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Firms have an incentive to test competitors’ products to reveal violations of safety and environ-
mental standards, in order to have competitors’ products blocked from sale. This paper shows that
testing by a regulator crowds out testing by competitors, and can reduce firms’ efforts to comply
with the product standard. Relying on competitor testing (i.e., having the regulator test only to
verify evidence of violations provided by competitors) is effective for industries with a moderate
number of competitors, each with a strong brand and high quality, and for product standards that
greatly benefit consumers (such as safety and energy-efficiency performance standards). Under
those conditions, firms’ compliance efforts and the detection-probability for a violation tend to be
high. In contrast, firms with low quality do not draw testing from competitors, and so do not com-
ply. Enforcing a product standard through competitor testing encourages entry by such low-quality,
noncompliant firms and reduces quality investment by incumbents, if the standard provides negli-
gible consumer benefit (i.e., is motivated by public welfare or environmental concerns). Stripping
offending products of labels (such as “Energy Star”), instead of blocking them from the market,
eliminates the problem of entry by low-quality, noncompliant firms, but may reduce incumbents’

compliance efforts.

1. Introduction
This paper derives insights from a game-theoretic model of firms’ efforts to comply with a product
standard, and to test competitors’ products for violations.

The model is motivated by the important role of competitor testing in enforcing Restrictions
on Hazardous Substances (RoHS), energy efficiency performance standards, and product safety
standards. Since 2002, the E.U. has restricted the use of lead, mercury, cadmium and several
other hazardous substances in electronics. In 2002, Dutch authorities halted the sale of Sony
PlayStation consoles because a peripheral cable contained cadmium, reputedly in response to a tip
from one of Sony’s competitors (Hess 2006), causing Sony to miss $110 million in revenue (Shah
and Sullivan 2002). Since that incident, testing by competitors has become increasingly common
(Green Supply Line 2006, Smith 2008). Since 2004, the E.U. has restricted the use of a growing

number of hazardous substances in an increasingly wide variety of products, and has required



products to be labeled with the manufacturer’s identity, which facilitates testing by competitors
and helps regulators prevent the sale of products that violate safety standards; these regulations
have substantially increased the annual number of products blocked from E.U. markets (Croft and
Strongman 2004, European Commission 2012). In consumer products industries in the U.S. as
well as the E.U., manufacturers commonly test competitors’ products and report safety violations
(Ross 2007, Kapoor 2012). Historically, the U.S. and E.U. have relied to large extent on testing by
competitors in enforcement of energy efficiency performance standards (Weil and McMahon 2005,
Gaffigan 2007, Department of Energy 2010).

An important feature of these motivating examples is that, through expenditure and effort, a
firm can reduce the likelihood that its product will violate a standard, but not to zero. Risk of a
violation arises from operational challenges, notably the difficulties of supply chain management
to ensure that all components of a product meet design specification; see the first paragraph of
the literature review below. Risk of a violation may also arise from uncertainty regarding the
interpretation of a product standard.! Therefore, in the model, a firm cannot be certain that its
product is compliant; each firm chooses how much to spend to reduce its risk of a violation.

For government regulatory authorities, testing to detect a violation is costly and difficult because
there are very many potential failure modes (specific ways in which a product might fail to meet the
standard) to be tested.! For example, to determine whether or not one personal computer is RoHS-
compliant would require disassembly and testing of approximately 3,000 constituent materials for
each of the six restricted substances, which would cost regulatory authorities as much as $200,000
(Bruschia 2008).2

In contrast, when a firm identifies how a competitor’s product violates a standard and reports
that information to the regulator, the regulator can cheaply and reliably verify that the product is
noncompliant (Bruschia 2008, Smith 2008). Regulators follow up on credible reports that specify
precisely how a product violates the standard and are well-supported by testing data (Bruschia
2008, Smith 2008). Why aren’t regulators flooded with false or nonspecific reports of violations?
Only a correct, specific report enables the regulator to verify noncompliance. Providing fraudulent

information to a regulatory authority in order to damage a competitor is illegal in the E.U., U.S.

1U.S. energy efficiency standards require a product to have power consumption below a specified threshold in
a variety of different operating modes and ambient conditions. A firm can identify additional failure modes-—not
addressed by those detailed specifications—that cause a competitor’s product to have poor energy efficiency in actual
use; Whirlpool did so, motivating the U.S. Department of Energy to prevent its competitor LG from selling certain
models of refrigerator-freezers under the Energy Star label (Vestel 2009, GAO 2010, Brown 2012).

?The E.U.’s REACH regulation is expanding the number of restricted substances—from six under RoHS to 161
under REACH as of June 2015. In addition, REACH requires that all chemicals in a product be clearly identified
and registered. Thus, REACH is multiplying the number of possible failure modes for a product. Whereas RoHS
applies to electronics, REACH applies to all products.



and many other countries; in the U.S., for example, the penalties for doing so include fines and
imprisonment for up to five years (see Subsection 18 of U.S. Code § 1001(a)). Therefore, in the
model, each firm decides how much to spend on testing each competitor’s product. A firm submits
evidence to the regulator that a competitor’s product is noncompliant if and only if its testing
produces that evidence. The evidence characterizes the mode by which the product fails to meet the
standard and, upon obtaining that evidence, the regulator verifies that the product is noncompliant
and prevents its sale.

In testing a product to detect a violation of a product standard, competitors tend to be more
efficient than the regulator, for the following reasons. Firms that provide products typically have
equipment and trained staff for testing the compliance of their own products, and so can test com-
petitors’ products at little additional cost (Wiel and McMahon 2005, Gaffigan 2007, Smith 2008).
They often purchase competitors’ products to evaluate other quality characteristics, which reduces
their procurement cost to test compliance (Day 2007). Through their own compliance efforts, firms
develop a better understanding than the regulator of when and how a competitor’s product is most
likely to be noncompliant, and thus can better target their testing efforts (Hess 2006). For example,
a firm’s understanding of a competitor’s suppliers’ reputation and capabilities can provide insight
into which components or constituent materials are likely to cause noncompliance. Unlike firms,
government regulatory authorities lack a profit motive for efficiency in testing, and their budget for
testing must be raised through taxes that distort the economy and reduce social welfare (Polinsky

1980).

Literature

Conformance-quality (i.e., product conformance to design specification) effort and inspection effort
are key operational decisions, which reduce the probability a product is defective. An extensive
operations management literature addresses variants of conformance-quality and inspection effort
including, for example, statistical process control (Porteus and Angelus 1997) and contractual
incentives for suppliers in conjunction with inspection of suppliers’ output (Baiman et al. 2000,
Balachandran and Radhakrishnan 2005, Babich and Tang 2012), auditing of suppliers’ conformance-
quality capability (Hwang et al. 2006), and investment in suppliers’ conformance-quality capability
(Zhu et al. 2007). The stylized model in this paper is most similar to those in (Baiman et al.
2000, Balachandran and Radhakrishnan 2005, Hwang et al. 2006, Babich and Tang 2012), wherein
the supplier’s entire output is either defective or conforming, and inspection effort increases the
probability of detecting defective output. “Compliance” effort in this paper represent all actions,

including conformance-quality and inspection effort, which reduce the probability a product vio-



lates the standard. This paper extends the operations management literature—which focuses on
inspection of one’s own or one’s suppliers’ products—by incorporating inspection of competitors’
products.

Literature surveyed in (Cohen 1999) models how a regulator chooses effort to detect a viola-
tion, in game theoretic equilibrium with a potential violator; here, we highlight works most closely
related to this paper. In (Mookherjee and Png 1992), the probability a victim reports a violation
increases with its severity, which is chosen by the violator. The regulator chooses the likelihood
that she will verify a victim’s report and prosecute the violator. The regulator also chooses costly
effort to directly detect a violation. Mookherjee and Png find that the regulator should only en-
gage in verification (exert zero detection effort) when the cost of verification is low and the victim
reports the violation with high probability. Boyer et al. (2000) examine how the stringency of a
standard affects equilibrium compliance effort and detection effort. In contrast to (Mookherjee and
Png 1992), wherein the regulator is the first mover and seeks to maximize social welfare, in Boyer
et al. (2000) and other more recent works, the regulator moves simultaneously with the potential
violator and maximizes its own utility, e.g., the expected fine less cost of effort to detect viola-
tion. Complementing this literature, this paper analyzes the equilibrium in firms’ compliance and
competitor-testing efforts, considering the regulator’s testing effort as a parameter for sensitivity
analysis. One may interpret that parameter as an initial commitment as in (Mookherjee and Png
1992) or as the level of regulator testing anticipated by the firms.

The literature on whistleblowing models whistleblowing by firms in cartels (see Spagnolo 2008,
Bigoni et al. 2012, and papers surveyed therein) and by employees (Austen-Smith and Feddersen
2008, Ting 2008). Whereas that literature focuses on a potential whistleblower’s decision whether
or not to report a violation to a regulator, this paper focuses on firms’ efforts to detect competitors’
violations; in the setting of this paper, reporting a detected violation is optimal. The whistleblowing
literature and this paper are consistent in assuming that any report of a violation is correct, and
that the regulator always acts in response to the report.

Other related literature considers reporting to consumers rather than to a regulator. Voldman
and Wiseman (2007) model costly effort by an activist nongovernmental organization to accurately
inform consumers about the quality of a firm’s product. In (Li and Peeters 2014), one firm chooses
whether or not to incur a cost to learn the quality-level of a competitor’s product and whether or
not to report that information to consumers. Like the whistleblowing literature and this paper, Li
and Peeters (2014) assume that any report is correct. However, reporting that the competitor’s

product is defective would motivate the competitor to set a lower price, which may deter a firm



from doing so. The “labeling” version of our model in §4 also represents a situation in which firms
test the quality of competitors’ products and, upon finding a defect, report the defect to consumers;
a firm always benefits from reporting a competitor’s defect because firms’ quantities are set prior
to that reporting, unlike in the price-competition-with-unlimited-capacity model in (Li and Peeters

2014).

Overview of Main Results

The first part of §3 shows that testing by a regulator crowds out testing by competitors and can
reduce compliance. Specifically, a low level of testing by the regulator fails to increase firms’
compliance efforts or the detection probability for a noncompliant product (i.e., the probability
that, in the event that a product violates the standard, the regulator or a competitor detects that
violation). It simply causes the firms to do less testing. A high level of testing by the regulator
causes firms not to test, and can strictly reduce firms’ compliance efforts. These results, combined
with the observation that firms can test competitors’ products at lower cost and more effectively
than the regulator, suggest that social welfare might be improved by relying on competitor testing.

Therefore, the second part of §3 identifies conditions under which competitor testing alone is
effective in enforcing a product standard. The detection probability for a noncompliant product
initially increases and then decreases with the number of competitors. Each firm’s compliance
effort decreases with the number of competitors, and increases with its product quality and with
consumers’ benefit from compliance. Firms with low quality do not draw testing from competitors,
and so do not comply.

84 shows that these results hold in extensions of the model, with endogenous production quan-
tities, fixed costs of testing, and alternative penalties for noncompliance. In addition, §4 shows that
enforcing a product standard through competitor testing encourages entry by low-quality, noncom-
pliant firms. It reduces quality investment by incumbents, if consumers’ benefit from compliance
is low (as for environmental, as opposed to safety standards). Informing consumers that a product
violates the standard, instead of blocking the product from the market, eliminates the problem of
entry by low-quality, noncompliant firms, but reduces incumbents’ compliance efforts. Increasing
fines stimulates compliance effort but, above a threshold, reduces the detection probability for a

noncompliant product.

