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Abstract

We study the strategic release timing of frontier Al systems by competing firms. Each firm develops a
model whose quality improves with development time, but faces incentives to release early to capture
first-mover advantages. Premature release imposes safety externalities on society that firms do not
fully internalize. We characterize the symmetric Nash equilibrium in a preemption game and show that
equilibrium release occurs strictly before the social optimum. We analyze four policy interventions: (i)
minimum quality standards, which can implement the first-best; (ii) mandatory release delays, which
paradoxically reduce deployed model quality by shifting preemption to the announcement stage, where
quality locks in before the mandated waiting period; (iii) voluntary safety commitments, which can
sustain cooperative outcomes when observable and credible; and (iv) Pigouvian safety taxes, which
partially correct the externality but cannot eliminate the preemption distortion alone. Our results
speak to ongoing policy debates about frontier Al regulation and generalize to other technologies with
safety externalities and first-mover advantages.

Keywords: artificial intelligence; release timing; preemption game; safety regulation; technology
policy

JEL Codes: L13; L50; O31; O38

1. Introduction

The development and release of frontier artificial intelligence (Al) systems has become one of the
most consequential technology races of the 21st century. Firms such as OpenAl, Google DeepMind,
Anthropic, and Meta invest billions of dollars in developing increasingly capable Al models, and face
a fundamental strategic tension: releasing early captures market share and mindshare, but releasing
later produces higher-quality, safer systems. This tension is not merely private—premature release of
powerful Al systems can impose significant externalities on society through misuse, misinformation,
labor displacement, and unforeseen risks.

A vivid illustration: in February 2026, Anthropic—the firm most publicly committed to Al safety—
revised its Responsible Scaling Policy to drop its flagship commitment to “pause the scaling and /or
delay the deployment of new models” when safety measures lagged behind capabilities. Chief scientist
Jared Kaplan explained that unilateral restraint “wouldn’t actually help anyone” if rival labs continued
advancing. Meanwhile, in December 2025, OpenAI CEO Sam Altman declared “Code Red” internally
in response to Google’s Gemini surpassing ChatGPT on key benchmarks, redirecting resources from
planned products to accelerate competitive response. These episodes are not anomalies—they are the
predictable equilibrium outcome of a race with strong first-mover advantages and safety externalities
that firms cannot unilaterally internalize.

Despite the centrality of release timing to the Al industry and to Al governance, no formal
economic model captures this strategic problem. Jones (2024) studies the planner’s tradeoff between
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Al-driven growth and existential risk, but abstracts from strategic interaction between firms. We fill
this gap by embedding the planner’s problem in a competitive game.

We develop a continuous-time preemption game between two firms developing frontier Al
systems. Model quality improves deterministically with development time, while the safety risk
associated with deployment decreases. The first firm to release captures a disproportionate share of
the market due to developer ecosystem lock-in, user switching costs, and reputational advantages. We
make three main contributions.

First, we characterize the symmetric equilibrium of the release timing game and show that it
involves socially premature release. The gap between equilibrium timing and the social optimum is
increasing in the first-mover advantage and decreasing in the degree to which firms internalize safety
costs. This result formalizes the widespread intuition that “Al races” lead to rushed deployment.

Second, we compare four regulatory instruments:

(i) Minimum quality standards (e.g., mandatory safety evaluations before release) can implement the
social optimum by directly constraining the release decision.

(ii) Mandatory release delays (e.g., a required waiting period after announcing completion) para-
doxically reduce the quality and safety of deployed models. Because development ceases upon
announcement (quality lock-in), firms preempt on announcements, compressing the development
window and deploying inferior systems. Any positive delay strictly worsens welfare relative to
laissez-faire. This is our most striking result.

(iii) Voluntary safety commitments (e.g., Anthropic’s Responsible Scaling Policy) can sustain cooper-
ative delay as a subgame-perfect equilibrium when commitments are publicly observable and
deviations are detectable.

(iv) Pigouvian safety taxes, set equal to the marginal social harm, partially correct the externality by
making firms internalize safety costs. However, they cannot eliminate the preemption distortion—
only a combination of the tax and a minimum standard achieves the first-best.

Third, we identify a concentration paradox: increasing competition among Al developers exacer-
bates the race and reduces welfare, because each additional firm makes preemption more attractive.
This creates a genuine tension between antitrust goals and safety objectives that is unique to technolo-
gies with large safety externalities.

Fourth, we show that the model generates empirically testable predictions about the clustering

of release dates, the relationship between capability jumps and release gaps, and the strategic use of
staged rollouts.
Related Literature. This paper contributes to several literatures. The core model builds on the technol-
ogy adoption timing literature initiated by Fudenberg and Tirole (1985) and the general innovation
timing framework of Hoppe and Lehmann-Grube (2005), as well as the patent race literature (Loury
1979; Reinganum 1981). Our safety externality extension connects to the literature on technology
regulation under uncertainty (Weitzman 1974) and the economics of catastrophic risk (Posner 2004;
Weitzman 2009).

