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Abstract

How should institutions be designed that “work” in bringing about desirable
social outcomes? | study a case of successful institutional design—the
redesign of the National Resident Matching Program—and argue that
economists assume three roles when designing an institution, each of
which complements the other two: first, the designer combines positive
and normative modeling to formalize policy goals and to design possible
mechanisms for bringing them about. Second, the engineer refines the design
by conducting experiments and computational analyses. Third, the plumber
implements the design in the real world and mends it as needed.
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l. Introduction

Economists increasingly aspire to create or change institutions in order to
bring about desirable social outcomes. While this field of economic design is
growing, philosophers of social science have to date focused on a single case,
namely the design of the early spectrum auctions conducted by the Federal
Communications Commission (FCC) (Alexandrova 2008; Guala 2005). But
by focusing on one case only, they have fallen short of providing a general
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account of the practice of economic design. I aim, here, to provide a more
general account, by introducing a case study that hasn’t previously been con-
sidered in this literature: the National Resident Matching Program (NRMP),
which places medical graduates in the US into training positions in hospitals.
In the 1990s, economists guided the redesign of this labor market, which was
commissioned as a response to severe market failures. The result is consid-
ered to be one of the foremost success stories of economic design, and a key
motivation behind the Nobel Memorial Prize awarded to Lloyd Shapley and
Alvin Roth in 2012.

Since the matching program and the spectrum auctions constitute the
flagship cases of successful institutional design,' a general methodological
account should be consistent with both cases. I shall thus put forward a meth-
odology of economic design and of how knowledge is generated in the design
process, which is consistent with the two design processes, and which com-
bines insights from both. The account depicts economic design as a three-
stage process in which the economist (be it one and the same or different ones
dividing labor) assumes three roles.

The economist-as-designer (Hurwicz 1973) generates models in which
properties corresponding to policy goals are defined, and mechanisms
designed, that is, algorithms determining institutional outcomes for possible
combinations of individual actions, which might bring about the defined
goals if instituted in the real world. As will become clear, designers engage in
a specific combination of positive and normative modeling, intervening in
the models in order to learn how positive and normative constraints interact,
and what the limits are to what could possibly be implemented.

The economist-as-engineer (Roth 2002) conducts experiments to examine
whether the model results hold water, as well as computational analyses to
quantitatively investigate the trade-offs and limits that the designer previ-
ously identified. Drawing on the results of these investigations, the engineer
then makes proposals to refine the envisioned algorithm.

The economist-as-plumber (Duflo 2017) implements the designed algo-
rithm in the real world, evaluates its functioning, and mends it if problems
arise. In doing so, the plumber attends not only to the algorithm itself, but
also to cultural and political issues surrounding the design, such as whether
market participants trust that the designed algorithm is unbiased.

I shall argue that successful institutional design requires each of the three
roles because they complement each other in important ways. Conversely, the

'The most recent Nobel Memorial Prize was awarded jointly to Paul R. Milgrom and
Robert B. Wilson for their contributions to auction theory, including the application
of the theory to the design of the FCC auctions (Committee for the Prize in Economic
Sciences in Memory of Alfred Nobel 2020).
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omission of any of these roles in the design process is likely to yield unreli-
able institutions that contain unintended biases.

The paper is structured as follows. In Section 2, I present some of the
conclusions that philosophers of science have drawn from spectrum auction
design concerning how models and experiments are used in economic design.
Section 3 describes the redesign of the matching market for medical gradu-
ates in depth. In Section 4, I provide an account of economic design that is
consistent both with the case of the spectrum auctions and the matching mar-
ket. Section 5 concludes by proposing a normative reading of this account.

2. Philosophers of Science on Spectrum Auctions

In the most general terms, the aim of economic design is to bring about desir-
able social outcomes through the formulation of suitable institutional rules
and infrastructure. The kinds of outcomes that are pursued may differ from
case to case and may be contingent on political, economic and ethical consid-
erations.? Although important, these are not the focus of this paper, and it will
thus be assumed that exogenous policy goals completely determine the prop-
erties of desired outcomes, thus subsuming all the relevant normative consid-
erations. Typically, designers seek to exploit agents’ conscious, strategic
pursuit of their individual goals in order to implement these properties, which
explains why models from game theory, or rational choice models more gen-
erally, play an important role in design. This feature distinguishes institu-
tional design from other types of policy designs such as nudges, which
typically exploit agents’ unconscious biases.

The case study of economic design discussed in the philosophical litera-
ture to date is the design of auctions for allocating spectrum licenses to tele-
communication service providers in the US. Spectrum refers to a range of
electromagnetic frequencies, which are used to transmit video, sound and
data. In the 1990s, the FCC, an independent agency of the US government
responsible for the allocation of the licenses, decided to replace an inefficient
lottery system with auctions. The auctions were supposed to achieve specific
policy goals, in particular efficiency, that is, to allocate the licenses to those
providers that value them most. What kind of auctions would best promote
these goals was subject to much controversy among the stakeholders, and the
FCC as well as potential bidders consulted economists about crucial design
decisions.

2See Li (2017) on the relationship between ethics and market design.
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Since the first auctions were conducted in 1994, their design has widely
been regarded as an efficient means of allocating licenses, and has raised bil-
lions of dollars in revenue for American taxpayers.> Moreover, it was suppos-
edly economic theorists, in particular game theorists, who designed these
auctions, so they were presented in media and, not surprisingly, by the theorists
themselves, as an exemplar of the transformative force of game theory. For
example, R. Preston McAfee and John McMillan, two theorist-consultants,*
wrote: “Fortune said it was the ‘most dramatic example of game theory’s new
power. . .It was a triumph, not only for the FCC and the taxpayers, but also for
game theory (and game theorists)’” (McAfee and McMillan 1996, p. 159; in
the quote, they refer to Fortune magazine, February 6, 1995, p. 3).