2. Model
N firms compete in a market, governed by a product standard. Each firm n € N' = {1,..,, N}
makes an effort e, € [0,€) to comply with the standard and incurs a cost ¢, (e,) that is positive,

strictly increasing and strictly convex with lim, 1z [cn(en)] = 0o, where € € (0,1). It produces



quantity ¢, of a product, which is compliant with probability e,. The firm does not know with
certainty whether its product is actually compliant; instead the firm knows this likelihood e,,. Then
each firm n tests the product of competitor-firm m at level ¢, > 0, for m € A\m, and incurs
a cost Xp,c AM\mbnm- The regulator tests the product of firm n at level tg, > 0 for n € N, and
incurs a cost Xpentrn. Let t, =<tin,ton, s tn—1n, tntim, - tNn, tRn> denote the vector of testing
levels. If firm n’s product is noncompliant, then with probability d,,(t,) testing provides evidence
of this noncompliance to at least one party that tested firm n at a strictly positive level. A firm
submits evidence to the regulator that a competitor’s product is noncompliant if and only if its
testing produces that evidence. The evidence characterizes the mode by which the product fails to
meet the standard and, upon obtaining that evidence, the regulator confirms that the product is
noncompliant and prevents its sale. Thus, with probability
s(en,tn) =1—d(t,) (1 —eyp)
firm n successfully brings quantity ¢, to market; with probability d (t,,) (1—e,) firm n sells nothing.

That is, the sales quantity for firm n € N is the random variable

_ J gn with probability s (e, t,)
g 0  with probability 1 — s (ey, t,,).

The detection probability for a noncompliant product d,(t,) is componentwise strictly increas-

T

ing, continuously differentiable and satisfies d,(0,..,0) = 0, d,(t,) < d for t, € Rf“, and
limy,,, o0 dn(ty) = d, where d € (0,1). Furthermore, to the extent that the detection probability
for firm n is already high, additional testing is less effective: for m € NUR and n € N'\m,
(8Ot mn)dn(tn) < (0/Otmn)dn(th,) for t,,t, € RY T such that dp(tn) > dy(t),). (1)
The product of firm n has vertically-differentiated quality u,, which may also represent brand
strength. The market contains a unit mass of consumers with quality valuation parameter «
uniformly distributed on [0,1]. A consumer with quality valuation o who purchases product n at
price p,, has utility
Uy, — P (2)
in the event that the product is not compliant with the product standard, and has additional utility
auy A (3)
in the event that the product is compliant, where A > 0. We refer to A as a consumer’s benefit
from compliance.
Consumers form expectations regarding firm n’s compliance effort €,, the testing applied to
firm n by its competitors and the regulator t,, and the resulting probability €, /s <’€n,fn> that
firm n’s product is compliant given that it is available for sale in the market. Hence, the ex-

pected utility of a consumer with valuation parameter « from purchasing firm n’s product is



QU [1 + Ae, /s <En,fn>} — pn. We focus on rational expectations equilibria that are consistent,
i.e., satisfy €, = e, and t,, = t,, for all n € N.

A consumer will buy the product on the market that generates maximum expected utility or,
in case expected utility would be negative from purchase of any product, will buy no product.
Therefore, under the standard condition X,carg, < 1, the unique market equilibrium price per unit

for each firm n’s product is

Pn = Up — mg/\/' min(un, Um)q, (4)

where 4, reflects consumers’ expected utility from consumption of firm m’s product
Uy, = U, {1+A5m/s <€m,fm)} for m € N; (5)
(4) is derived in the appendix.

For a given vector of the firms’ compliance and testing efforts, we assume that g, and g for

m # n are independent. Therefore, firm n’s expected profit (gross of fixed production costs) is

T = |Un(l — Qn) - m€§3\/’\n min(y,, ﬂm)s (€m, tm) Qm:| S (em tn) qn — Cn(en) - 2me./\/'\ntnm- (6)

A firm’s compliance and testing decisions are not observable by consumers or competitors. There-
fore, for purposes of analysis, the game consists of two stages. In the first stage, each firm n € N/
chooses its compliance e, and testing of competitors t,,, for m € AM\n to maximize (6), given its
beliefs about competitors’ testing and compliance decisions. In the second stage, the firms that
have not been blocked bring their products to market and receive revenue according the prices (4).
We focus on pure strategy Nash equilibria in compliance and testing by the firms, and treat the
regulator’s testing as a parameter for sensitivity analysis.

Whereas §4 discusses how the results extend when firms choose their production quantities
{qn}nen in the first stage of the game, for simplicity, the {g,}nen are fixed in the base model.
This is equivalent to assuming that firms produce at capacity, as in (Chod and Rudi (2005), Anand
and Girotra (2007), and Swinney et al. (2011)), in which case g, represents the capacity of firm n.
That assumption is reasonable under a new product standard because firms’ compliance efforts and
the potential for blocking increase the expected selling price, which tends to strengthen a firm’s

incentive to produce at capacity.

3. Results

Testing by the Regulator

What is the impact of regulator testing on the firms’ testing and compliance efforts? Proposition
1 shows that regulator testing, at a small level, reduces firms’ testing and has no impact on com-

pliance; at a large level, it prevents firms’ testing and can reduce compliance. For Proposition 1a,



consider an initial equilibrium in compliance and testing by the firms {é\n,tAmn}ne N, meN\n When
the regulator does not test (tg, = 0 for n € N') and define

T = argmax{tgn, : dp(0,...,0,trn) < dn(tin, ... tn, 0)} for n e N. (7)
Proposition la establishes that increasing regulator testing from 0 to a “small” level tr, < 7,
for n € N crowds out testing by the firms and has no impact on their compliance. “Small” is a
relative term, meaning that the probability that the regulator would detect a noncompliant product
if competitors did not test, dy(0,...,0,try) in (7), is smaller than the initial probability that the
competitors detect a noncompliant product when the regulator does not test, dn(ﬂn, ...,?Nn,())
in (7). Insofar as the regulator is less effective than firms in testing, and insofar as firms are
motivated to test their competitors, each 7, is large. The proofs of the results in this section are

in the appendix.

Proposition 1 (a.) A “small” amount of testing by the requlator (tr, < 7, for n € N') reduces
the equilibrium testing by each firm and has no impact on equilibrium compliance and the detection
probability for a noncompliant product. (b.) There exists a threshold T such that if tg, > T for
n € N, then no firm tests. Furthermore, there exist parameters with tg, > T for n € N such that
an increase in the requlator’s testing of firm n, t gy, strictly reduces firm n’s equilibrium compliance
én, or a reduction in the regqulator’s testing to tr, = 0 for all firms n € N strictly increases

equilibrium compliance e, for all firms n € N.

The rationale is that testing by the regulator reduces the marginal probability that a firm can
“knock out” a competitor through its own testing effort, and so discourages competitors from
testing one another. Hence as the regulator increases testing of firm n from a “small” level tg,, the
firms reduce their testing of firm n accordingly, such that the equilibrium compliance and detection
probability for a noncompliant product remain unchanged (Proposition 1a). At sufficiently large
levels of regulator testing, the firms cease to test (Proposition 1b).

In the latter scenario, additional testing of a firm by the regulator will obviously increase that
firm’s detection probability. Surprisingly, that increase in detection probability may backfire by
strictly reducing the firm’s compliance effort. The proof of Proposition 1b constructs an example
with a unique equilibrium, wherein the regulator increases its testing of firm n while keeping its
testing of all other firms unchanged, and compliance by firm n strictly decreases. The intuition is
that increasing regulator testing of firm n makes the market more attractive to firm n’s competitors
because it is more likely that firm n will be blocked from the market. Consequently, firm n’s

competitors respond by increasing compliance. Because firm n’s competitors are less likely to be



blocked from the market, the market is less attractive to firm n, so firm n responds by reducing
compliance.

To prove that eliminating regulator testing can strictly increase compliance effort by all firms
in the market, the proof of Proposition 1b constructs a simple example with two firms that are
symmetric, except that firm 1 is more efficient in testing than firm 2. Initially, the regulator tests
both firms at a high level that causes the firms not to test. Eliminating that regulator testing
motivates each firm to test its competitor. In the resulting equilibrium, the detection probability
for firm 1 is reduced from the initial setting with regulator testing. As firm 1 becomes more likely to
bring its product to market, firm 1 is more likely to benefit from knocking out its competitor, and
therefore firm 1 is more highly motivated to test its competitor’s product. Firm 1 is also efficient in
testing. Hence the equilibrium detection probability for firm 2 is higher than in the initial setting
with regulator testing. That motivates firm 2 to adopt higher compliance effort. The increase in
detection probability for firm 2 also motivates firm 1 to adopt higher compliance effort, because
knocking out firm 2 increases the market price, and hence the incentive for firm 1 to successfully
bring its product to market.

In summary, a regulator intent on increasing firms’ compliance should understand that doing a
small amount of testing will be ineffectual, and doing a large amount can be counterproductive.

The policy implication of Proposition 1 is that relying on competitor testing (i.e., regulator
testing tr, = 0 for n € N) may be socially optimal-especially when doing so results in a large
detection probability for a noncompliant product and large compliance effort by firms. A relatively
“small” level of testing by the regulator reduces social welfare by increasing the total social cost of
testing (crowding out the presumably more efficient testing by firms) without improving detection
or compliance, according to Proposition la. To potentially increase detection or compliance, the
regulator must incur an even higher testing cost, which is not worthwhile insofar as the detection
probability and firms’ compliance efforts would be large without regulator testing.

Therefore, in the remainder of this section, we assume that the regulator does not test, and
identify conditions under which the firms’ equilibrium compliance and testing efforts, and the

resulting detection probability for a noncompliant product, are large.

Testing by Competitors

Focusing on the case that the firms are symmetric, Proposition 2 characterizes the impact of the
number of firms, their quality, and consumers’ benefit from compliance on the firms’ equilibrium
compliance and testing efforts, and the resulting detection probability for a noncompliant product.

To ensure existence of a unique symmetric equilibrium, in which each firm exerts compliance effort



¢ and tests each competitor at level tA, Proposition 2 assumes that the compliance cost function
is sufficiently convex, the detection function is sufficiently concave, and the slope of the detection

function is finite, for e € [0,€)

"(e) > uA/(1 —d)? (8)
(0%/0t2, )d(ty,) < —max{1/[d(ty,) + A], 4N (1 4+ A)u(0/dtpm)d(tm)?

x [(1=d)*¢"(e) — uA] " }(8)/ Ot )d(tin)? (9)
(8/0tnm)d(tm) < 00. (10)

Proposition 2 Suppose the firms are symmetric and (8)-(10) hold. In the unique symmetric equi-

librium, firms test (t > 0) if and only if

w > 1/[q%(8/0tnm)d(tm)]s,,—o0)- (11)

The detection probability for a noncompliant product increases with the number of firms N for
N < N and decreases with N for N > N. Compliance € increases with the firms’ quality levels u

and a consumer’s benefit from compliance A, and decreases with the number of firms N.

The basic reason that equilibrium compliance effort € increases with the firms’ quality levels u,
with a consumer’s benefit from compliance A, and with market concentration (a smaller number
N of firms supplying the market) is that those exogenous factors drive up the market price (4).
Hence each firm has greater value from bringing products to market, and correspondingly stronger
incentive for compliance effort to increase the probability of doing so.