Most closely related within the Al economics literature is Jones (2024), who studies the tradeoff
between Al-driven growth and existential risk in a social planner’s framework. Our paper can be
viewed as embedding his planner’s problem inside a strategic environment: we show that competition
between firms distorts the planner’s optimum through preemption, and we characterize which policy
instruments can restore it. Aschenbrenner and Trammell (2024) extend the growth-risk analysis to
dynamic settings; our contribution is complementary, adding the firm-level strategic interaction that
these planner models abstract from.

Several papers model Al race dynamics using different game-theoretic frameworks. Armstrong
et al. (2016) provide the foundational conceptual model of Al development as a “race to the precipice,”
but their static 2x2 game does not capture timing or quality dynamics. Han et al. (2020) and Han et al.
(2021) study Al race regulation using evolutionary game theory on finite populations; their strategic
variable is the choice between safe and unsafe development, not the continuous-time release timing
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decision that is our focus. Naudé and Dimitri (2020) model the AGI race as an all-pay contest with
policy implications, but without safety externalities tied to release quality. LaCroix and Mohseni (2022)
frame Al safety as a tragedy of the commons. We contribute to this literature by providing the first
continuous-time preemption game of Al release timing with safety externalities, yielding closed-form
equilibrium characterization and a complete policy ranking.

The broader Al economics context relates to (Acemoglu 2024; Agrawal et al. 2018; Korinek 2024)
and Al governance (Askell et al. 2019; Dafoe 2018; Hendrycks et al. 2023). The concentration paradox
connects to Vives (2008) on competition and innovation incentives. The result that mandatory delays
backfire echoes findings in the financial regulation literature on how timing constraints can accelerate
rather than slow strategic actions (Abreu and Brunnermeier 2003), and the pharmaceutical regulation
literature where pre-market review freezes product quality at submission time (Peltzman 1973).
Outline. Section 2 presents the model. Section 3 characterizes the equilibrium. Section 4 analyzes
welfare. Section 5 evaluates policy interventions. Section 6 considers extensions. Section 7 discusses
empirical implications. Section 8 concludes.

2. Model
2.1. Environment

Time is continuous, t € [0,00). There are two firms, i € {1,2}, each developing a frontier Al
system. Both firms begin development at t = 0 and choose a release time t; > 0. The strategic variable
is when to release—not whether to invest in safety (as in Armstrong et al. 2016) or which strategy to adopt
(as in the evolutionary dynamics of Han et al. 2020). This distinction matters because release timing is
the margin on which competitive pressure most visibly operates in practice.

Assumption 1 (Quality Technology). Model quality q(t) is a function of development time alone, with
g :[0,00) — [0, Q] satisfying:

(i) q(0) = qo > 0 (initial quality),

(i) q'(t) > 0 for all t (quality improves with development),

(iii) q"(t) < O for all t (diminishing returns),

(iv) lime0 q(t) = Q < oo (bounded quality).

The key substantive content of Assumption 1 is that quality improvement is deterministic and
concave. This captures the empirical regularity that additional training compute, RLHF iterations, and
red-teaming reliably improve model quality, but with diminishing returns.

Assumption 2 (Safety Risk). The social harm from deploying a model of quality q is h(q), with h : [0, Q] —

[0, c0) satisfying:

(i) H'(q) < 0 (higher quality = lower harm),

(i)  h"(q) > 0 (harm is convex in quality deficiency: releasing a very low-quality model is disproportionately
harmful),

(iii)  h(Q) = 0 (a perfectly developed model causes no harm).

Composing with the quality function, safety harm as a function of release time is H(t) = h(q(t)),
which satisfies H'(t) < 0 and H”(t) > 0 under our assumptions—harm falls with development time,
and the marginal safety benefit of delay is greatest early on.
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Assumption 3 (Market Structure). Consumer value from a model of quality q is v(q), with v'(q) > 0 and
v"(gq) < 0. Market shares depend on release order:

o ift; < tj
sitist) = 1 3 ifti =t
1—a ift;> t]'

where o € (1/2,1) parameterizes the first-mover advantage.

The parameter a captures the degree of developer ecosystem lock-in, user switching costs, and
brand recognition advantages. When « is close to 1/2, first-mover advantage is negligible; when « is
close to 1, the market is winner-take-all.

Assumption 4 (Discounting). Both firms and the social planner discount at rate r > 0, so the discount factor
at time t is e~ "".
2.2. Firm’s Problem

Firm i chooses release time t; to maximize discounted profits:

mi(ti, t;) = e~ u(q(t;)) - si(ti ) 1)

This formulation embeds three forces:

e Discounting (e ""): Delay is costly because future profits are worth less.
*  Quality (v(4(t;))): Delay is beneficial because the model improves.
*  Preemption (s;): Releasing before the rival captures a larger market share.