Philosophers of science have challenged this received view. Francesco
Guala has convincingly argued that the successful design should not be cred-
ited to game theory alone, but rather emphasizes the role of laboratory
experiments (see 2001, 2005, 2006, 2007). As he notes, no theorem from
auction theory—a subfield of game theory—was directly applicable to the
design of the auctions. The main problem was that the values that bidders
attach to licenses often depend on whether they also get complementary
licenses. For instance, these could be licenses in a neighboring state for a
bidder who wishes to extend coverage. But different bidders may prefer dif-
ferent bundles of licenses, and thus it was not possible for the FCC to simply
auction off all the complementary licenses as packages. Instead, the bundles
were to be determined through the bidding process. However, there were no
analytical solutions to what kinds of auction rules would achieve efficient
allocations of goods that include complementarities. In particular, it was
unclear whether bidders should be allowed to bid for licenses only individu-
ally or whether package bidding should also be allowed, in which bidders
can submit single bids on packages of licenses. Both formats can give rise to
problems: in individual auctions, bidders might win only a part of the pack-
age they would have liked to hold, which might reduce efficiency, while in
package bidding auctions it might be intractable for the auctioneer to select
winning bids (i.e., those that would maximize revenue) because of the large
number of possible combinations of packages that bidders may bid on,
which might also reduce efficiency. However, theory alone did not allow for
the quantification and comparison of these problems, and thus fell short of
deciding between auction formats.

3See Nik-Khah (2008) for a different interpretation.

“By the time, both were professors of economics, McAfee at the University of Texas,
Austin, and McMillan at the University of California, San Diego. McAfee was
involved in the design of the auctions working for the wireless telephone service
provider AirTouch Communications, and McMillan for the FCC.
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Complementarities were but one complication that analytical models
alone could not resolve. Another was the “winner’s curse”: a phenomenon to
be prevented, in which the bidder who most overestimates the value of a good
wins the auction but thereby makes a loss. There was some evidence, both
theoretical and experimental, that open instead of sealed-bid auctions could
help reduce instances of the winner’s curse (roughly, this is because bidders
can learn about the true valuation by observing other bidders). However,
whether this would turn out to be true in the presence of complementarities,
and further complications of the market, was not clear. The problem was to
find out whether and how these features would interact—and again, models
from auction theory were silent on the matter.

Experimentalists were required to cope with these complications. Most
prominently, Caltech economist Charles Plott was involved in the auctions,
consulting for the telecom provider Pacific Bell. Together with his team,
Plott created experimental testbeds; controlled laboratory environments of
auctions in which some features, such as complementarities, can be con-
trolled for. Importantly, testbeds test material environments holistically,
allowing for the observation of possible interactions between different
causal mechanisms. This distinguishes testbeds from models, which typi-
cally isolate particular causal mechanisms (Cartwright 2009; Méki 2011).
The experimentalists conducted numerous testbeds, which eventually
favored simultaneous multiple-round auctions over alternative formats.
These consist of rounds of open ascending bid auctions in which all the
licenses are auctioned simultaneously, and where after each round the results
are made public, so that bidders can gain information about their chances of
assembling their preferred combinations of spectrum and accordingly adjust
their bidding behavior. At the beginning, these auctions did not provide for
package bidding, but, building on theoretical work by Lawrence Ausubel
and Paul Milgrom (2002), since the mid-2000s, they have increasingly been
combined with package bidding.

Anna Alexandrova and Robert Northcott have contrasted the ways in which
theoretical economists (such as McMillan) and experimental economists
(Plott) described the design process (Alexandrova 2006; Alexandrova and
Northcott 2009). According to them, the theoreticians overstate their case
when they claim that the FCC “chose an innovative form of auction . . .
because theorists predicted it would induce more competitive bidding and a
better match of licenses to firms” (McAfee and McMillan 1996, p. 160).
Instead, they argue that game theory merely provided heuristics and pointed to
problems that could possibly arise, and which experimentalists would then
investigate by means of their testbed methodology. As their experiments deliv-
ered the bulk of the required evidence, the case in fact shows how limited the
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theory alone is.’ Generalizing this analysis, Alexandrova (2008) argues for a
weak reading of models, according to which their role is mainly to suggest
causal hypotheses about a target. Empirical studies are then needed to provide
evidence concerning whether the causal hypothesis does indeed hold.

In sum, existing contributions have noted the limitations of theory for
design purposes and have highlighted the need for supplementation with
experiments. [ will next introduce a different case study, which suggests addi-
tional roles for models and experiments in the service of design, as well as
additional methods besides models and experiments in the design process.

3. The Matching Market for Medical Residents

Before becoming doctors, medical graduates in the US are required to take up
training positions, or “residencies,” in hospitals. These allow the “residents”
to specialize in a specific medical branch. In general terms, the labor market
for these positions works as follows: After interviews take place, the
NRMP—a private, non-profit organization—collects rank order lists
(“ROLs”) from both applicants and hospitals. These lists reflect the appli-
cants’ preferences concerning the hospitals they had previously had an inter-
view with, and the hospitals’ preferences concerning the applicants they had
interviewed. Assignments are then determined using a matching algorithm.
Since the residencies shape the residents’ future careers, and residents pro-
vide a significant source of the labor force for hospitals, it is vital that the
market is organized fairly and efficiently.