However, equilibrium testing ¢ and the resulting detection probability for a noncompliant prod-
uct are not monotonic in those factors. Equilibrium testing ¢ increases with the number of firms
N for N < N and decreases with N for N > N because reduced compliance strengthens a firm’s
incentive for testing when compliance is high (as is the case with few firms N < N) and weakens
this incentive when compliance is low (as is the case with many firms N > N). Reduced compliance
has two countervailing effects.

First, a competitor’s reduced compliance strengthens a firm’s incentive for testing because
testing is more likely to reveal noncompliance. This testing-incentive-strengthening effect is strong
when the testing firm’s compliance is high because then the firm is likely to bring products to
market, so the firm’s incentive for testing is sensitive to its competitor’s reduced compliance.

Second, a firm’s reduced compliance weakens its incentive to test because the firm is more
prone to being blocked from the market. This testing-incentive-weakening effect is weak when the
competitor firm’s compliance is high because then it is unlikely that testing will be effective in

blocking the competitor firm’s products from the market, so the incentive for testing is insensitive

10



to the reduction to the testing firm’s reduced compliance.
Together, Proposition 2 (see inequality (11)) and Proposition 3, for the general asymmetric case,

highlight the critical importance of quality in stimulating competitor testing and hence compliance.

Proposition 3 If firm m’s quality is sufficiently low

U, < 1/{(1 + A)Qm maxnej\/\m[Qn(a/atnm)dm(tm)’tmzo]}v (12)

then firm m draws no testing (tnm = 0 for all n € N\m) and does not comply (e, = 0).

The rationale for (11) and (12) is that the increase in market price (4) from knocking out firm m

increases with firm m’s quality w,,, which stimulates competitors to test firm m’s product. When
Uy, 18 low, competitors do not do so, so firm m does not comply. The threshold quality level on
the right hand side of (12) strictly decreases with a consumer’s benefit from compliance A. That
serves to rule out equilibria in which firm m exerts compliance effort and consumers believe that
its product is likely to be compliant, which motivates greater testing by competitors and hence
the compliance effort by firm m. In any setting with a unique equilibrium, a weaker condition
((12) with 0 substituted for A) implies that firm m draws no testing and does not comply; in the
symmetric case, with 0 substituted for A, the right hand side of (12) simplifies to that of (11).

As a corollary to Proposition 3, enforcement of a product standard through competitor testing
strictly improves the profitability of firms with low quality. The counterfactual scenario has no
product standard or, equivalently, a standard that is not enforced, so that firm n’s expected profit
is (un — E%Zl min(ty,, U )Gm ) Gn.-

Corollary A product standard, enforced through competitor testing, increases the expected profit of

firms with low quality (12), which do not comply with the standard.

The rationale is that a low-quality firm spends nothing on compliance, may choose not to test, and

sells at a higher price when its higher-quality competitors knock each other out of the market.

4. Extensions

Endogenous Quality: Entrants

The Corollary to Proposition 3 suggests that a product standard, enforced through competitor
testing, will cause entry by low-quality or weakly-branded firms with little incentive for compliance.
Proposition 4 confirms that such entry occurs, in the following, extended version of our model.
Suppose that a firm may enter the market with capacity ¢ and a product of low quality u! at cost

k', where

u! <1/[(1+ A)q2 maXmeN\n(a/atmn)dn(tn)’tn=0]- (13)
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Alternatively, a firm may enter the market with capacity ¢ and a product of high quality u” > ' at
cost k". A firm enters if doing so yields nonnegative expected profit. Initially (prior to adoption of
the product standard), the market is in an equilibrium with more than two high-quality firms; a
sufficient condition for existence of such an equilibrium is that their entry cost k" < min(u"(1 —
3q)q, k'u" /ul). Similarly, assume that k' < u!(1 — 2¢)q so a low-quality firm might enter. Finally,
assume that testing costs are sufficiently low that, after adoption of the product standard, at least
one incumbent firm does some testing. The proofs of the results in this section are in the online

supplement.

Proposition 4 A product standard, enforced through competitor testing, causes entry by at least
one firm with low quality u' (the type of firm that does not comply) and no firms with high quality
ul if detection is sufficiently easy
(0/ Oty )dm (b)) = v if dp () < d, (14)
and compliance is sufficiently costly
cn(en) = ¢ foren > g,

forn € N, where v € (0,00), d < 1, ¢ € (0,00) and e € (0,€).

Endogenous Quality: Incumbents
We now turn to the impact of a product standard, enforced through competitor testing, on the
quality chosen by incumbent firms. Suppose that each firm n € N privately chooses a quality level

2 uM } simultaneously with compliance e,,. The cost to firm n of choosing quality u’

u, € {ut,u
is k.
Proposition 5 shows that enforcement of a product standard through competitor testing reduces
quality. The quality reduction occurs for all firms in the symmetric case, and, with asymmetric
firms, occurs for ones with highest equilibrium quality in the counterfactual scenario. As in the
above Corollary and Proposition 4, the counterfactual scenario has no product standard or, equiv-
alently, a standard that is not enforced. Proposition 5 focuses on a product standard motivated
by public welfare or environmental concerns, such as RoHS. RoHS aims to prevent the release of
hazardous substances to the environment when e-waste is recycled or disposed, and to protect the

health of workers who manufacture or recycle electronics. In contrast, a consumer has little or no

health benefit from purchasing a RoHS-compliant product, i.e., A is negligible.

Proposition 5 Suppose that a consumer’s benefit from compliance A = 0. A product standard,
enforced through competitor testing, reduces the quality of firms with highest equilibrium quality. If
the firms are symmetric, the standard, enforced through competitor testing, reduces quality in any

symmetric equilibrium.
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In reality, firms may observe competitors’ investments in quality (or advertising expenditures,
or other costly efforts to strengthen a brand) before investing in compliance and testing. A model
with observable initial investment in quality is analytically intractable, but the fact that having
lower quality reduces the incentive for testing by competitors suggests that a new product standard,
enforced through competitor testing, will result in even greater reductions in quality when quality
investments are observable.

In contrast to Proposition 5, enforcement of a product standard to protect consumers’ health

or safety, for which A is large, might increase quality.

Other Penalties for Noncompliance

In the event that a firm’s product is shown to be noncompliant, instead of blocking the sale of
the product, a regulator could simply notify consumers that the product is noncompliant. Notifi-
cation could be accomplished by publishing a list of noncompliant products or preventing a firm
from labeling its product as compliant. For example, the U.S. Department of Energy employs
this “labeling” approach in enforcement of the Energy Star standard. In this labeling scenario,
firm n always sells ¢, units, but at a reduced price in the event that its product is shown to be

noncompliant. The unique market equilibrium price per unit for each firm n’s product is

Pn = Uy = Z (U, Uy, )G,
where u,,, is the random variable

u. = Um  with probability s (€, tm)
=m = ) w,, with probability 1 — s (emn,tm),

with @, defined in (5). For a given vector of the firms’ compliance and testing efforts, we assume
that w, and wu,, for m # n are independent. Therefore, firm n’s expected profit (gross of fixed

production costs) is

Tin = |:17n(1 - Qn) - me%/\n {5 (em, tm) min(ﬂn; am) + [1 — S (emv tm)] min(ﬂn, um)} Qm:| S (6"7 t") In

+ [un(l —qn) — mE%\]/'\n {8 (em, tym) Min(up, Um) + [1 — S (€m, ty)] min(wy,, )} qm]

X [1 = s(en, tn)lan — Emerntnm. (15)
Another motivation for this labeling scenario is that, in the absence of a government-imposed
standard, firms may test competitors’ products in order to detect and inform consumers of a
defect or false claim. For example, competitor testing alone serves to enforce voluntary product
labeling standards, devised by industry and other non-governmental organizations, for “natural”
and “organic” personal-care products (Story 2008, Struck 2008).

Suppose that when a firm’s product is shown to be noncompliant, the firm also incurs a fine

f > 0. That introduces the term — f[1 — s (en, tn)] into the objective function for firm n in (6)
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for the scenario with blocking and in (15) for the scenario with labeling. That “fine” f may also
incorporate costs associated with civil lawsuits, criminal penalties, long-term reputational damage,
or (with blocking) the cost to safely destroy and dispose of a product shown to be noncompliant.

The propositions in §3 extend with the fine f > 0 and either blocking or labeling. Proposition
1 holds. Proposition 3 holds when Iy min;ep{u;}/(1 4+ A), where I, = 1 in the labeling scenario
and Iy, = 0 in the blocking scenario, is added to the right hand side of (12). In the extension of
Proposition 2, the symmetric equilibrium compliance increases with the fine f, and there exists f
such that the symmetric equilibrium detection probability increases with f for f < f and decreases
with f for f > f. For the labeling scenario, the comparative statics in Proposition 2 hold for the
symmetric equilibrium with the largest compliance level; nonuniqueness arises because of existence
of an equilibrium with zero compliance and testing.

Should a regulator strip offending products of labels (such as “Energy Star”), instead of blocking
them from the market? Doing so reduces compliance effort by incumbent firms, in the context of
Proposition 2. Specifically, for any fine f > 0, any symmetric equilibrium compliance under
labeling is lower than the unique symmetric equilibrium compliance under blocking. However, with
asymmetric firms, the extended Proposition 3 implies that the switch to labeling might cause firms
with low—but not too low—quality to draw testing by a competitor and exert some compliance effort.
Labeling reverses the results in the Corollary and Proposition 4: A product standard, enforced
through competitor testing and labeling, decreases the expected profit of firms that do not comply
and, in the setting of Proposition 4, does not cause entry by low-quality, noncompliant firms. To
summarize, the switch to labeling eliminates the problem of entry by low-quality, noncompliant
firms, but may reduce incumbents’ compliance efforts.

The larger, more general point is that the choice of penalty (e.g., blocking vs. notifying con-
sumers, the magnitude of the fine) influences competitor testing and hence, interactively, firms’

compliance efforts.

Endogenous Production Quantities

Suppose that each firm n € N chooses its quantity g,, unobserved by its competitors, at cost
Cn(qn) strictly increasing in ¢,. The lead time for production is sufficiently long that a firm must
commit to its quantity prior to observing which products are blocked.®> For purposes of analysis,
this is captured by amending the the two-stage game described in §2 so that firms make quantity,

in addition to compliance and testing, decisions in the first stage. The propositions in §3 are

3 Alternatively, if the firms had unlimited capacity and extremely short lead times, they could instead engage in
price competition after observing which products are blocked. Each firm would choose its price, and firms’ production
quantities would be determined by the market equilibrium demand, i.e., by inverting (4).
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robust in this extension. Specifically, Proposition 1 and Proposition 3 hold, with (12) simplified to
Uy < T/{(1 4+ A) max,ennm[(9/0tnm)dim(tm)lt,,=0]}. The online supplement provides numerical
results consistent with Proposition 2. Furthermore, the Corollary to Proposition 3 is robust for
product standards motivated by public welfare or environmental concerns, like RoHS. We prove
the Corollary for the case that consumers do not benefit from compliance A = 0 and assuming, for
analytic tractability, linear production costs and two types of firms: of high and low quality. In
contrast, when A is large, the product standard, enforced through competitor testing, can reduce
the expected profit of a noncompliant low-quality firm, by stimulating production by high-quality

firms.