2.3. Social Planner’s Problem

The social planner chooses release times (1, ;) to maximize total surplus net of safety harm:

2
Wity t2) = Lo [elq(t) - 5 ~A-hig(t) @

i=

where A > 0 is the weight on safety harm. Note that the planner assigns equal market shares (no
wasteful duplication of first-mover rents) and internalizes the safety externality.

3. Equilibrium Analysis
3.1. Monopolist Benchmark

As a benchmark, consider a single firm choosing its release time to maximize:

aM(t) = e " o(q(t))

The first-order condition yields:

v'(q(t™)) - 4'(#)
=r (3)
v(q(tM))
The monopolist releases when the proportional rate of quality improvement equals the discount

rate. This is the classic innovation timing result: the firm balances the marginal value of waiting (better
quality) against the cost of delay (discounting).
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3.2. Duopoly Equilibrium
In the duopoly, we look for a symmetric Nash equilibrium in release times. The key insight is that

preemption creates a discontinuity in payoffs at t; = ¢;: a firm gains discretely by releasing an instant
before its rival.

Lemma 1 (No Pure-Strategy Equilibrium with Interior Timing). If & > 1/2, there is no pure-strategy
Nash equilibrium with t; = ty =t > 0and t < t.

Proof. Suppose both firms release at t > 0. Each earns e "'v(g(t)) /2. By releasing at t — ¢, firm i earns
approximately e "o (q(t))a > e "v(g(t))/2 for small ¢, a profitable deviation. [

Following Fudenberg and Tirole (1985), we characterize the equilibrium using the concept of a
preemption time: the earliest time at which a firm is willing to release if it expects the rival to release an
instant later.

Definition 1 (Preemption Time). The preemption time t* is the earliest t such that:

e "o(q(t))a = e To(q(F)) (1~ a) (4)

for all | > t, where the left side is the payoff from leading at t and the right side is the payoff from optimally
following.

Proposition 2 (Equilibrium Release Timing). In the unique symmetric equilibrium:
(i)  Both firms release at t* defined by

rE

o(q(B)(1 —«) )

e " o(q(t*))a = maxe”

P>t
(i) t* is strictly less than t™M (the monopolist’s release time).
(iii) t* is decreasing in «a: stronger first-mover advantage leads to earlier release.

Proof. See Appendix A. The argument adapts the construction in Fudenberg and Tirole (1985) to our
setting with continuous quality improvement. The key is that the leader’s payoff L(t) = e "'v(q(t))a
crosses the follower’s optimized payoff F(t) = max;., e ""0(q(F))(1 — a) exactly once from below,
defining t*. O

Interpretation. The equilibrium has a “war of attrition” flavor: both firms would prefer to wait
longer, but neither can credibly commit to waiting because the rival could preempt. The result is a race
to the bottom in release timing.

3.3. Parametric Example

To build intuition, consider the following parametric specification:

gty =1—¢", v>0 (6)
v(q) =q )
h(g) = (1—¢q)? )

Under this specification, the monopolist’s optimal release time is:

tM:11n<7+r> )
Y T
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The duopoly equilibrium time ¢* solves:

e ™ (1 — e )a = max e*’E(l - e*ﬁ)(l —a) (10)
P>t

The follower’s optimal response given leader release at t* is to release at t" (since the follower
faces no further preemption threat), yielding:

e (1 —e " = e_’tM(l - e_VtM)(l —a) (11)
4. Welfare Analysis
4.1. Social Optimum
The social planner solves:
£ = arg max et @ — Ah(q(t)) (12)

The first-order condition is:

o (q(t))q (877) /2 = A (q())q' () _
o(q(t*+))/2 — Ah(q(t)) =7 (13)

Proposition 3 (Socially Premature Release). In equilibrium, release occurs before the social optimum:
t* < t**. The welfare gap t** — t* is:

(i)  Increasing in « (first-mover advantage),
(ii)  Increasing in A (social cost of safety failures),
(iii) Decreasing in r (discount rate).

Proof. The social planner’s timing accounts for the safety externality (—AK (q)q’(t) > 0 pushes toward
later release) and uses equal market shares (eliminating preemption incentives). Both forces imply
t** > t*. The comparative statics follow from the implicit function theorem applied to the equilibrium
and social planner FOCs. See Appendix A. [J

4.2. Decomposing the Welfare Loss

The welfare loss from equilibrium play relative to the social optimum has two components:

W) = W) = W) = WEM] + W) — W ()] (14)

Total welfare loss Safety externality Preemption distortion

The first term captures the loss from ignoring safety (present even for a monopolist). The
second captures the additional loss from competitive preemption. Both are strictly positive under our
assumptions.

5. Policy Interventions

We now analyze three regulatory instruments.

5.1. Minimum Quality Standards

Suppose the regulator imposes a minimum quality standard §, requiring q(t;) > 7 before release.
This is equivalent to a minimum development time f = g~ 1(§).