In the early years after the NRMP’s foundation in 1952, the matching
procedure worked to the satisfaction of the participants, as indicated by par-
ticipation rates in the system of over 95% (participants are free to decide
whether to find matches through the centralized procedure or on their own).
However, over the years several changes occurred. Initially, residents were
predominantly male, and when female residents entered the market in the
1970s, there were increasing numbers of married couples who graduated
from medical school together. Members of couples may have interrelated
preferences, particularly to find positions close to one another. For example,
even if a member of a couple individually prefers, say, a residency in Boston

Nik-Khah (2008) goes further, claiming that “[g]ame theory was demonstrably irrel-
evant to most important aspects of the construction of markets, as evidenced by the
need of the FCC to call on experimentalists” (p. 92). This interpretation cannot be
sustained: even on a weak reading in which the only role of game-theoretical models
was to provide heuristics and point to possible problems, this role alone makes theory
clearly relevant for the design of the FCC auctions.
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to one on the West Coast other things being equal, these preferences may
switch if their partner attains a position in Los Angeles. In other words, cou-
ples give rise to complementarities, similar to those encountered in the FCC
auctions. But the original matching algorithm could not accommodate com-
plementarities because it only processed single preference lists. As a response
to increasing discontent and declining rates of participation, the NRMP modi-
fied the system by permitting couples to hand in pairs of ROLs together and
to specify a “leading member.” The algorithm would then match the leading
member first, followed by an editing of the other member’s ROL to eliminate
positions far from that of the leading member. However, this rather ad-hoc
modification did not prevent participation rates from dropping.°

In the 1990s, the dissatisfaction among applicants—as expressed by vari-
ous student associations—was at a peak. Many claimed that the algorithm
was biased against them. Moreover, there was a rumor that applicants could
“game the system” by submitting ROLs that didn’t reflect their true prefer-
ences. Consequently, some student associations requested a change of the
matching algorithm, or that the applicants be given more information on how
to hand in their ROLs strategically.

The Board of Directors of the NRMP reacted in 1995, commissioning
Alvin Roth to direct the design of a new matching procedure. They set three
policy goals that should be achieved to the greatest degree possible: to incen-
tivize applicants and hospitals to stick to the matchings (i.e., not to make
arrangements outside the system); to make the matchings as favorable as
possible for the applicants; and to reduce opportunities for strategic behavior.
The new algorithm, which is now known as the “Roth-Peranson algorithm,”’
was first introduced in 1998 and has been working successfully since.

In order to answer how Roth and his collaborators reformed the market, I
will next describe in depth some of the models and other tools they used. I
will first sketch a simple model of the market and some of the theoretical
results that hold in this model. Then I will explain how the simple model was

®The accommodation of couples was not the only challenge the NRMP was facing.
Hospitals may have interlinked numbers of positions such as, say, five in the neu-
rology department if internal medicine fills all its positions, but fewer otherwise—a
source of a different kind of complementarity (see Roth and Peranson 1999 for a
description of all the complementarities present in the market). Furthermore, the num-
bers of graduates relative to residencies offered increased substantially over the years,
which led to matchings being less favorable for the former.

"Elliott Peranson is founder of the National Matching Services Inc., a company devoted
to providing matching solutions by implementing what they advertise as a “Nobel-
Prize acclaimed algorithm” (https://natmatch.com/#, accessed on 09/05/2020).
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manipulated and complemented with other tools to create an algorithm with
desirable properties, and how the algorithm was eventually implemented.?

3.1. Modeling the Market

From a game theory perspective, the applicants’ and the hospitals’ prefer-
ences, together with a matching mechanism, define a game, in which their
actions are to submit ROLs (or to opt out). Formally, there is a set of appli-
cants 4 = {al,. . .,am} and a set of hospitals H = {hl,...,hn}. Each hospital 7,
offers a number of residencies which is specified by a quota, ¢;. The prefer-
ences {>al SN e ,...,>h"} are assumed to be transitive, irreflexive, and
complete lists for applicants of the hospitals they had an interview with and
that they deem acceptable, and for hospitals of the applicants they had inter-
viewed and whom they deem acceptable. Just like their preferences, the
applicants’ and hospitals’ ROLs are transitive, irreflexive, complete lists of
acceptable partners on the other side of the market. Note, however, that
agents can be strategic, viz. submit ROLs that do not truthfully reflect their
preferences.

A matching mechanism maps combinations of ROLs to matchings, which
are the outcomes of the game. Formally, a matching p is a subset of Ax H
such that any applicant appears in at most one pair (i.e., is either matched or
unmatched) and each hospital 4; appears in at most g; pairs (i.e., is either full
or has empty places). Let’s look at the mechanism in use when the NRMP
directors commissioned the new design. As shown in Roth (1984), in our
simple model it is equivalent to the hospital-proposing deferred acceptance
algorithm:

e In the first step, each hospital “proposes™ to the highest-ranked appli-
cants on its ROL, until its quota is filled. Each applicant tentatively
“accepts” the highest-ranked proposer on their ROL, and rejects the
other proposers.

o In the n-th step, each hospital subject to rejections in step n—1 pro-
poses to the highest-ranked applicants to whom it has not previously
proposed until its quota is filled. Each applicant tentatively accepts the
highest-ranked hospital on their ROL among the proposers and the

8My account is based on Roth (1984, 2002, 2003, 2013, 2015, 2018), Roth and
Sotomayor (1990), Roth and Peranson (1999) and Kojima et al. (2013).

It is common to describe the algorithm using the predicates “propose” and
“accept”/’reject.” Of course, this refers not to the agents’ behavior in a decentralized
market but to the algorithm’s processing of the ROLs.



van Basshuysen 9

hospital she tentatively accepted in the previous step, and rejects the
others.

e The process is repeated until there are no more proposals, at which
point the applicants are matched to the hospitals whose offers they are
holding (or remain unmatched otherwise).