Fixed Costs for Testing
Suppose that each firm n € N must incur a fixed cost ¢, > 0 in order to test the product of any
competitor-firm m € N\n at a strictly positive level ¢,,, > 0. This captures the setting in which
firm n needs to acquire equipment and/or technical expertise to test its competitors’ products;
¢n, represents the fixed cost associated with obtaining this competency. The setting of §2 wherein
¢n = 0 represents the case where the firm already has this competency, for example, due to prior
investments in its own product development process (Wiel and McMahon 2005). Alternatively,
¢, = 0 may arise because firm n relies on an outside laboratory to conduct tests. Similarly,
suppose the regulator incurs a fixed cost ¢ > 0 if tg,, > 0 for any m € N.

The propositions in §3 extend. Proposition la holds, with a more complex expression for
T, reflecting that a marginal increase in regulator testing can motivate a discontinuous drop in
competitor testing from a high level to zero. Proposition 1b holds. In fact, a stronger version
of Proposition 1b holds: There exist parameters and a threshold 7 such that increasing regulator
testing from tp, = 0 to tp, > T for n € N strictly reduces the compliance effort by every firm,
strictly reduces the detection probability for a noncompliant product for every firm, and causes
the firms not to test, in equilibrium. Proposition 3 and its Corollary hold. Proposition 2 holds

provided that the fixed cost of testing is not too large.

5. Concluding Remarks
This paper is the first to study firms’ testing of competitors’ products to reveal violations of a
product standard (to the best of our knowledge and according to (Li and Peeters 2014)).

Insights from the stylized model in this paper suggest that testing by government regulatory
authorities to detect violations of a product standard may be detrimental to social welfare. With
a small budget—as is common in practice (Bruschia 2008, Smith 2008)-regulator testing fails to

improve firms’ compliance efforts and fails to increase the detection probability for a noncompliant
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product. With a large budget, regulator testing can strictly reduce firms’ compliance efforts and
strictly reduce the detection probability for a noncompliant product. The underlying phenomenon
is that testing by a regulator crowds out testing by competitors. That crowding out may be
detrimental to social welfare simply because a regulator is less efficient than competitors in detecting
violations, for the reasons documented in §1.

Relying on competitors to detect violations is most effective for standards that benefit consumers
and for industries with a moderate number of competitors, each with strong brands and high
quality. In our stylized model, each firm’s compliance effort increases with its product quality and
brand strength, and with a consumer’s benefit from compliance. The detection probability for a
noncompliant product is maximized with a moderate number of competitors. Compliance effort
decreases with the number of competitors. In practice, however, in an industry with a small number
of competitors, those firms might collude to prevent competitor testing. According to (Bruschia
2008, Smith 2008), regulatory authorities encourage competitor testing by offering anonymity for
firms that report competitors’ violations, but suspect that this is ineffective when the number
of competitors is small. Having a common reputation (as in some food industries (Winfree and
McClusky 2005)), common noncompliant suppliers, or network effects (as in (Wang and Xie 2001))
also might deter firms from testing competitors.

When relying on competitor testing to detect violations, stronger penalties may be detrimental.
Increasing the fine increases compliance effort, but can reduce competitor testing and the detection
probability for a noncompliant product. Blocking the sale of a product shown to be noncompliant—
rather than simply publicizing that the product is noncompliant—increases compliance effort by
incumbent firms, but may cause entry by low-quality, noncompliant firms that do not draw testing
from competitors. This paper has assumed that the regulator always imposes one of those penalties
(blocking or at least labeling a product as noncompliant) for a detected violation. However, the
regulator could do so with probability less than 1, as in (Mookherjee and Png 1992), to induce less
testing and compliance effort from firms, in case the firms would otherwise exert more testing and
compliance effort than is socially optimal.

For a voluntary standard like Energy Star, relying on competitor testing is effective only if
consumers have favorable beliefs. In a pernicious equilibrium, consumers think that products are
noncompliant, firms have no incentive to test competitors’ products and—without testing—have no
incentive to comply with the standard. Indeed, the U.S. relied on competitor testing for enforcement
of Energy Star and consumers trusted the Energy Star label-until a General Accountability Office

report and related publicity of violations damaged that trust. In response, the U.S. Department of
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Energy instituted a new requirement for firms to pay for third-party testing of their products in
order to use the Energy Star label (Gaffigan 2007, GAO 2010, Rosner 2010).

Third-party testing has qualitatively the same impacts on firms’ compliance and testing efforts
as does regulator testing. Specifically, in the model in this paper, one may interpret the parameter
trn as the level of third-party testing. Proposition 1 holds with “third-party” substituted for
“regulator.” A fiscally-constrained government might impose higher tg, with third-party testing,
by requiring firms to pay for the third-party testing. However, if the cost of third-party testing is too
high, a firm will choose not to bring its product to market, or not to label its product as compliant,
rather than pay for the third-party testing. (For example, the new requirement for third-party
testing is causing some firms to opt out of the Energy Star program (Brown 2012).) The testing
level tg, or effective detection probability function d,,() also might differ because a regulator and
third-party have different selfish incentives for testing effort, disclosure, and corruption (Mookherjee
and Png 1995, Boyer et al. 2000, Farhi et al. 2013). Therefore, endogenizing the strategic choice
of testing level by a regulator or third-party is an important direction for future research.
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Appendix
Derivation of Equilibrium Prices in Equation (4): Index the firms such that w, increases
with n. In any market equilibrium, prices p, also increase with n, consumers with the lowest quality
valuation a € [0,1 — E%:lﬂm) do not purchase, and the marginal consumer with o = 1 — Z%:lﬂm
purchases the product with lowest price and value, from the firm with index | = arg min{u,, :
g,, > 0}, which implies that p; = (1 — Z%:lﬂm): establishing (4)) for n = I. For every other
product in the market, n > [ with q, >0, the marginal buyer for product n has a =1 — E%:ngm
and is indifferent between the purchase of product n or the product with next-highest price and
value, indexed j = argmax{tm, : ¢ >0, m <n}, so

in(1 = =Yg ) —pn = (1~ 5N _q )~ 1. (16)
Having already established that (4) holds for the case that j = [, we proceed by induction, assuming
that (4) holds for firm j, i.e.,

m

Dj = Uj — mg min(t;, Um)q, - (17)
Together, (16) and (17) imply (4) for product n.
Proof of Proposition 1: (a.) Consider the introduction of regulator testing tp # 0, where
tr =<tgri,tRre,..,trn> denotes the vector of regulator testing levels, that satisfies tp, < 7, for
n € N. We will construct best response testing levels for the firms {?mn}né N, meN\n» and show
that the initial compliance and detection probability for a noncompliant product for every firm
n € N are preserved in equilibrium with those (lowered) testing levels. We adopt the vector
notation fn :<i‘\1n, ?gn, . ?n,lm, tAnH,n, . %\Nn> for the initial equilibrium testing of firm n by other
A t

firms and t/, =<\ % ..., n—1m tnt1.ns - Ly > for their best response testing of firm n after the

introduction of regulator testing. The construction of 7, in (7) implies that d,, (0, tgy) < dyn(tn,0)
for n € N. If tg, = 0, then set f;l =t,. If tp, > 0, then 0 < d,(0,tR,) < dn(fn,()), so at least one
competitor tested firm n in the initial equilibrium. Let N,, denote the number of firms that tested

firm n in the initial equilibrium. Suppose that the firms are indexed so that firms 1, .., N,, are doing
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that testing, i.e., tym > 0 for m =1, .., N,, and &y, = 0 for m > N,,. Let T1(t,t,,) denote the vector
of competitor testing levels for firm n with first component ¢ and second through N** components
identical to those of t,. In other words, 7;(¢,t,) transforms a vector t, by substituting ¢ for its
first component. Set
th, = min{t > 0: dy(T1(t,tn), trn) > dn(ts, 0)}.

As d,, is continuous and componentwise strictly increasing, one of the following two cases must
occur. In the first case, dn(ﬁ(ﬂn,fn),mn) = dn(/t\n,O). In the second case, dn(ﬁ(ﬂn,fn),tRn) >
dy (tn,0) and 7, = 0. In the first case, set t/, = 71 (},,, t,). In the second case, sequentially reduce
the testing of firm n by firms m = 2,3, ... in the same manner, until the detection probability for
a noncompliant product by firm n falls to the initial level dn(fn, 0). Specifically, for m € N\n,
let 7,,(¢,t,) denote the vector of competitor testing levels for firm n with components 1 through
m — 1 set to zero, component m set to ¢, and all other components identical to those of t,,. In

h

other words, 7,,(t,t,) transforms a vector t,, by substituting ¢ for its m!* component, and 0 for

components 1 through m — 1. Iteratively, starting with m = 2, set

? min{t > 0 : dp(Ton(t, tn), trn) = dn(tn, 0)}.

mn =
It dyy (T (B )yt ) = dn (€, 0), then stop with t), = T, (., tn ). Otherwise, dy(Zr (s tn), trn)
> dy(ty,0) and 7, = 0. Increment m = m + 1, until dy (T (s tn)strn) = dn(tn,0) and then

~ ~

stop with t/, = Ty (£,,,,, tn). Observe that dp,(Zr (2, tn), trn) = dn(tn, 0) is achieved for m < N,

mny °N
~

because d,, is continuous and component-wise strictly increasing, and d,,(0,tgr,) < d,(t,,0). Follow
this process to construct t/, for each n € N, with the properties that dy,(t.,,trn) = dp(tn,0) and
f;l < t,. Property (1) and the assumption that d,, is continuously differentiable and component-
wise strictly increasing imply that d,, is a strictly concave function of t,,, and, with dn(ﬂ, trn) =
dy (tn,0), imply that (8/0t,mn)dn(tl, trn) = (3/0tmn)dn(ts,0), for m € N and n € N'\m. There-
fore, given regulator testing tg, {gﬂv?mn}ne N, meN\n constitutes an equilibrium in compliance and
testing for the firms, in which the detection probability for a noncompliant product for each firm
n € N is unchanged from the initial equilibrium. A sufficient condition for 7, to be strictly positive
is that firm n draws testing from competitors in the initial equilibrium. (b.) First, we establish
that if tg, is large enough for n € N, in any equilibrium the firms do not test. Let T, = 0 if
(00t mn)dn (0, .., 0) < (max;en ui(1 4+ A))~1, and otherwise let 7, denote the unique solution to
(0/0tmn)dn (0, .0t pi) gy =7mn = (Maxzenr ui (1 4+ A)) 7L

Existence of such a solution follows from the assumptions that d,(t,) is componentwise strictly
increasing, continuously differentiable and satisfies d,(t,,) < d € (0,1) for t,, € Rf +1and

limy, oo dn(tn) = d, which imply that limy 00 (0/0tmn)dn(0,..,0,tr,) = 0. Let
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T = max;cpr, jeN\i Tij, and consider the case where tr, > 7 for n € N. For m € M\n,
(0 Otmn) T |t >0 = MIN(Up, Upy ) S (€1my tin) GrGm (1 — €4)(0/ Oty )dp(ty) — 1
< maxjen ui(1 + A)(0/0tmn)dn(tn) — 1
< maxjen ui(1 + A)(0/Otmn)dn(0,..,0,tr,) — 1, (18)
where (18) follows from d,(t,) being componentwise strictly increasing and (1). Therefore, tg, >
Tmn implies that (0/0tmn)Tmlt,., >0 < 0, so in any equilibrium ¢,,,, = 0. Because tg, > 7 for n € N,
in any equilibrium ¢,,, = 0 for n € A" and m € N'\m.