Proposition 4 (Optimal Minimum Standard). There exists a minimum standard §* = q(t**) that imple-
ments the social optimum as the unique equilibrium. Moreover:

(i) Anyge (q(t*),q(t*)) strictly improves welfare over laissez-faire.
(i)  Standards set above q(t**) reduce welfare (excessive delay).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.2470.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2026 d0i:10.20944/preprints202603.2470.v1

7 of 18

(iii) The optimal standard §* is increasing in A and a.

Proof. With binding standard § > q(t*), the earliest feasible release time is f = g~ 1(g) > t*. If > tM,
preemption incentives vanish and both firms release at £. If t* < F < tM, the preemption game restarts
at f but with reduced scope. Setting § = g(t**) eliminates the gap entirely. [

Policy implication. This result supports mandatory safety evaluations as a welfare-improving
instrument, provided the standard is calibrated correctly.

Real-world analogue: the EU AI Act. The EU AI Act (effective August 2024, phased implemen-
tation through 2027) is the world’s most comprehensive minimum quality standard regime for AL
It requires conformity assessments for high-risk Al systems before market placement, and imposes
additional obligations on general-purpose Al models with systemic risk (those trained above 10%
FLOP), including adversarial evaluations and incident reporting. This maps directly to a binding
quality standard 7 that prevents release until the standard is met. Two practical challenges illuminate
the limits of Proposition 4: first, the EU has struggled to specify harmonized technical standards
(the CEN/CENELEC process has faced repeated delays), and a standard that cannot be precisely
defined may function as a de facto delay rather than a quality gate. Second, the standard applies only
within the EU—firms may release earlier in unregulated jurisdictions, generating regulatory arbitrage.
California’s SB 1047, which would have imposed safety requirements on frontier Al developers, was
vetoed in September 2024; the replacement SB 53 (signed September 2025) requires only transparency
disclosures, not quality testing. This trajectory illustrates that optimal standards face political economy
constraints not captured in our model.

5.2. Mandatory Release Delays

Now suppose the regulator mandates that a firm must wait A > 0 periods after announcing
completion before releasing. The intended effect is to slow the race. We show the opposite occurs.

Assumption 5 (Announcement Game with Quality Lock-In). Under mandatory delay A, the game has two
stages:

(i) Firm i chooses announcement time a; > 0 (publicly declaring model ready).

(ii)  Upon announcement, the firm enters a regulatory review period. Development ceases and model quality is
locked at q(a;).

(iii) Release occurs at t; = a; + A with quality q(a;).

(iv) Market share priority is determined by release time (equivalently, announcement time, since A is common).

The quality lock-in assumption captures a realistic feature of regulatory review: once a firm
submits a model for evaluation, the evaluated artifact is frozen. The firm cannot continue improving
the model during the review period. This is analogous to pharmaceutical regulation, where the drug
submitted for FDA review cannot be reformulated during the approval process.

Proposition 5 (Mandatory Delays Backfire). Under mandatory delay A with quality lock-in:

(i) The equilibrium announcement time is a*(A) = max{0, t* — A}.

(ii)  Actual release time is max{t*, A}, but deployed quality is q(max{0, t* — A}), which is strictly lower
than laissez-faire quality q(t*) for all A € (0,t*).

(iii) For A < t*: release timing is unchanged at t*, but quality drops from q(t*) to q(t* — A). Welfare is
strictly lower than laissez-faire.

(iv) For A > t*: firms announce immediately (a* = 0), locking in minimal quality q(0) = qo. Release occurs
at A, but with the worst possible model.

(v)  Welfare under mandatory delay is strictly lower than under laissez-faire for all A > 0, and strictly lower
than under the optimal minimum standard for all A.
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Proof. The firm’s problem under mandatory delay is:

max e (@ +A) .
ai

v(q(a;)) - si(a;, a;)

where quality is (4;) (locked at announcement) but discounting and market timing use the release
date a; + A.

The preemption logic applies to announcements: each firm wants to announce just before its rival.
The announcement preemption time satisfies a* + A = t*,i.e,, a* = t* — A when A < t*.

Case 1 (A < t*): Announcement at a* = t* — A, release at t*. Release timing is unchanged, but
quality drops from q(t*) to g(t* — A) < q(+*). Social welfare is:

wiw) =20 [HEZ0) gy
Since g(t* — A) < g(t*), both v(-) falls and h(-) rises, so W(A) < W(0): welfare is strictly below
laissez-faire.
Case 2 (A > t*): Firms announce at a* = 0, locking in quality 4(0) = go. Release occurs at A.
Welfare is:

w(a) =204 200 )|

which is negative for typical parameters (high harm from minimal quality) and unambiguously worse
than both laissez-faire and minimum standards. [

Key insight. Mandatory delays regulate the wrong margin. They constrain the time between
announcement and release, but the strategic variable is the announcement itself. Firms shift their
competitive behavior upstream to the announcement stage. Critically, because development ceases
upon announcement (quality lock-in), earlier announcement directly degrades the deployed model.
The delay intended to buy time for safety instead compresses the development window, producing
lower-quality, less safe systems. This mechanism is robust: any A > 0 strictly reduces welfare relative
to laissez-faire. By contrast, minimum quality standards directly constrain the relevant variable (model
quality at release) and therefore cannot be gamed in this way.

