providers in set
A, and similarly we can use providers in set A, to set the “yardstick” for providers in set A,. The
proof that this mechanism can only have a unique equilibrium where each provider picks socially
optimal levels p* and ¢! follows from a similar argument to that at the end of Appendix
using Theorem [2] and Proposition In addition, we conjecture that, for N large enough, the
original mechanism should also have a unique equilibrium. This follows from the fact that when NV

is large, W; ~ W; for all 4, 5. The proof outlined above for the modified mechanism might be used

when this is the case to prove the uniqueness of the symmetric equilibrium.
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