As Gale and Shapley (1962) show, in the simple model described above,
this algorithm always finds stable matchings. A matching is stable with
respect to the ROLs submitted if no one is matched to an unacceptable part-
ner (i.e., a partner that does not appear on their ROL), and there is no block-
ing pair: a pair that consists of an applicant and a hospital that are not matched
to each other but each is higher-ranked on the other’s ROL than some partner
assigned to them in the matching.'”

How could this simple model inform the redesign of the medical match?
An important function was to make the policy goals precise and to design
algorithms implementing them within the model. Stability seemed to for-
malize the first-order goal to remove incentives for making deals outside the
system, by removing blocking pairs that have these incentives. (I will give
more nuance to this view below.) With respect to the other goals—to make
the matchings favorable for the applicants and to reduce their opportunities
for strategic behavior—different stable algorithms can be compared in the
simple model. For instance, the applicant-proposing deferred acceptance
algorithm (which is equivalent to the hospital-proposing algorithm with the
roles of the applicants and the hospitals switched) produces stable matchings
that are weakly preferred by all applicants to all other stable matchings with
respect to their ROLs submitted, whereas the hospitals weakly prefer the
matchings from the hospital-proposing algorithm to all other stable match-
ings. So the applicant-proposing algorithm might be expected to implement
the goal of producing stable matchings which are as favorable as possible for
applicants, thus offering advantages over the hospital-proposing algorithm
that was in effect. Furthermore, the applicant-proposing algorithm makes it
a dominant strategy for the applicants to submit their true preferences,
whereas the hospital-proposing algorithm does not make it a dominant strat-
egy for either side of the market to reveal their preferences (an asymmetry

0The intuition behind the proof that this algorithm implements stability is simple:
under this procedure, no one can be matched to an unacceptable partner, and there can
be no blocking pair because, if an applicant a; is ranked higher on a hospital /;’s ROL
than a student matched to it, #; must have applied to a; at some previous step and been
rejected. Thus a; must have ranked 4 lower than her actual match and so (4,a; ) is not
a blocking pair.
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stemming from the fact that hospitals take multiple students whereas stu-
dents are assigned to a single hospital).

However, the simple model lacks relevant features of the market. As
described above, there are couples among the applicants that are permitted to
hand in ROLs specifying pairs of positions. Couples are absent in the model
above, but they can be added to it. Thus, another important way in which this
model was used was through intervention: features of the market could be
added that were previously missing and their interplay with policy goals
could then be investigated. For instance, some of the theorems described
above do not generalize to models with couples; in particular, it cannot be
guaranteed that stable matchings exist and thus there is no algorithm, like the
above, that would always implement stable matchings. We will come back to
this problem below.

3.2. Fitting the Prototype

As noted above, stability seemed to formalize the policy goal of incentivizing
market participants to stick to their assigned partners. However, this is a
hypothesis on the basis of the model alone, which relies on stringent com-
mon-knowledge assumptions about the agents’ actions. These are not satis-
fied in the medical match, where neither applicants nor hospitals see the
ROLs others. Was a lack of stability, introduced by the couples into the mar-
ket, really the cause of the market failures?

In order to answer this question, empirical evidence was needed. There
were regional matching markets for physicians and surgeons in Britain,
which served as natural experiments. Of the eight markets investigated, six
used unstable mechanisms, and only two had survived by the time the study
was made. The two surviving markets used stable mechanisms and both were
performing well. This provided evidence for the importance of stability. Of
course, it was still possible that the survival or dissolution of the different
markets was due to factors other than stability. In order to dispel this doubt,
environments were created in laboratory experiments in which the only dif-
ference was the algorithm in use (Kagel and Roth 2000). The experiments
reproduced the field results, thus confirming that stability is key for achiev-
ing the policy goal. The experiments were thus used to confirm the model
results: within the model, properties were defined that could correspond to
policy goals, and mechanisms designed that implement those properties; then
natural and laboratory experiments that mirror the model provided evidence
that these properties “work” in the real world and can be brought about by the
mechanisms.
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Where does this leave us in the design process? From models in combina-
tion with experiments, the conclusion could be drawn that stability was key.
However, the models also showed that stability could not be guaranteed in
the target market, where couples are present. However, when the NRMP
directors commissioned a redesign of the matching process, it wouldn’t suf-
fice to point out this impossibility result: what was needed was a well-func-
tioning algorithm, even if it could not always find stable matchings.

A simple deferred acceptance algorithm (modified to process couples’
ROLs specifying pairs of positions) would not achieve this—which explains
the fact that when couples entered the market in the 1960s, rates of partici-
pation dropped.'! Roth and Peranson (1999) investigated a modified, stu-
dent-proposing deferred acceptance algorithm that seeks to find stable
matchings by detecting blocking pairs and repairing them, if possible, at
intermediate steps. Because the set of stable matchings can be empty, there
was of course no guarantee that the Roth-Peranson algorithm would always
find a stable matching. In order to estimate the magnitude of this problem,
they engaged in various computational experiments: runs of the algorithm
using ROLs from previous years, as well as randomly generated ROLs.
These experiments suggested that, under certain conditions (such as short
ROLs and not too large a proportion of couples), stable matchings exist
with a high probability in large markets. These conditions are fulfilled in
the NRMP, where, for example, the ROLs are short because applicants
interview at only a small fraction of the residencies. Being a large market,
these results gave evidence that in the NRMP there is a high probability that
the set of stable matchings is non-empty.