Remark 1 (When Could Delays Work?). The delay backfire result depends critically on quality lock-in
(Assumption 5): development ceases upon announcement. If instead firms could continue improving models
during the waiting period (no lock-in), the delay would not compress the development window. Formally, without
lock-in, a delay A shifts release from t* to t* + A with quality q(t* + A) > q(t*), unambiguously improving
quality.

Three conditions must hold simultaneously for delays to backfire: (i) quality lock-in during the waiting
period, as in requlatory review processes that freeze the evaluated artifact (analogous to FDA drug review, where
reformulation during review is prohibited; see Peltzman 1973); (ii) intense competition, so preemption incentives
are strong enough to drive announcement forward; and (iii) first-mover benefits accrue at announcement rather
than release, so firms cannot simply announce without consequence. When any of these conditions fails—for
instance, if the regulator allows continued development during review, or if competition is weak (« close to
1/2)—delays may improve or have no effect on welfare. In addition, if the delay serves a screening function that
differentially filters high-quality from low-quality submissions (cf. Weitzman 1974), the informational benefit of
delay could outweigh the quality lock-in cost. Our result is therefore best understood as identifying a specific but
empirically relevant failure mode, rather than as a universal indictment of waiting periods.

Real-world analogue: China’s algorithm filing system. China’s Cyberspace Administration
(CAC) operates the only functioning mandatory pre-release approval regime for Al models: since
August 2023, generative Al services must pass algorithm filing and security assessment before de-
ployment. By October 2025, thousands of algorithm filings had been approved. The Chinese system
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embodies precisely the mandatory delay mechanism analyzed here—firms must submit models for
review, during which the evaluated artifact is frozen. Whether the resulting quality lock-in leads to
the welfare losses predicted by Proposition 5 is an empirical question, but the mechanism design
concern applies in principle. Notably, the Biden administration’s Executive Order 14110 (October 2023)
imposed compute-threshold reporting requirements for frontier models—a partial delay mechanism—
before being revoked on January 20, 2025 by the incoming administration, illustrating the political
fragility of delay-based instruments.

5.3. Voluntary Safety Commitments

Finally, we consider whether firms can sustain cooperative delay through voluntary commitments,
as exemplified by Anthropic’s Responsible Scaling Policy (RSP) or industry pledges at the 2023 Al
Safety Summit.

Definition 2 (Safety Commitment). A safety commitment is a publicly announced minimum release time
f; > 0. Commitment is credible if deviating (releasing before t;) is observable and triggers a punishment.

Proposition 6 (Self-Regulation as Coordination). Comnsider a two-stage game: (1) firms simultaneously
announce commitments t;; (2) firms play the release timing game subject to t; > f;.

(i) If commitments are not credible (F; is cheap talk), the unique equilibrium is t* (commitments are ignored).

(i) If commitments are credible, there exists a subgame-perfect equilibrium with t; = f, = tC where
t* < t€ < M, improving welfare over laissez-faire.

(iii) The cooperative release time t© can approach t** if firms partially internalize safety costs (e.g., through
reputational concerns or liability).

(iv) Cooperation is easier to sustain when a is smaller (less first-mover advantage) and when firms are more
patient (lower r).

Proof. Part (i) follows because cheap talk does not change the payoff structure. For part (ii), with
credible commitments to f > tM, both firms release at f and earn e "*v(g(f))/2. This exceeds the

—rt*

preemption equilibrium payoff e " v(g(t+*)) /2 (since at t* both firms split equally) when f is not too

far above tM. The commitment eliminates the preemption incentive because deviating to release early
is no longer feasible. See Appendix A for the full construction. [J

5.4. Pigouvian Safety Tax

The textbook solution to a negative externality is a Pigouvian tax. Suppose the regulator imposes
a per-release tax 7(q) that is decreasing in quality: deploying a lower-quality model incurs a higher
tax.

Proposition 7 (Optimal Pigouvian Tax). Consider a safety tax T(q) = Ah(q) levied at release:
(i)  Each firm’s problem becomes

max e~ "i[o(q(t;)) — Ah(q(t:))]si(ti 1))

t;

which internalizes the safety externality.
(ii)  The tax shifts the monopolist’s optimal release time from t™M to tM > tM where tM solves

[0"(q) — AR (g)lg'(t) _
v(q) — Ah(q)

(iii) In the duopoly, the preemption time shifts to t7 > t*, but t; < t** unless the tax also addresses the
preemption distortion. Specifically,
<t <t =M
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(iv) The Pigouvian tax partially corrects the externality but cannot fully implement the social optimum because
it does not eliminate the preemption incentive. A combination of the Pigouvian tax (addressing safety) and
a minimum standard (addressing preemption) can achieve the first-best.