Second, we provide an example in which higher regulator testing of firm 1 reduces firm 1’s
equilibrium compliance. Let N =2, A =0, uy =ups =1, ¢ = g2 = 048, € = d = 0.99, ¢;(e) =
max(e?/2,(2e — €)/[100e — e)]), ca(e) = ci(e)/4, and  d;i(tji,tri) =
2d <\/(tji +tgi)?+tji +tri —tj — tRZ) for i € {1,2} and j # 4. Then, under regulator testing

(tr1,tr2) = (0.266,5.70), the unique equilibrium has zero testing by the firms and compliance
(e1,e2) = (0.0691,0.580). Under (tg1,tre) = (5.70,5.70), the unique equilibrium has zero test-
ing by the firms and compliance (ej,e2) = (0.0460,0.866). Third, we provide an example with
N = 2 in which a reduction in the regulator’s testing to tr, = 0 for n € {1,2} strictly in-
creases equilibrium compliance e, for n € {1,2}. Let A = 0, u3 = ug = 1, g1 = g2 = 0.48,
€ =d = 0.99, ¢;(e) = 0.15 x max(e?, (2¢ — €)/[50(2 — €)]) and d;(t;i,tri) = min (\/Bi(tji + tri) ,
2d <\/[300(tji—l—tRi)]z—i-?)OO(tji—i-tR,) 300(t;; + tr; )) for i € {1,2} and j # i, where f; = 8
and By = 2. Then, under regulator testing (tr1,tr2) = (0.1200,0.0004), the unique equilibrium

has zero testing by the firms and compliance (e, e2) = (0.835,0.0213). Under (tg1,tr2) = (0,0),
the unique equilibrium has testing by the firms (t21,t12) = (0.07850,0.00188) and compliance
(e1,e2) = (0.866,0.0380).1

For the proof of Proposition 2, see the proof of the more expansive result Proposition 2A
below. Proposition 2A generalizes Proposition 2 to include the fine f and the labeling penalty for
noncompliance, which are described in §4. We generalize the right hand side of (9) by replacing
(1 + A)u with (1 4+ A)(u + f).
Proposition 2A Suppose the firms are symmetric and (8)-(10) hold. The unique symmetric
equilibrium compliance effort in the blocking scenario is higher than the compliance effort in any
symmetric equilibrium in the labeling scenario. In the labeling scenario, an equilibrium in com-
pliance and testing (¢,t) = (0,0). In the blocking scenario, in the unique symmetric equilibrium,
firms test (t > 0) if and only if (11). The unique symmetric equilibrium in the blocking scenario
has the following properties: The detection probability for a noncompliant product increases with

the number of firms N for N < N and decreases with N for N > N. The detection probability
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for a noncompliant product increases with the fine f for f < f and decreases with f for f > f.
Compliance € increases with the firms’ quality levels u, a consumer’s benefit from compliance A
and the fine f, and decreases with the number of firms N. For the labeling scenario the symmetric

equilibrium with the largest compliance level also has these properties.

Lemma 1 is useful in the proof of Proposition 2A. Let so(e,t) denote s(e,t), do(t) = d(t),
di(t) = (0/0tnm)d(t), d11(t) = (0?/Otpmtem)d(t) and da(t) = (8%/0t2,,)d(t) for n € N, k € N\n
and m € N\ (nUk), where t =<t,t,..t,0> denotes the vector wherein each firm exerts testing effort
t and the regulator does not test. Let

fi(e,t) = u[Ipso(e, t) + Aelg?(1 — e)dy(t) — 1

fa(e,t) = {ullp + Ae/so(e, )] (1 = [1+ (N = 1)so(e, t)]g)g + f}do(t) — ¢(e),
where Ip = 1 in the blocking scenario and Ig = 0 in the labeling scenario. fi(e,t) is the first
derivative of firm n’s profit function with respect to t,.,, and fa(e,t) is the first derivative with

respect to e,, when each firm m € N chooses compliance e, = e and testing t,,x = t for k € N'\m.

Define for ¢ > 0,

(t) + 4]
t)= | Ip[2do(t) — 1]+ A — /(I A —_— 2[Ipdy(t) + A
(1) <B[ o(t) — 1]+ \/<B+ P e |/ @lLsdo(t) + A)
&(t) = | Ip[2do(t) — 1] + A+ \/(IB +A4) ) (2[Ipdo(t) + A]),
and let ey(0) = limyjoey(t) and &(0) = limyjo&(t). If limyodi(t) < 4A/[ug*(Ip + A)?], then
fi(e,t) < 0 for (e,t) € [0,) x [0,00). Suppose instead that limy|od;(t) > 4A/[ug*(Ip + A)?] and
let ¢ denote the unique solution to
[IBdo(t) + A]/dl(t) = ’LLq2(IB + A)2/4.
If ¢ > t, then no value of e satisfies fi(e,t) = 0; otherwise, fi(e,t) = 0 has two roots in e : ey(t) and
€o(t). Note that fa(e, ) is strictly increasing in ¢t and strictly decreasing in e with lim.qz fa(e, t) < 0.
Let
t= %gg{t : f2(07t) > O}
If t > ¢, then let éy(t) denote the unique solution to
fa(e, 1) =0,
and note that
éo(t) > 0;
otherwise, let éo(t) = 0. Let g(d) = gO(t)|t such that do(t)=d’ é(d) = éo(t)|t such that do(t)=d’ é(d) =
€0(8) |1 such that do(t)=d » d = do(%) and d = do(t). Our assumption that d(-) is continuously differen-

tiable and component-wise strictly increasing implies existence of e(d) and €(d) for d € [O,E].
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Lemma 1 Suppose the firms are symmetric and (8)-(10) hold. (a.) In the blocking scenario, if
(11) is wviolated, then the unique symmetric equilibrium in compliance and detection probability
(@ d) = (0,0). Otherwise, the unique symmetric equilibrium (¢,d) has d € (0,d| and one of the
following:

e =e(d) = &d) (19)
&(d) = ¢(d). (20)

€
Further, e(-) is continuous and strictly increasing and €(-) is continuous and strictly decreasing;
&(d) is continuous on d € [0,d) and increasing in d, strictly so on d € (d,d). Finally, &(0) = 0;
(11) implies (0) < 0 < €(0). (a.) In the labeling scenario, a symmetric equilibrium in compliance

~

and detection probability (e,d) = (0,0). The following are necessary and sufficient conditions for a
symmetric equilibrium (€,d) with d € (O,ﬁ] : any (€,d) which satisfies (19) or (20) is a symmetric

equilibrium; any symmetric equilibrium (e, d) with de ((),E] satisfies (19) or (20).

Proof of Lemma 1: The proof proceeds in eight steps. The first three steps consider both the
blocking and labeling scenarios. First, we establish necessary conditions for a symmetric equilib-
rium. Second, we show that these conditions are sufficient. Third, we establish properties of the
functions é(d), e(d) and &(d).

Steps 4 to 7 address the blocking scenario. Fourth, we show that fi(€g(t), ) is strictly decreasing
in t. Fifth, we show that if (11) is violated, then the unique symmetric equilibrium has zero
compliance and testing. Sixth, we show that if (11) is satisfied, then a symmetric equilibrium must
satisfy (19) or (20). Seventh, we show that if (11) is satisfied, then a unique symmetric equilibrium
exists.

Step 8, addresses the labeling scenario, establishes that (’é,@ = (0,0) is an equilibrium, and
establishes necessary and sufficient conditions for an equilibrium with d>0.

First, we establish necessary conditions for a symmetric equilibrium. In a symmetric equilibrium
(e,t), each firm m € N chooses compliance e,, = e and testing t,,;, =t for m € N and k € N'\m.
If firm n anticipates that the remaining firms m € A'\n will choose compliance e,, = e and testing
tmk =t for m € N and k € N'\m, then for compliance e,, = e and testing t,,, = t for m € N to be
a best response for firm n, the following first order conditions must be satisfied

(0/Otnm)Tnle,=e,=e, t;;=F;;=t tor ieA” and jei = J1(e;1) <0 (21)
(8/a€n)7rn|ei:éi:e, tij=ti;=t for i€N and jEN\i — fa(e,t) <0, (22)

where (21) must hold with equality if ¢ > 0 and (22) must hold with equality if e > 0.
Second, we establish that any solution to (21)-(22) is a symmetric equilibrium. If firm n

anticipates that the remaining firms m € N'\n will choose compliance e,, = e and testing t,,, =t
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for m € N and k € N\m, then any solution to the first order conditions for firm n must for
m € N\n have t,,, = 7 for some 7 > 0. We can write firm n’s expected profit under compliance
en and testing level 7 as

Tn(en, 7) = (1 =Ip)u(l = Ng)qg + [u— (1 = Ip)ul{l = [1 + (N = 1)so(e,t,7)]q}

X qso(en,t) — clen) — (N — 1)7, (23)
where so(e,ta,tp) = 1 — do(ta,ts)(1 — €), where dy(tq,t5) denotes the detection probability when
all firms but one chooses testing level t,, one firm chooses testing level ¢, and the regulator
does not test, dy(te,tp) = d(ta,.tasty, ta,--ta;0). The assumptions that ¢(-) is strictly convex and
(02/0t2,)d(ty) < —(N—=1D)u(Ig+A)(9/0tnm)d(tm)?/[(1—d)?c" (e)] imply that 7, is jointly strictly
concave in (e, 7). Therefore, if (21)-(22) are satisfied, then firm n’s best response is (e,, 7) = (e, t).

Third, we establish properties of the functions é(d), e(d) and &(d). Because (92/0t2,,)d(t.,) <
~IBN(0/0tpm)d(tm)?/[Ipdo(t) + A], e(t) is strictly increasing and &p(t) is strictly decreasing in
t. Therefore, because d(-) is component-wise strictly increasing and continuously differentiable,
e(d) is continuous and strictly increasing in d and &(d) is continuous and strictly decreasing in d.
Because fa(+, ) is continuous, €yp(t) is continuous on ¢ € [0,00). By the implicit function theorem,
&o(t) is strictly increasing in t for ¢ € (¢, 00)

dép(t) _ (0/0t) fa(e, t)
ot —(9/0e)fae,t)
= {u[A{(N = Dso(e,t)*q — (1 = q)[1 — do(t)]}do(t)g + Ip(N — 1)¢°so(e, t)*do (t)?]
+ sole, 1) ()} 1 x [ug{[Ipso(e,t)> + Ae][l — Nq + (N — 1)(1 — €)do(t)q]

+ [Ipsole, t)? + Aesgle, )] (1 — ) (N — 1)qdo(t)} + so(e, t)2f](IN — 1)dy () (24)

> 0,

where the inequality follows from (8). Therefore, because d(-) is component-wise strictly increasing
and continuously differentiable, &(d) is continuous and strictly increasing in d € (d,d). Let fi(e, 0)
denote limy g fi(e, t) for i = 1,2.