The computational experiments also suggested another important fact,
namely that set of stable matchings, while non-empty, would be small. This
is significant because, if the set is large, any stable matching algorithm will
be biased towards some market participants, for instance in the way that the
applicant-proposing deferred acceptance algorithm favors applicants over
hospitals in a simple market without couples.!> But when the set of stable

"Roughly, the problem is the following. Suppose an applicant-proposing deferred
acceptance algorithm is running, and the members of a couple are both tentatively
accepted by two programs. Then, if in the next step the first (but not the second) gets
displaced by a preferred applicant, the couple applies to the next best preferred pair of
positions which means that the second member of the couple is withdrawn from the
hospital that had tentatively accepted her. But then blocking pairs may occur between
that program and applicants it has rejected in order to hold the second couple member.
12The impossibility of finding unbiased stable matchings when the set of stable match-
ings is large is due to the fact that this set is a distributive lattice (Knuth 1996).
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matchings is small, an algorithm producing stable matchings will be unbi-
ased, as there are few applicants and hospitals that are matched differently
under different stable matchings. Furthermore, there will be few opportuni-
ties for strategic behavior if the sets of stable matchings are small. Indeed, the
Roth-Peranson algorithm practically makes it a dominant strategy for appli-
cants and programs to state their true preferences.

The model results were thus complemented not only by experiments in the
field and the lab, but also by computational experiments: model results
located problems, and suggested computational experiments to investigate
magnitudes that were, by the time, not known from the model. Interestingly,
these experiments in turn prepared the ground for new theory. For instance,
the computational experiments suggested that there might be theorems show-
ing the existence of stable matchings in large markets with couples. This
intuition turned out to be correct about a decade later, when it was proven
analytically that, if there are sufficiently small numbers of couples and ROLs
are short, as a market becomes large, the probability that a stable matching
exists tends to certainty (Kojima et al. 2013).

3.3. Implementing the Design

As the new algorithm was found to exhibit desirable features—viz. that it
would find stable matchings with a high probability, that it was unbiased, and
that it left very little room for strategic behavior—Roth advised the directors
of the NRMP to implement it. The implementation involved political issues,
such as mediating between different stakeholders, in particular student asso-
ciations and residency programs. The main concern was the following. As we
saw earlier, the redesign of the medical match was commissioned as a
response to severe market failures, damaging confidence in the NRMP on the
part of the graduate applicants. When their distrust was at its peak, there was
the impression that the market was biased against them. For this reason, one
of the directors’ policy goals was that the new algorithm should achieve sta-
ble matchings as favorable as possible for the applicants. But changing from
a hospital-proposing algorithm to one that is essentially student-proposing
might have conveyed the opposite impression, namely that the market would
now be biased towards the applicants at the expense of residency programs.
We know that this is not the case because, as the set of stable matchings is
small, only a small number of applicants receive different matches at differ-
ent stable matchings, and thus there is no room for systematic bias. However,
for smooth implementation, the algorithm not only needed to exhibit this
desirable feature; this also had to be conveyed to the market participants.
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To this end, the designers made both the design process and the final result
transparent. For instance, during the design process Roth posted progress
reports on a web page and when the design was finalized, he presented the
main results to various organizations of residency programs. The fact that the
set of stable matchings was small convinced stakeholders that the algorithm
wasn’t systematically biased, in particular, that it would not favor applicants
at the expense of residency programs. Consequently, the new algorithm did
not face opposition and the NRMP directors decided to implement it. The
algorithm is generally regarded as well-functioning and has been adopted in
numerous labor markets around the world.

The NRMP continues to arouse economists’ interest and there may be
opportunities for further enhancements. The following are but three contem-
porary topics worth mentioning. First, empirical studies have been conducted
to quantify the extent to which applicants rank programs truthfully (Rees-
Jones 2018). Second, the application and interview processes that precede the
matching procedure have increasingly been scrutinized (Echenique et al.
2020). During the COVID-19 pandemic, for instance, the likely impact of the
pandemic on the interviews has been investigated: since virtual interviews
might lead to excessive numbers of interviews being conducted, it has been
proposed to cap the number of interviews a student can accept (Hammoud
et al. 2020). And third, a culture has developed in which some hospital chairs
exert pressure on the directors of residency programs to recruit their top-
ranked applicants in the match (see Rozenshtein et al. 2020 for a survey from
radiology). This may produce perverse incentives for program directors to
rank applicants contrary to their true preferences or to put pressure on some
applicants to rank their programs first, thus increasing their programs’ perfor-
mance (or perceived performance) in the matchings. These practices may
introduce novel biases into the match and the NRMP disapproves of it. But
even though there are ideas for how this issue might be alleviated (e.g., not
allowing directors to share ROLs with their chairs), the problem remains to
be fixed.

As these contemporary investigations show, the general focus has shifted
from the algorithm design—which is deemed a success—to the broader envi-
ronment in which the matching algorithm operates, which involves cultural
factors that are not easily foreseeable.

4. Towards a General Account of Economic Design

The design processes of the spectrum auctions and of the medical match dif-
fered in various important ways. Most obviously, in the design of the medical
match, a centralized matching system already existed, which had to be
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reformed, whereas the spectrum auctions had to be designed from scratch.
Partly for this reason, the relative importance of models, lab and field experi-
ments, and computational experiments differed in the two cases. For instance,
the history of the medical match, in combination with models, provided rich
evidence of possible sources of market failure, in particular the lack of stabil-
ity due to increasing numbers of couples. In contrast, in the auctions, where
field data were largely absent and the models available more circumscribed,
experimental test beds were heavily drawn upon. While acknowledging that
different design efforts will generally differ from each other, Roth and
Peranson argue that, “if we are to develop a body of knowledge about design
practice in economics, we need to think about the methodological issues
that may be common to many design efforts” (1999, p. 769). Focusing on
common methodological issues from these two design processes, I will
next offer an account of economic design that may serve as the starting
point for the development of a structured body of knowledge about design
practice, by integrating the three metaphors of the economist as designer,
engineer and plumber.