Proof. Parts (i)—(ii): With the tax, the net value function becomes 9(q) = v(g) — Ah(q), which satisfies
?'(q) > 0,9"(q) < 0under our assumptions (since v < 0 and #” > 0). The monopolist’s timing
condition now accounts for the marginal safety benefit of delay (—Ah'(q)q’(t) > 0), pushing release
later.

Part (iii): The preemption game with the tax is equivalent to the baseline game with ¢ replacing
v. Since 9(q)/v(q) is increasing in g (the tax penalizes low quality disproportionately), the leader
payoff L(t) = e"9(q(t))a peaks later, and the preemption crossing occurs at 2 > t*. However, the
preemption distortion (x > 1/2) remains, so t < tM = ¢**.

Part (iv): The remaining gap +** — t; is due purely to preemption. A minimum standard § > q(+**)
closes this gap. The two instruments are complementary: the tax handles the externality, the standard
handles preemption. [

Quantitative illustration. Under our baseline parameterization (¢« = 0.7, v = 1.0, r = 0.1,
A = 1.0), the Pigouvian tax shifts the equilibrium release time from t* = 0.38 to t; = 0.78, closing
54% of the welfare gap between laissez-faire and the social optimum. The remaining gap reflects the
preemption distortion that the tax cannot address. See Figure 1.

(a) Release Timing Under Each Instrument (b) Welfare Ranking of Policy Instruments
_________________________________________ <D ] 0.75 0.702 0.705 ]
2.5
2.0
fo)
£ 5
= 1.5 =
2 -—- =264 =
1.0 3

0.59

1144
144

Laissez- Pigouvian Voluntary Standard Delay Laissez- Pigouvian  Voluntary Standard
faire Tax Commit. (First-Best) LA=t"/2) faire Tax Commit. (First-Best)

0.0-

Figure 1. Pigouvian Tax Analysis. (a) Release timing under each policy instrument. (b) Welfare ranking: standards
achieve the first-best; the Pigouvian tax closes 54% of the gap; mandatory delays make welfare worse than
laissez-faire.

Policy synthesis. Table 1 summarizes the four instruments.

Table 1. Comparison of Policy Instruments.

Instrument Addresses Implements Welfare
First-Best?  vs. Laissez-faire
Minimum standard §* Preemption + safety Yes +
Pigouvian tax 7(q) Safety only No +
Voluntary commitment Preemption (if credible) Partially +
Mandatory delay A Neither (wrong margin) No -

6. Extensions
6.1. Asymmetric Firms

We relax the symmetry assumption by allowing firms to differ in development speed: firm 7 has
quality q;(t) = q(7;t) where 1 > v, (firm 1 develops faster).
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Proposition 8 (Asymmetric Equilibrium). When y1 > 75:
(i) The faster firm releases first in the unique equilibrium. Firm 1 releases at t] defined by

e Mo(g(yit])e = maxe o(q(y2F)) (1 - )
>4
and firm 2 follows at its monopolist-optimal time t; = th > t;.
(ii)  The welfare loss is larger than in the symmetric case with oy = 71, because firm 2 releases with quality
q(r2t3") < a(mity).
(iii)  There exists a threshold <y such that if 7y, < 7, firm 2's optimal follower profit is below its outside option,
and it exits.

Proof. Define L;(t) = e "*v(q(7;t))a and F;(t) = max-; e "T0(q(v;f)) (1 — «). Since 41 > 72, firm 1’s
leader payoff rises faster and peaks earlier than firm 2’s. Firm 1’s preemption time ¢} < t3, so firm 1
leads. The follower (firm 2) then faces no preemption threat and optimizes over its own timing. Part
(iii): the follower payoff F} = e 2! o(q(72t3)) (1 — &) is continuous and decreasing in 71 /y2; when
this ratio is large enough, F; falls below any fixed outside option. [

Interpretation. Asymmetry intensifies the race for the leader but paradoxically relaxes pressure
on the follower. The faster firm races harder (lower t]) because it knows the follower cannot credibly
preempt. This matches the industry pattern where a clear frontrunner (OpenAl in 2023) faces more
release pressure than followers who can take a “fast follower” approach.

6.2. N Firms

With N > 2 firms competing, the first releaser captures share a, while each of the N — 1 followers
receives (1 —a)/(N —1).

Proposition 9 (More Firms, Earlier Release). As N increases:

(i) Equilibrium release time t*(N) is strictly decreasing in N.
(ii)  The welfare gap t** — t*(N) is strictly increasing in N.
(iii) The marginal acceleration diminishes: t*(N) — t*(N + 1) is decreasing in N.