Steps 4 to 7 address the blocking scenario. Fourth, we establishing that fi(éo(t),t) is strictly

decreasing in t. Note that
(0/0) fr(éo(t), t) = u{—[1 = E(B)]*(N — 1)da(t)* — {(1 — 2do(£)[1 — éo(t)]) — A[L — 2&0(t)]}du (£)& (¢)
+ [s0(Eo(t), 1) + Ao (t)][1 — Eo(t)][d2(t) + (N — 2)d11 (t) }q°. (25)
Using (24) and (25), with some effort it is possible to show that (92 /0t2,)d(t,,) < —4N (1+A)(u+
)0/ 0tpm)d(tm)?/[(1 — d)2" (e) — uA] for e € [0,€) implies that (9/0¢) f1(éo(t),t) < 0.
Fifth, suppose (11) is violated. Then f1(0,0) < 0 and f2(0,0) < 0, so (¢,%) = (0,0) is an

equilibrium; it remains to show that it is unique. From the analysis in Step 1, a symmetric
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equilibrium with ¢ > 0 must have (e,t) = (€o(t),t), where t satisfies f1(éo(t),t) = 0. Because
f1(0,0) = f1(é0(0),0) < 0 and fi(éo(t),t) is strictly decreasing in ¢, fi(éo(t),t) < 0 for ¢ > 0.
Therefore, any equilibrium must have ¢ = 0. Because fa(+,0) is strictly decreasing, fa(e,0) < 0 for
e > 0; this implies that any equilibrium with ¢ = 0 must have e = 0. Therefore, (e, c?) = (0,0) is
the unique symmetric equilibrium.

Sixth, suppose (11) holds. Because f1(0,0) > 0, (e,t) = (0,0) is not an equilibrium. Because
f2(e,0) < 0 for e € (0,€), an equilibrium cannot have ¢ = 0. Thus, in any equilibrium (21) must
hold with equality. Thus, a symmetric equilibrium must satisfy ¢ € (0,7], and € = e, (t) = &y(t) or
& = 80(?) = ¢o(%). Therefore, a symmetric equilibrium must satisfy d € (Oj], and (19) or (20).

Seventh, suppose that (11) holds. From Step 6, this implies that a symmetric equilibrium (e, t)

must have ¢ > 0. From the analysis in Step 1, a symmetric equilibrium must have (e, t) = (€y(t),?)

where ¢ satisfies

f1(éo(t), 1) =0, (26)
and, from Step 2, any such solution is an equilibrium. To establish that there exists an unique
symmetric equilibrium it is sufficient to show that there exists a unique solution to (26). Assumption
(11) implies f1(€0(0),0) > 0; further, limjoo f1(€0(2),t) < 0. Therefore, the existence of a unique
solution to (26) follows from the fact that fi(éo(t),t) is strictly decreasing in ¢ (as shown in Step
4). Finally, it is straightforward to verify that (11) implies €5(0) < 0 < €y(0), which in turn implies
e(0) < 0 < €(0).

Step 8, addresses the labeling scenario, establishes that (’é,@ = (0,0) is an equilibrium, and
establishes necessary and sufficient conditions for an equilibrium with d>0. Inequality (10) implies
that f1(0,0) < 0 and f2(0,0) < 0, so (¢,£) = (0,0) is an equilibrium; equivalently, (¢,d) = (0,0) is
an equilibrium. Because fa(+,0) is strictly decreasing, fa(e,0) < 0 for e > 0; this implies that any
equilibrium with t = 0 must have e = 0. From the analysis in Step 1, a symmetric equilibrium with
t > 0 must have (e, t) = (éo(t),t) where t satisfies (26) and, from Step 2, any such solution is an
equilibrium. Therefore, a symmetric equilibrium with d € (O,ﬁ] must satisfy (19) or (20).H
Proof of Proposition 2A: The proof proceeds in four parts. Part A establishes the properties
of the symmetric equilibrium in the blocking scenario. Part B establishes the properties of the
symmetric equilibrium in the labeling scenario. Part C establishes that the symmetric equilibrium
compliance effort in the blocking scenario is higher than any symmetric equilibrium compliance
effort in the labeling scenario.

Part A: From Lemma 1, in the blocking scenario, if (11) is violated, then the unique symmetric

~

equilibrium in compliance and detection (e,d) = (0,0). Therefore, in the remainder, we consider
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the case where (11) holds. First, we demonstrate the comparative statics for the number of firms

N. By the implicit function theorem, &(d) is decreasing in N. Let

N = x| {N E(d) > 1—[1+ A)/[2(d + A)]} .

With some abuse of notation, let ((N), d(N)) denote the unique symmetric equilibrium. If N < N,

then d is the unique solution to
e(d) —é(d) =0.
Further,
&(d) — é(d) > 0 if and only if d € [0, d]. (27)
For any Ny < N; < N,
0 = [8(d(No)) = &(d(No))]| |v=no
< [B(d(N0) — e(dNo)) | [y
where the inequality follows because é(d) is decreasing in N. This implies that
d(No) < d(Ny) (28)
(from (27)). Thus,
é(No) = 8(d(No)) = &(d(N1)) = &(N1), (29)

where the inequality follows from (28) and the fact that €(-) is decreasing. By similar argument,

for any N < Ny < N3,

d(Nz) > d(N3) (30)
e(N2) > €(N3) (31)

Further, for any Ny < N < N,
E(Ny) > 1= [1+ A)/[2(d + A)] > (Na). (32)

Together (29), (31) and (32) imply that € is decreasing in N. Together (28) and (30) imply that d
is increasing in N for N < N and decreasing in N for N > N, where N = arg HlaXNE{2737”}{C/l\}.
Second, we consider the comparative statics for the fine f. By the implicit function theorem,
é(d) is increasing in f. By argument parallel to that for the comparative statics for IV, € is increasing
in f and dis increasing in f for f < f and decreasing in f for f > f, where f = arg maxfe[ojoo){c/l\}.
Third, we demonstrate the comparative statics for the quality level u. By the implicit function
theorem, é(d) is increasing in u. With some effort, one can show that €(d) is increasing in v and
that e(d) is decreasing in u for d € [0,3]; recall that d < d (by Lemma 1). Because e(-) and é(+)
are continuous, €(0) < €(0), e(d) < €(d), and d satisfies either g(c?) = é(@ or é(g) = é(c?),
e(d) < &(d) for d € [0, d). (33)
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With some abuse of notation, let (é(u), d(u)) denote the unique symmetric equilibrium under quality

~

level u. From (33), for any wuj, > u; and any d < d(u;)

e(d)|u=u, < e(d)|u=u, < &(d)|u=u; < &(d)|u=uy- (34)

If e(up) = e(d(un))|u=u,, then e(d(up))|u=u, = €(d(un))|u=v, and (34) together imply that d(us) >
C/l\(ul) Therefore,

&lun) = e(d(un)u=u, > E(d(ur))lu=u, > &(d(ur))lu=u = e(u).
It remains to show that if e(up) = é(c?(uh)) lu=u,,» then €(up) > €(u;). Suppose e(up) = é(c?(uh)) lu=u,,

and e(u;) = e(d(w;))|u=u,- Let D(uq,up) denote the unique solution to

e(D)lu=u, — €(D)lu=u, = 0. (35)

Note that when ug = up = u; for i € {h, 1}, there is only one solution to (35) and d(u;) = D(u;, u;).
We will show that

d(w) > D(w, up). (36)

The proof is by contradiction. Suppose that d(u;) < D(uy, up). Then
(D (ut, un))lu=w, < E(D(ur, un))lu=u,
< &(D(ur, un))lu=uy, (37)
where the first inequality holds because the continuity of e(-) and é(-), €0) > ¢(0), and the
uniqueness of (¢,d) imply &(d) < é(d) for d > d; the second inequality holds because ¢(d) is
decreasing in u. Because (37) contradicts the definition of D(u;,uyp), we have established (36). By

similar argument,
d(un) > D(w, up). (38)

We conclude that

~ ~

e(u) = &(d(w))lu=w, < &(D(ur, un))lu=w = (D (w, un))lu=uw, < E(d(un))|u=u, = e(un),

where the first inequality follows from (36) and &(-) being decreasing; the second inequality follows
from (38) and é(-) being increasing. By similar argument, if e(uy) = é(c?(uh)ﬂu:uh and e(u;) =
e(d(w))lu—u;, then e(w;) < e(up).

Fourth, we consider the comparative statics for the consumers’ valuation of compliance A. By
the implicit function theorem, é(d) is increasing in A. With some effort, one can show that €(d) is
increasing in A and that e(d) is decreasing in A for d € |0, E] By argument parallel to that for the
comparative statics for u, € is increasing in A.

Part B: From Lemma 1, in the labeling scenario, a symmetric equilibrium in compliance and

detection probability (e,d) = (0,0). The proof that the comparative statics in part A apply to

the maximal symmetric equilibrium in compliance and detection probability (€, d, ) parallels the
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proof in Part A. The primary change is that (€,d), which denotes the unique solution to (19) or
(20) in the blocking scenario, is replaced by (€, dar), which denotes the maximal solution to (19)
or (20) in the labeling scenario. In addition, the expression 1 — [1 + A]/ [2(3 + A)], which appears
in the definition of N and in (32) is replaced by 1/2.

Part C: Because fa(e,t) is larger in the blocking scenario, €y(t) and hence é(d) is larger in the
scenario with blocking. Because fi(e,t) is larger in the blocking scenario, €y(t) is larger and ey (t) is
smaller in the blocking scenario for ¢ € [0, ¢]; thus, €(d) is larger and e(d) is smaller in the blocking
scenario for d € [O,E]. By argument parallel to that for the comparative statics for v in Part A,
it follows that the symmetric equilibrium compliance effort in the blocking scenario is higher than
the maximal symmetric equilibrium compliance effort in the labeling scenario.ll
Proof of Proposition 3: Any consistent rational expectations equilibrium must satisfy the fol-

lowing first order necessary condition for the testing by firm n € AN'\m:

(0Ot ) Tr, = MiIN(Uy, Ty ) S(€ns tn) GmGn (1 — €m) () Otnm ) dp, (b)) — 1 <0, (39)
wherein
U = Um[1 + Aepm/s(em, tm)] for m € N
and the inequality in (39) must hold with equality if ¢,,, > 0. Expression (39) follows from
differentiating the expected profit function (6) for firm n with respect to t,,, (with @,, constant,
because consumers do not observe t,,,) and then substituting ,, for ,, to reflect the consistency
of consumers’ beliefs, i.e., that €, = e, and t,,, = t,, for m € N.