4.1. The Designer

The economist-as-designer generally kicks off the design process by con-
structing and manipulating models. In both cases that have been considered
here, models were available from previous theory: in the medical match pre-
vious matching theory and in the spectrum auctions previous auction theory
provided the basic models. These were abstract, theoretical models with only
very loose connections to real-world institutions. The models thus neither
provided accurate representations of existing markets, nor of the prospective
markets that would eventually be implemented. Rather, they formalized basic
market structures, such as a generic auction or matching market. Subsequently,
the designers manipulated these models in order to learn more about their
specific target of interest.

The practice of taking abstract theoretical models and manipulating
them is common practice in economics (Morgan 2012); but the econo-
mist-as-designer faces a peculiar challenge. In more typical (non-design)
modeling practices, the relevant target provides important constraints on
how a model ought to be constructed and manipulated: the model can
make some idealized assumptions, such as agents’ perfect rationality and
computational abilities, but it is not the case that anything goes. For
example, if one were to model a certain market but came up with a model
of a completely different market structure than that of the intended
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market, the result would be considered a modeling failure.!® But in the
case of economic design, the designer cannot simply model a target,
because she aims to change, or create, the target itself. Thus, the question
is, how can the target provide constraints on how the model ought to be
constructed and manipulated if the target is itself a counterfactual possi-
bility? What guides designers in their modeling practices?

The answer is that designers are guided not only by positive but also by
normative constraints, that is, by the policy goals stipulating for a given case
what kinds of outcomes a design ought to achieve (e.g., incentivizing appli-
cants and hospitals to stick to matchings in the case of the medical match,
efficiency in the case of the spectrum auctions).'* These normative constraints
take the place of missing positive constraints in the designer’s construction
and manipulation of models. To make this more precise, we must distinguish
between the “moving” and “fixed” parts of the target system. There are parts
of the target, such as people’s preferences, that cannot easily be changed and
which the designer thus assumes to be fixed. These impose the positive con-
straints on the model, defining what may be called the “environment” (Hurwicz
1973). In contrast, the moving part for the designer is the mechanism, that is,
the algorithm mapping possible combinations of actions into outputs. For
instance, in the case of the medical match, the mechanism was a matching
algorithm, which had to be redesigned in such a way that would bring about
set policy goals when implemented in the real world. Thus, while the environ-
ment formalizes the positive constraints, the designed mechanism must imple-
ment the normative constraints for a design to be successful.

Hence, the designer seeks to build a mechanism implementing the norma-
tive constraints while respecting the environment defined by positive con-
straints. The designer’s task is distinctive as it integrates positive and
normative modeling practices in this specific way. She generally proceeds by
manipulating the initial models, in order to understand how different positive
and normative constraints interact. Let’s see how this works in practice. For
example, in the medical match, the goal of removing incentives for making
deals outside the system was formalized as stability in a simple model. Within
this model, mechanisms could then be designed that implement this goal. As
we saw earlier, the initial model ignored important positive constraints, in

My discussion does not depend on the difficult question of what should count as
modeling failures (on this question see Midki 2011), but only on the assumption that
there are clear cases of such failures.

“We made the assumption of exogenous policy goals for simplicity: other factors,
including ethical considerations, may codetermine what is seen as normative con-
straints in a given case.
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particular applicants’ preferences to be matched to positions near their part-
ners. These were not satisfied in the environment of this model, where cou-
ples were missing, but the model could be manipulated by adding them.
However, by adding couples to the model, it could be shown that stable
matchings might not exist, hence, in these cases, no mechanism could achieve
them. Thus, by manipulating the model, it was discovered that it may be
impossible to satisfy an important normative constraint, namely stability,
under some positive constraints that will obtain in the real market.

In this example, positive constraints inhibited the achievement of cer-
tain normative constraints in the model, but there are other possibilities.
For instance, formalizing policy goals within the model will also make it
plain when a combination of goals cannot jointly be satisfied, in which
case the model provides helpful feedback to the policy maker setting those
goals (Li 2017). By manipulating models to see how different constraints
interact with each other, the designer will also learn the limits of what can
possibly be implemented.

Summing up, the designer typically takes abstract theoretical models from
existing theory, which formalize a generic market. Subsequently, she manip-
ulates these models to satisfy important positive and normative constraints
and to understand how these constraints interact. In this process, the models
serve various important purposes. First, they are used to make policy goals
precise by formalizing them as normative constraints. We will see below that,
whether a formalization is “correct” will subsequently be tested empirically;
but without a model, it might not be known what to strive for in the first
place. Second, a prototype mechanism, or class of such mechanisms, can be
developed, which implement those goals within the model. Models thus pro-
vide guidance concerning what kinds of mechanisms may be worth testing
further, excluding those mechanisms that have no chance of producing desir-
able properties. Narrowing down the potentially infinite number of mecha-
nisms to those that could possibly lead to the implementation of these
properties is important as this may be impossible, and certainly inefficient,
through trial and error. And finally, the model allows us to discover how con-
straints interact and the limits on what can possibly be implemented. These
interactions and limits can subsequently be investigated quantitatively. Here,
the engineer enters the stage.