—rt

Proof. The preemption condition equates the leader payoff L(t) = e

—rf

v(g(t))a to the follower pay-
off Fy(t) = max, e "v(q(F)) - (1 —a)/(N —1). Increasing N reduces Fy/(t) for every t without
affecting L(t). Since L crosses Fy from below, and Fy shifts down, the crossing point ¢*(N) moves
left. Part (ii) follows directly. For part (iii), Fy(t) = Fx(t)/(N — 1), so the shift from N to N +1
is F,(t)/(N —1) — K(t)/N = F(t)/[N(N — 1)], which is decreasing in N, implying diminishing
marginal acceleration. [

This result generates a striking policy implication:

Corollary 10 (The Concentration Paradox). Market concentration in Al development—holding other factors
constant—reduces the pressure for premature release and improves safety outcomes. Specifically, total welfare
under a duopoly (N = 2) exceeds welfare under an oligopoly (N > 2) because the duopoly releases later with
higher quality.

This creates a genuine policy tension: antitrust authorities may seek to promote competition in
Al markets on traditional efficiency grounds, but doing so exacerbates the safety externality from
premature release. The “right” number of Al firms balances static efficiency gains from competition
against the dynamic welfare losses from accelerated release. Proposition 9 shows that the safety cost of
competition can be substantial, particularly when « is large (strong lock-in) and A is large (high safety
stakes).
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6.3. Open-Source as Strategic Release

We extend the model by allowing firms to choose release mode in addition to timing. At release
time t;, firm i chooses m; € {C, O} (closed or open). Closed release yields the standard payoff. Open
release yields zero direct revenue but commoditizes the market: it reduces the first-mover advantage
from « to & < « for all subsequent releases, as open-source alternatives reduce switching costs.

Proposition 11 (Strategic Open-Sourcing). Consider an asymmetric duopoly with vy > vy, (firm 1 faster):

(i) If both firms are closed, the equilibrium is as in Proposition 8: firm 1 leads at t].
(ii)  The slower firm (firm 2) prefers open-source release if the commoditization effect is sufficiently strong:

e "o(g(121)) -0+ & (1) > e " o(g(1283)(1 - w)
——
OS revenue=0 future value under commoditization closed follower payoff

where &,(&) captures firm 2’s continuation value in a commoditized market (e.g., via complementary
services, data advantages, or future product differentiation).

(iii) Open-sourcing by the slower firm accelerates the leader’s release: t;(O) < ti(C), because the leader
anticipates commoditization and rushes to capture rents before the market is disrupted.

(iv) The welfare effect of open-sourcing is ambiguous: it reduces first-mover rents (good) but accelerates the
race (bad).

Proof. Part (ii): Firm 2’s closed follower payoff is bounded by (1 — «) - et o(q(72t)1)). If a is large
(winner-take-most), this is small. Open-sourcing yields , (&) which can exceed the closed payoff when
commoditization reduces « substantially and firm 2 has complementary assets. Part (iii): The threat of
commoditization effectively reduces the leader’s future payoff from delay, making the leader’s value
function steeper and the preemption time earlier. Part (iv): The welfare effect depends on whether the
quality loss from accelerated release outweighs the gain from reduced monopoly distortion. [

Application. This rationalizes Meta’s strategy of open-sourcing Llama while trailing OpenAl and
Google DeepMind in capability. Meta’s complementary assets (social media data, advertising revenue,
device ecosystem) give it a large J, even with zero direct model revenue. Meanwhile, open-sourcing
pressures closed competitors to release faster—consistent with the observed acceleration of release
cadence after Llama’s release.

6.4. Staged Release and Information Revelation

Firms may release in stages: research paper, limited API, broad deployment. We model this as a
choice of release breadth b € [0,1], where b = 0 is a paper-only release and b = 1 is full deployment. A
release of breadth b at time ¢ yields:

e Market share: s;(t,b) = b - s;(t) (proportional to breadth).

e Safety information: reveals a signal o ~ G(gq,b) about true risk, with informativeness increasing
inb.

e Harm: h(g,b) =b- h(q) (harm proportional to deployment scale).

Proposition 12 (Staged Release as Screening). Consider a two-period extension where a firm can release at
breadth by in period 1 and update to by < 1 in period 2 after observing the safety signal o

(i)  Safety screening: The optimal staged release sets b} < 1, deploying narrowly first to learn about risks.
The value of staging is increasing in the variance of the harm distribution and in A (safety weight).

(ii) ~ Strategic signaling: A firm with quality q > q* (above a threshold) releases a research paper (by ~ 0) as
a credible signal, because only high-quality firms can afford to reveal capabilities without capturing market
share immediately.