To establish that firm m with sufficiently low u,,, draws no testing, observe that our assumption
that d,,(t,,) is componentwise strictly increasing, continuously differentiable, and satisfies (1) im-
plies that (92/0t2,,)dm (tm) < 0 for t,, € RV and, using the expression for (9/0tnm)m, in (39),
that

(0/0tnm)mn < Um (1 + A)Gman(0/0tnm)dm (tm)]t,.—0] — 1. (40)
Inequality (12) implies that the quantity on the right hand side of (40) is negative for all n € AN'\m,
which implies that t,,, = 0 for all n € N\m (i.e., firm m draws no testing). If firm m draws no
testing, then regardless of her compliance choice e,, € [0,€), firm m is successful in bringing its
product to market with probability s(e,,t,,) = 1; because compliance is costly, firm m’s optimal

compliance e,, = 0. Therefore, inequality (12) also implies that e,, = 0.1
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Online Supplement
Endogenous Quality: Entrants
Proof of Proposition 4: First consider the adoption of a product standard, enforced through
competitor testing. We will refer to this as “adoption of a product standard.” The proof proceeds
in four parts. In the first part, we establish two properties of the equilibrium prior to the adoption
of the product standard. Let (N”, N') denote the number of high- and low-quality firms prior to
the adoption of the product standard. Prior to the adoption of the product standard, the profit of
an entering high-quality firm is
[w"(1— N"q) — u'N'qlq — k" (41)
and the profit of a low-quality firm is
ul[l — (N" + NYqglg — K. (42)
Because, by assumption, a high-quality firm enters, (41) must be nonnegative:
(ulq = k") /(u"q?) = N" + (u' /u") N, (43)
Similarly, if N' > 0, then (42) must be nonnegative:
(ulq — kY /(ul¢?) > N + N (44)
Furthermore, as (42) strictly decreases with the number of firms, and we have assumed that the
potential to earn a nonnegative profit attracts entry, an additional low-quality firm cannot enter
and achieve nonnegative profit:
u'[l — (N 4+ (N + 1))qlq — K < 0. (45)
In the second part, we show that there exist v € (0,00), d < 1, ¢ € (0,00) and e € (0,€) such
that after the adoption of the product standard, the success probability of any high-quality firm is
strictly less than
o = min(oy, 09, 03),
where o1 = k" /[(1+A)u"(1—q)q], 02 = (N"—2) /(N"—1), and o3 = v (ulq(1—2¢)— k') /[u! (uq(1—
q) — k)], with the exception that if only one high-quality firm does testing, it will have a success
probability of 1. Our assumptions that N > 2 and ¥ < o (1 — 2q)q ensure that o is strictly
positive. Let ¢ = (1 + A/(1 — q)g, v = 1/[u(1 + A)(1 — ¢)(1 — d)¢?], and select d < 1, and
e € (0,€) such that 1 —d(1 —¢) = o. Let n denote the index of an incumbent firm that tests
competitors’ products. Firm n must have high quality because (1) and (39), as in the proof of
Proposition 3, imply that in equilibrium, for any low-quality firm L and any other firm m € N\L,
(00t L), < ul(1 + A)G2(0) Ot L) o (trn) |6, =0 — 1,
wherein assumption (13) implies the right hand side is negative, so tz,, = 0 (i.e., no low-quality

firm will test a competitor). Let m # n denote the index of any other high-quality firm. The proof



proceeds in three steps. First, we show, in equilibrium, that high-quality firm m chooses compliance
em < e. If the high-quality firm m chooses compliance e,, > e, then because ¢, (en,) > ¢, the firm’s
cost of compliance ¢, (e,,) exceeds its expected revenue. If instead the high-quality firm chooses
compliance e,, = 0, its expected revenue exceeds its cost of compliance (because ¢, (0) = 0). We
conclude that, in equilibrium, e,, < e. Second, we show that, in equilibrium, the probability that
a high-quality firm’s noncompliance is detected d,,(t,,) > d. Recall that m and n # m denote the
indices of high-quality firms. Because d,(t,) < d and e, < e, condition (14) implies that firm
n’s expected profit is strictly increasing in ¢, if d,,(t,,) < d. We conclude that, in equilibrium,
dp(ty,) > d. Third, because s (e, ty,) < 1—d(1—¢) = o and because the choice of the index m was
arbitrary among high-quality firms, we conclude that the success probability of any high-quality
firm is strictly less than o (with the exception that if only one incumbent firm does testing, it will
have a success probability of 1).

In the third part, we show that no additional high-firms will enter following the adoption of the
product standard. From the previous step, after the adoption of the product standard, the success
probability of a high-quality entrant would be strictly less than o, so its expected profit would be
strictly less than

(1+ A(1 = q)og — k" (46)
o < o7 implies that (46) is negative, so no additional high-firms will enter.

In the fourth part, we show that at least one additional low-quality firm will enter following
the adoption of the product standard. From the previous step, o < g7 implies that no additional
high-quality firms will enter. Proposition 3 and our assumption (13) imply that low-quality firms
will not comply, test, or draw testing from competitors. If A low-quality firms enter, the expected
profit of an entering low-quality firm is strictly greater than uq[1— (o(N" —1)+1+ N'+A)q] — k..
Therefore, to establish that at least one additional low-quality firm will enter following the adoption
of the product standard, it is sufficient to show that

w1 — (o(N" — 1) + 14 N' +1)qlg — k' > 0. (47)
First, suppose that N! > 0. Together N'> 2and o < o9 imply that Nhgp Nt > U(Nh—1)+1+Nl+1.
This, together with (44) implies (47). Second, suppose that N' = 0. Then o < o3 and (43) imply
(47).1

Endogenous Quality: Incumbents
Proof of Proposition 5: Without loss of generality, order the quality levels such that u! < u? <
.. < uM. Let {t,}nen denote equilibrium quality levels of the firms under no product standard.

Let w/ = max,en iy, i.e., the highest equilibrium quality level is v/. Let H denote the index of a



firm with this quality level, @4y = u/. If firm H anticipates that the remaining firms m € N\ H will
choose quality ,, = iy, where i, < u/, then for quality uz = u/ to be a best response for firm
H it must be that firm H’s profit under quality uz = u’ is greater than under quality uy = u’ for
i> 7 [W(1—qn) — Spmen HlmGm)qm — k}{ > [u'(1—qu) — Spmen HUmGm)qm — K}y, which implies

Ky — k}{ > (u' —w!)(1 — qp)qy for all i > j. (48)
We will show that under a product standard enforced by competitor testing, in any equilibrium
firm H’s quality is reduced from its level under no standard. Let {tn, én, tnm e N, meN\n denote
equilibrium quality, compliance and testing levels of the firms under a product standard enforced by
competitor testing. To establish that firm H’s quality is reduced from its level under no standard
G < U, suppose to the contrary that 4z = u’ where ¢ > j. Under competitor testing, if firm H
anticipates that the remaining firms m € N\ H will choose quality u,, = t,,, compliance e,, = é,
and testing t,,, = ton for m € N \m, then for quality ug = u?, compliance ey = éy and testing

tin = tgy for m € N\H to be a best response for firm H it must be that

[ui(l —qu) — mE/%’\H min(uivum)s(ém,fm)qm] s(ém,ty)qg — crlén) — me%/\Hme i

- (eH,th)meAnfa\ixe[O,é)fo“ { {uj(l ~ ) - me/z\:f\H mwin () (Ems bm—s trim)am | s(ens Er)au
~enen) = 3, b | ~ b

= [uj(l —an) - mejz\)/\Hmin(uj:um)3<ém7£m)Qm} s(ém, tu)qn — cu(énm) — me/%/\Hme — kgq,

(49)
where t,,_, tgm, denotes the vector t,, wherein ¢z, is replaced by tg,. Inequality (49) implies

[(uZ —u)(1 —qy) — meJX\Jf\H[min(ui,um) — min(w’ , um)|8(Em, tm)am | s(ém, tr)qm > Ky — k‘}{
(50)
It is straightforward to verify that the right hand side of (48) is strictly larger than the left hand
side of (50). Consequently, inequality (48) implies that (50) is violated. We conclude that firm H’s
quality is reduced from its level under no standard @y < uw/ = .

Suppose the firms are symmetric. Let @ denote a symmetric equilibrium quality level under
no product standard. By parallel argument to that above, if @ = u/ is an equilibrium under no
product standard, then

k' — K > (ut —u?)(1 — q)q for all i > j. (51)
Let (a,é, ’E) denote symmetric equilibrium quality, compliance and testing levels under a product
standard enforced by competitor testing. By parallel argument to that above, if a symmetric
equilibrium under competitor testing has quality @ = u’ for ¢ > j, then

(' — )1 —q— (N —1)s(é,t)q]s(é,)g > k' — k7. (52)



It is straightforward to verify that the right hand side of (51) is strictly larger than the left hand
side of (52). Consequently, inequality (51) implies that (52) is violated. We conclude that the

equilibrium quality under competitor testing is reduced from its level under no standard @ < v/ =

.1

Other Penalties for Noncompliance

Proposition 1. (a) The proof is unchanged. (b) For the first part, for the blocking scenario
the proof is unchanged by the fine f > 0. For the labeling scenario, it is straightforward to show
that (0/0tnm)mn < maxien wi(1+ A)(0/0tnm)dm(tm) — 1. The conclusion that in any equilibrium
the firms do not test follows by the same argument as in the blocking scenario. For the second
part, we provide an example in the labeling scenario in which higher regulator testing of firm 2
reduces firm 2’s equilibrium compliance. Let N = 2, A = 12.8, u1 = us = 1, ¢1 = q2 = 0.48,
e=d=0.99, f =0, ci(e) = max(e?/2, (2¢ — €)/[100(2 — €)]), c2(e) = 0.8 x c1(e), and d;(tji, tr;) =
2d <\/(tji +tgi)?+tji +tri —tj — tRi> for i € {1,2} and j # 4. Then, under regulator testing

(tr1,tr2) = (0.068,0.035), the unique equilibrium has zero testing by the firms and compliance
(e1,e2) = (0.518,0.844). Under (tgr1,tr2) = (0.068,0.040), the unique equilibrium has zero testing
by the firms and compliance (eg, e2) = (0.591,0.633).

Proposition 2. The proof is provided as the proof of Proposition 2A in the appendix.
Proposition 3. Proposition 3 holds when Iy min;ea{u;}/(1 + A), where Iy, = 1 in the labeling
scenario and I, = 0 in the blocking scenario, is added to the right hand side of (12). The proof in the
blocking scenario is unchanged by the fine f > 0. The proof in the labeling scenario follows that in
the blocking scenario, where in (39) min(wy,, U )s(en, ty) is replaced by [min(@y,, Uy, ) —min(wy,, tmn )]
and in (40) un, (1 + A) is replaced by [un, (1 + A) — mingear{u;}].

Corollary and Proposition 4. Labeling reverses these results: A product standard, enforced
through competitor testing and labeling, decreases the expected profit of firms that do not comply
and, in the setting of Proposition 4, does not cause entry by low-quality, noncompliant firms. The
proof is as follows: Our assumption (13) and Proposition 3 imply that a low-quality firm L will
not comply. Therefore, in any rational expectations equilibrium, @, = u! so firm L cannot obtain
a higher selling price by testing and reporting on any competitor, its expected profit (15) would
strictly decrease with any testing, and it does not test. Therefore firm L has the same profit with or
without the product standard, expressed in (42). From (45), prior to the adoption of the product
standard, entry of an additional low quality firm would result in negative profit for the low quality
firm. That profit could only decrease due to entry by additional firms of high quality. Therefore,

no firm of low quality will enter.



Endogenous Production Quantities

Proposition 1. The statement of the Proposition is unchanged, except that “any initial equi-
librium in compliance and testing by the firms (é,f)” is replaced by “any initial equilibrium in
compliance, quantity and testing by the firms (e, q, f).” The proofs of part (a.) and the first part
of (b.) are unchanged. For the second part of (b.), with the addition of C(g,) = 0 for g, < 0.48
and Cy,(g,) = 100 otherwise for n = 1,2 to the numerical example, the proof holds.

Regarding Proposition 2, we present numerical results. For the 125 parameter combinations of N €
{2,3,4,5,6}, A € {0.0,0.1,0.2,0.3,0.4}, u € {0.6,0.8,1.0,1.2,1.4}, € = d = 0.999, c(e) = 0.01 x
max(e?, (2e  — €)/[10006 — e)]), and  d(t,) = min /2005, ,eAr\nbmn ;
2d <\/<2002m€]\/\ntmn)2 + 200X e A\ ntmn — QOOEmeN\ntmn)>, the results are consistent with

Proposition 2: Equilibrium compliance € increases with v and A, and decreases with N. The
equilibrium detection probability increases and then decreases with V.