4.2. The Engineer

The economist-as-engineer inherits the designer’s prototype mechanism and
fits it to the real world. The engineer’s main tools are experiments and
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computation, combined with the designer’s models. Let’s consider the use of
these tools in turn.

As philosophers of science have noted, lab and field experiments can
serve a variety of important purposes (Guala 2005). One such purpose is in
testing whether a model result holds water. Models make false assumptions
and omissions as the inclusion of all real-world constraints would make them
intractable. Thus, their results must be tested in the lab or field. For example,
the properties formalizing policy goals are defined relative to the assump-
tions of the model, such as idealized preference structures, restricted strategy
sets, or full rationality, which may not obtain in the real world. Do these
properties (e.g., stability) correspond to what the policy maker wants to
achieve with set goals? And will the suggested mechanisms work in achiev-
ing these goals outside the model? In the redesign of the medical match, field
and lab experiments provided evidence that stability went a long way towards
implementing the policy goals and that in the absence of match variations
such as couples, student-proposing deferred acceptance algorithms are gener-
ally well-behaved in achieving them. But the applications of experiments are
richer than merely testing model results; experiments can also be used to
discover facts not previously known from theory. In the design of the spec-
trum auctions, experimental testbeds were decisive in choosing between dif-
ferent auction formats where theory was silent. Moreover, experiments were
used to develop the chosen format further, for instance, by providing evi-
dence that package bidding auctions can improve efficiency in the presence
of complementarities.

While philosophers of science have investigated the use of lab experi-
ments in the design of the FCC auctions, the use of computation has not
received much attention. But just as in the NRMP case, computational exper-
iments played an important role in the design of the FCC auctions. In particu-
lar, they were crucial for the FCC’s decision in the mid-2000s to increasingly
conduct package bidding auctions. Let’s have a look at how computational
experiments were used in both cases.

There are interesting structural similarities between package bidding auc-
tions and matching markets with couples (Roth and Sotomayor 1990). In
particular, they deal with complementarities analogously: in a matching mar-
ket with couples by permitting couples to submit complementary prefer-
ences, and in package bidding auctions by permitting bidders to bid for
packages of licenses. We have seen that these complementarities led to prob-
lems in both cases, and that computational experiments were important in
dealing with these problems. In the case of the medical match, the problem
was that stable matchings might not exist when couples are present in the
market; while in the spectrum auction case, the worry was that it might be
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intractable for the auctioneer to select the winning bids because of the large
number of possible packages. In both cases, the engineers made use of com-
putational experiments to investigate the magnitude of these problems. In the
medical match, computational experiments suggested that, under certain con-
ditions, including not too large a proportion of couples, as the market becomes
large the set of stable matchings is unlikely to be empty. As these conditions
were fulfilled in the actual market, there was hope that stable matchings
might be found. Similarly, in the spectrum auction case, computational
experiments showed that selecting winning bids is not intractable if the num-
ber of packages bidders are allowed to bid on is restricted (see De Vries and
Vohra 2003), consequently the FCC restricted this number to 12 packages
when initially moving to package bidding auctions. Computation thus played
a similar role in both cases, suggesting ways around problems, which in both
cases involved limiting the complementarities in the markets in some way
(where these limits were either satisfied naturally or could be imposed by the
design).

The inherited models from the designer have important roles to play for
the engineer. They suggest hypotheses—about the meaning of policy goals,
mechanisms, or trade-offs between constraints—which can then be tested
in lab, field or computational experiments. But this does not exhaust their
role, as the converse may happen too: sometimes experiments suggest
hypotheses, which may in turn be confirmed analytically in the models.
This was most conspicuous in the case of the medical match, where, as we
have seen, the large market hypothesis, suggested by computational experi-
ments, was later analytically proven to be correct. Thus, while the design-
er’s models typically “come first,” both chronologically and epistemically,
there may be feedback between the models and the engineer’s experiments:
not only do model results lead to experiments, but the converse is also true.
This lesson is also true of the spectrum auctions, where lab experiments
sparked a comprehensive body of new theory. It is in this two-way sense
that, for the engineer, experiments and models complement each other
(Roth 2002). Once the engineer has fitted the prototype to the target through
the application of experiments in combination with models, the plumber
enters the stage.

4.3. The Plumber

Duflo (2017) defines plumbing as an implementation strategy: the econo-
mist-as-plumber installs the mechanism that the designers and the engineers
have settled upon in the real world, observes the effects and mends the design
if problems emerge. As the name suggests, the plumber needs to take a more
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tentative approach than the engineer, as issues may arise that neither theory
nor experiments could quantify or even foresee. We encountered such unfore-
seen issues in the redesign of the medical match, but they also occurred in the
design of the spectrum auctions. Cramton and Schwartz (2000) investigate a
variety of unforeseen ways in which bidders bid collusively in the early FCC
auctions, and they propose possible solutions. For instance, they observe that
some bidders engaged in “code bidding”: a cunning way of bidding collu-
sively, in which bidders use the last digits of their bids in order to signal
license numbers to other bidders. (With bids of six digits or more, the cost of
signaling license numbers, which are no more than three digits, are negligi-
ble.) Bidders used the signals, for example, to make it plain to other bidders
that they would punish them if they were to bid on the signaled license, thus
increasing their own chances to win the license at a low price. Because such
collusive behavior may affect efficiency, various rule changes were issued
after it was observed, for instance, bids were restricted to fixed increments on
standing bids, which mitigated code bidding.

Thus, the plumber must find solutions to unforeseen issues when the
machine already is in motion. Plumbing is not restricted to fixing issues by
mending the mechanism in use: often, plumbers must keep an eye on details
of the broader environment in which the mechanism operates because cul-
tural factors, political processes and attitudes of market participants towards
the design may affect its functioning. For instance, it was crucial in the case
of the medical match that market participants’ trust in the system could be
restored when the new design was implemented, by convincing them that the
new algorithm wasn’t biased against them and that they could safely reveal
their true preferences. As we have seen, this was achieved by transparently
communicating that the set of stable matchings was small and hence, that
there was no room for systematic bias.

By taking into account “soft” factors such as trust and transparency, the
plumber conceives of individuals less as unboundedly rational maximizers
the way that designers typically do. Of course, insofar as the plumber inherits
the broad mechanism from the prior design and engineering processes, she
will rely on the rationality assumptions of the designers and the engineers
when installing the mechanism in the target, as the resulting institution will
work best if these assumptions are approximately true. But as unforeseen
issues are detected and the mechanism changed in response, the plumber
might strive to make the mechanism increasingly independent of stringent
rationality assumptions. Thus, by installing mechanisms and fixing them as
problems arise, the plumber also explores the extent to which assumptions
from previous theory and experiments hold in the real world, and what the
limits of their results are.
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The exploration of prior theory and experiment distinguishes plumbing as
it is applied in the service of economic design from a “plumbing-only”
approach, in which the plumber would not resort to previous results. For
instance, proponents of plumbing-only might conduct randomized controlled
trials (RCTs) to motivate a certain policy, as RCTs require only minimal theo-
retical assumptions. The increasing use of RCTs in this way has been criti-
cized because less can be learned from RCTs alone about relevant causal
mechanisms and thus extrapolation to the relevant target may be difficult
(Deaton and Cartwright 2018). But plumbing applied for economic design is
not plumbing-only because the designer’s and the engineer’s results are built
upon and enhanced.

4.4. Summing Up

Economic design can be seen as a three-stage process, wherein the economist
adopts a specific role at each stage:

First, the economist-as-designer creates models in which policy-goals can
be made precise, and mechanisms that could possibly bring those goals about
are constructed. The designer proceeds by combining positive and normative
modeling practices: defining an environment that formalizes important posi-
tive constraints and, within this environment, mechanisms that may satisfy
normative constraints. By manipulating the model, trade-offs between these
constraints, and limits to what can possibly be implemented, are explored.

Second, the economist-as-engineer conducts lab, field and computational
experiments in order to diversify evidence and to investigate previously iden-
tified trade-offs and limits quantitatively, which may provide ways out of
impossibility results and may allow the engineer to refine the algorithm. In
this process, the engineer’s experiments and the designer’s models are used
complementarily and there may be feedback in both directions.

Third, the economist-as-plumber implements the design in the real world
and mends it as problems arise. The plumber pays attention not only to the
algorithm itself but also the environment in which it operates, as cultural and
political factors—such as whether market participants believe that the
designed algorithm is biased against them or trust that the designed algorithm
is unbiased—can contribute to the failure or functioning of a design.

I should hasten to add a caveat: the three stages of a design process are
not always perfectly clearly distinguishable and often, such as in the case of
the medical match, one and the same economist will take on the role of the
designer, the engineer and the plumber. Furthermore, while the order of the
stages is most conveniently presented as, “design followed by engineering
followed by plumbing,” a given design process may not be as ordered, as
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for instance new theory may be generated as a response to the engineer’s
experiments, or experiments conducted to understand issues that the
plumber observed. That being said, the designer, the engineer and the
plumber clearly adopt crucial roles in the cases of economic design dis-
cussed here, and their roles are sufficiently separable for the distinction
between these roles to provide a useful heuristic for clarifying and system-
atizing the design processes. In line with the argument that we need to find
common denominators of many design cases in order to develop a body of
knowledge (Roth and Peranson 1999), I suggest that this heuristic is a use-
ful starting point for a general account of economic design. On the way to
a general account, further cases of economic design should be analyzed and
the heuristic refined; but a general account of economic design should cer-
tainly be in line with the two flagship cases discussed here, which under-
write my proposed distinction.

5. Concluding Remarks

I have argued that, when designing an institution, economists wear the hats of
the designer, the engineer and the plumber, respectively. My account aug-
ments existing studies in the philosophy of science that have exclusively
focused on spectrum auctions. By considering the redesign of the medical
match, and exploring its commonalities with these auctions, various impor-
tant and hitherto unnoticed methodological features have been uncovered.
These include the combination of positive and normative modeling in the
design stage, which has been made precise; the important role of computa-
tion, both for epistemic goals and in algorithm design in the engineering
stage; and the importance of the environment within which a mechanism is
implemented in the plumbing stage.

The account can be applied to classify and distinguish full-blown eco-
nomic design from more sparse practices, for instance, a plumbing-only
approach, namely by checking whether each stage is present in the case at
hand. But the account can also be given a normative reading. A recurrent
theme has been that the designer’s, the engineer’s and the plumber’s roles in
building an institution complement each other in important ways. This sug-
gests that doing with less than the full designer-engineer-plumber line-up
may fall short of generating a well-functioning institution. Indeed, a plumb-
ing-only approach might fail to discover relevant causal mechanisms that
must be understood in order to design an institution that does what it is sup-
posed to. Similarly, “design-only”—proposing the implementation of broad
mechanisms for specific social reforms—would be unlikely to yield a reli-
able institution as it would pay insufficient attention to the fine-grained
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details of the specific target (see Levine 2020); but these details, for instance
differences in people’s skills in strategizing, may result in undesirable and
unforeseen consequences, such as biases, if they are not attended sufficiently.
Want to build a well-functioning institution? Engage a designer, an engineer,
and a plumber.
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