Proposition 3. With u,, < 1/{(1+ A)max,cyn\m[(9/0tnm)dm(tm)lt,,=0]} in (12), the proof of
Proposition 3 in the appendix establishes that for any given quantities (¢m,q,) € [0,1]?, firm m
does not draw testing from competitors so does not comply. In equilibrium, every firm n € N
chooses a quantity ¢, € [0,1) because C),(g,) strictly increases with g, and if a firm were to supply
gn > 1 to the market, its price (4) would be zero.

Corollary A considers a setting with two types of firms. Let {h,l} € S denote the sets of high
and low quality firms, where S denotes the set of all firms. Firms of the same type have the
same quality, compliance cost function, linear production cost and detection probability function:
for n € S where S € {h,1}, up, = u®, culen) = c3(en), Culgn) = C¢, and dy(t,) = d(t,).
Let NS = |S| for S € {h,l}. In a symmetric equilibrium, firms of the same type have the same
compliance, quantity and detection probability: for n € S where S € {H,L}, e, = eS, qn = ¢%,

and d,,(t,) = d°. As in §2 we assume X,enqn < 1.

Corollary A Suppose firms are of two types, where type specifies the quality, compliance cost func-
tion, linear production cost and detection probability function, and a consumer’s benefit from compli-
ance A = 0. Suppose that a product standard is enforced through competitor testing. In any symmet-
ric  equilibrium,  that increases the expected profit of firms with low quality

ul < 1/[maxme/\/\n(a/ﬁtmn)dl(tn)|tn:0], which do not comply with the standard.

Proof of Corollary A: By Proposition 3, in equilibrium, a low quality firm n € [, does not
draw testing, t,,, = 0 for all m € AM\n, does not comply e, = 0, and is successful in bringing its
product to market with probability s(ey,,t,) = 1. Let o = s(ep, t,,) denote the success probability
for a high quality firm n € H in an equilibrium. If high quality firm H € h anticipates that



high quality firms have success probability o, other high quality firms produce quantity ¢” (0), and
low quality firms produce quantity ql(a), then firm H chooses gy to maximize expected profit
gy = [uM(1 — qg) — N'ulg'(o) — (N? — V)uloq’(0)|oqy — Chqy. Similarly, if low quality firm
L € [ anticipates that high quality firms have success probability ¢ and produce quantity qh(a),
and other low quality firms produce quantity ql(a), then firm L chooses ¢g;, to maximize expected
profit

m=u'[l —qr — (N' = 1)¢'(0) = N"oq"(0)]ar, — C'qr. (53)
The first order conditions for the profit maximizing quantity for firm H € h and L € [ imply that
in a symmetric equilibrium, when the success probability of a high-quality firm is o, the production
quantities of the low- and high-quality firms are ¢!(0) = {u![N"C" + (2 — o)u"] — u"C![2 + (N" —
Do)} /{ul[(N' + 1)(2 + (N" — 1)o)u" — N*N'ou']} and ¢"(0) = {o(N'C! + v + Nl(u — ul)) —
(N' 4+ 1)C"} {o (N + 1)(2 4+ (N — 1)o)u — N*N'ou!]}. Observe from (53) that the equilibrium
expected profit of a low-quality firm is decreasing in (N! — 1)¢!(0) + N"oq" (o) and that without a
new product standard enforced through competitor testing, the success probability of a high quality
firm o = 1. Therefore, to show that the expected profit of a low quality firm increases as a result

of the new product standard enforced through competitor testing, it is sufficient to show that
(N' = 1)¢'(1) + N"og"(1) = [(N' = 1)¢'(0) + N"oq"(0)]lrefo,1)- (54)
It is straightforward to show that
(0/00)[(N' = 1)¢'(0) + N"oq"(0)] = 2N"Z/[(N' + 1)(2 + (N" — 1)o)u" — N"N'ou!]>  (55)
where Z = 2u"(N'C! 4+ u" + N'(uP — ub)) + [(N" — 1)(N! + 1)u" — NP NW!C". Because ¢"(1) > 0,
N'C 4wl + Nl (u —ul) > (N' + 1)C*. Therefore, Z > [(N" + 1)(N! + 1)u — N"NW!]C", which
implies that (55) is positive, which in turn implies that (54) holds.l

Fixed Costs for Testing

Proposition 1. (a.) Define t =<ty,...,txy> and t'(tg) :<€’1,...,§’N>, where, as in the proof
of Proposition la in the appendix, th represents the initial equilibrium testing of firm n by the
other firms when the regulator does not test and f;l is the candidate equilibrium testing of firm
n by the other firms with regulator testing tr, where tg =<tgi,tgro,..,trn>. Recall that EQL is
constructed from fn and tg, for each n € N. Let 70 (tg) denote the expected profit for firm m,
assuming: regulator testing tz; firms n € A'\m test competitors according to t'(tz); firms n € N'\m
maintain their initial equilibrium compliance levels; firm m chooses not to test competitors (avoiding
the fixed cost ¢p,); and firm m chooses compliance e, to maximize its expected profit. Define

Em = Tm — 70, (0) where 7,,, denotes the expected profit of firm m in the initial equilibrium and,



0

m(0) is the maximum expected profit of firm m if firm m chooses not to incur

by construction, .
the fixed cost ¢, to test competitors, the regulator does not test, and the other firms n € N\m
have the initial equilibrium testing and compliance levels. Extend definition (7) to define 7,, as the

A~

minimum of arg max{try, : d,(0,tr,) < d,(t,,0)} and
argmax{||tr|l. : 7o (tr) — 7% (0) < &, for m € N such that t,,, >0 for any n € N'},  (56)

where ||tg||,, = max{|tri|, .., |trn|}. The proof of Proposition la in the appendix establishes that,
with regulator testing tg, < 7, for n € N, the (lowered) testing levels t'(t) maintain the initial
detection probability for a noncompliant product and, with the initial equilibrium compliance levels,
constitute an equilibrium for the firms—if no firm m € N can achieve strictly greater expected profit
with a unilateral deviation from testing competitors to not doing so (avoiding the fixed cost ¢n,).
Constraining tg, to be smaller than (56) for n € N ensures that 7, > 79 (tg) for every firm
m that was testing in the initial equilibrium, i.e., every firm m with %, > 0 for any n € N.
That means that with a unilateral deviation to cease testing competitors, firm m has weakly lower
expected profit 70 (tg) than in the initial equilibrium without regulator testing, 7,,. Clearly, firm
m has greater expected profit in the candidate equilibrium with regulator testing than in the initial
equilibrium without regulator testing. Therefore, no firm deviates to avoid the fixed cost of testing;
the candidate equilibrium is indeed an equilibrium. A sufficient condition for 7, to be strictly
positive is that firm n draws testing from competitors in the initial equilibrium, and a firm m € N
chooses to incur the fixed cost ¢,, only if, by doing so, the firm strictly increases its expected profit.
(b.) For the first part, the proof is unchanged. For the second part, we provide an example with
N = 2 in which increasing regulator testing from tg, = 0 to tg, > 0 for n € N strictly reduces
the compliance effort for both firms, strictly reduces the detection probability for a noncompliant
product for both firms, and causes the firms not to test, in equilibrium. Let A = ¢r = 0,
$1=¢1 =001, u1 =us=1,q = g2 = 0.48,€ = d = 0.99, ¢;(e) = 0.1 xmax(e?, (2e—¢)/[50(e —e)])
and d;(tj;,tp;) = min (m 24 <\/[50(t]~i ) + 50(E; + tr) — 300(t; +tm))) for

i € {1,2} and j # i. Under regulator testing ¢t = tra = 0, the unique equilibrium has testing by

the firms t19 = to; = 0.0235, compliance e; = eo = 0.583 and detection probability d; = ds = 0.686.
Then, under regulator testing tp; = tre = 0.0151, the unique equilibrium has zero testing by the
firms, compliance e; = eg = 0.473 and detection probability dy = d2 = 0.550.

Proposition 2A. The result holds provided that the firms’ fixed cost of testing ¢ < @, for some
¢ > 0. The proof of Proposition 2A is unchanged. The proof of Lemma 1 is modified by inserting
the following immediately after Step 2: Steps 1 and 2 have established necessary and sufficient

conditions for a symmetric equilibrium under ¢ = 0. In this next step, we show that there exists



¢ > 0 such that the necessary and sufficient conditions for a symmetric equilibrium under ¢ € (0, ¢)
are identical to the necessary and sufficient conditions under ¢ = 0. Again suppose firm n anticipates
that the remaining firms m € N\n will choose compliance e, = e and testing t,,, =t for m € N/
and k € NM\m. By the same argument in Step 2, under ¢ > 0, any solution to the first order
conditions for firm n must for m € AN'\n have t,,, = 7 for some 7 > 0. We generalize the definition
in (23) by adding the term —I¢ 5016 to the right hand side. Let ¢y, (en,7) = Talen, 7) + Irs01¢.
Thus, ¥, (e,,T) denotes firm n’s expected profit under ¢ = 0, and m,(e,,7) denotes firm n’s
expected profit under ¢ > 0. Step 2 establishes that under ¢ = 0, there exists a unique best
response for firm n, which we denote (e,,7) = (é,7). Under ¢ > 0, there exists a best response
for firm n; to see this observe that there exists ¢ € (0,00) such that if 7 > ¢, then m,(e,, 7) < 0;
therefore, in terms of maximizing m,(e,, 7) one can, without loss of generality, restrict attention to
(en,T) € [0,8) x [0,5]. Let (en,7) = (¢,7) denote a best response for firm n under ¢ € (0, $). We
will show that there exists ¢ > 0 such that if ¢ € (0, ), then

(&, 7)=(¢,7), (57)

that is, there exists a unique best response for firm n under ¢ € (0, ¢) and it is identical to the best

response under ¢ = 0. If 7 > 0, then let
5 = wn(éﬂA—) — max wn(emo)v
en€l0,€)

and observe that ¢ > 0. First, suppose 7 > 0 and that there exists a best response under ¢ € (0, ¢)
with 7 = 0. Then

Tn(€,7) = Up(é,7) — & > Pp(é,7) — ¢ = max Un(en,0) = max my(en,0) = m,(é,7),
en€[0,€) en€[0,€)

which contradicts that (e,,7) = (é,7) is a best response under ¢ € (0,¢). Therefore, if 7 > 0,
then any best response under ¢ € (0, ¢) must have # > 0, which implies that the best response

is unique and that it satisfies (57). Second, suppose 7 = 0 and that there exists a best response

under ¢ € (0, ¢) with 7 > 0. Then

Tn(€,7) = mn(€,0) = n(é,0) > (&, 7) > Yn(é,7) — ¢ = mn(é,7),
which contradicts that (e, 7) = (&,7) is a best response under ¢ € (0, ). Therefore, if 7 = 0, then

any best response under ¢ € (0, ¢) must have 7 = 0, which implies that the best response is unique
and that it satisfies (57). We conclude that there exists ¢ > 0 such that the necessary and sufficient
conditions for a symmetric equilibrium under ¢ € (0, 5) are identical to the necessary and sufficient
conditions under ¢ = 0.

Proposition 3. The proof is unchanged.