(ii)) Competition erodes staging: In equilibrium, the number of stages and the duration of limited deployment
decrease with the first-mover advantage «, because the opportunity cost of delayed full deployment rises.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.2470.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 March 2026 d0i:10.20944/preprints202603.2470.v1

13 of 18

Proof sketch. Part (i): With staged release, expected harm is bih(g) + (1—b1)E[max{0,byh(q) | o'}].
The option to withdraw after observing ¢ is valuable, and this value increases in the variance of i and
in A. Part (ii): Releasing a paper reveals g to the market, increasing demand for the eventual product.
Low-quality firms prefer not to reveal, creating a separating equilibrium above threshold g*. Part (iii):
The cost of staging is the forgone first-mover advantage (1 — by )ae "*v(g(t)), which increases in a. [

Application. The model explains why OpenAl published GPT-4’s system card before broad
deployment, why Anthropic releases Claude models with initial rate limits that gradually expand, and
why Google’s Gemini had a staged rollout from API to consumer product.

6.5. Stochastic Quality

Our baseline assumes deterministic quality improvement. We now sketch an extension with
stochastic breakthroughs that strengthens the delay backfire result.

Suppose quality evolves as dg = u(q) dt + c(q) dB;, where B; is a standard Brownian motion.
Quality is no longer deterministic—there is genuine uncertainty about when a model will be “ready.”

Proposition 13 (Stochastic Quality Strengthens Delay Backfire). Under stochastic quality:

(i) Firms possess an option value of continued development: the option to delay release if a bad quality shock
occurs. The option value is increasing in o (quality uncertainty).

(ii)  Mandatory delays with quality lock-in destroy this option value, because firms must commit at announce-
ment time (before the delay period) and cannot respond to subsequent quality realizations.

(iii) The welfare loss from mandatory delays is strictly larger under stochastic quality than under deterministic

quality: thzlfg < Wgeetlay forall A > 0,0 > 0.
(iv) Minimum quality standards preserve the option value, since firms can continue developing until the

standard is met, regardless of the quality path.

Intuition. Under uncertainty, flexibility has value. Minimum standards are compatible with
flexibility (keep developing until ready); mandatory delays with quality lock-in are not (commit before
the waiting period, losing the ability to respond to new information). This deepens the distinction
between the two instruments beyond the deterministic case.

7. Empirical Implications

Our model generates several testable predictions:

1.  Clustering of releases. Equilibrium involves simultaneous release. Empirically, we should
observe clustering of major Al releases within narrow time windows. Early evidence includes
GPT-4 (March 2023), Gemini (December 2023), and Claude 3 (March 2024). The most striking
confirmation came in November 2025, when four frontier models were released within six
days: xAl’s Grok 4.1 (November 17), Google’s Gemini 3 Pro (November 18), OpenAl’s GPT-
5.1 (November 12-24), and Anthropic’s Claude Opus 4.5 (November 24). This unprecedented
clustering is precisely the equilibrium prediction: once one firm’s release becomes imminent, all
rivals release near-simultaneously at t*.

2. Release gaps shrink with competition. As more firms reach the capability frontier, the time
between successive releases should decrease. The gap between GPT-3 (June 2020) and GPT-3.5
(November 2022) was 29 months; between GPT-3.5 and GPT-4, 4 months. By 2025, internal
reports confirmed the mechanism: OpenAl CEO Sam Altman declared “Code Red” in December
2025 after Google’s Gemini 3 surpassed ChatGPT on major benchmarks, redirecting resources
to accelerate the next release. Industry sources described models being “released to the public
without a lot of holding time” due to competitive pressure, with employees requesting delays
overruled by strategic urgency.

3.  First-mover advantage predicts timing. Markets with stronger lock-in effects (enterprise API
adoption) should see earlier release than markets with weaker lock-in (consumer chatbots).
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4. Voluntary commitments correlate with patience—but unravel under pressure. Firms with
longer time horizons (e.g., well-capitalized labs) should be more likely to adopt voluntary safety
commitments. Consistent with Proposition 6(iv), commitments should be harder to sustain when
« is large. Anthropic’s February 2026 revision of its Responsible Scaling Policy—dropping the
commitment to pause scaling when safety lagged—is a direct empirical confirmation: even the
most safety-committed firm concluded that unilateral restraint was untenable under intensifying
competition.

5. Capability-gap releases. A firm that achieves a significant capability jump should delay release
more (to maximize the quality advantage), while a firm with a marginal improvement should
release faster (before the gap closes).

6. Concentration and safety. Periods or segments with fewer frontier competitors should exhibit
longer development cycles and higher model quality at release. The entry of new frontier labs
(e.g., xAl'in 2023, DeepSeek in 2025) should be followed by accelerated release schedules across all
incumbents. DeepSeek’s January 2025 release of RI—matching OpenAl’s 01 on key benchmarks
at a fraction of the cost—triggered a market-wide acceleration, with NVIDIA shares falling 20%
and rival labs scrambling to respond. By mid-2025, Epoch Al counted over 30 models trained
above 102 FLOP from 12 developers, consistent with the prediction that ¢*(N) is decreasing in
N.

7. Regulatory arbitrage in delays. If jurisdictions impose mandatory pre-release waiting periods,
firms headquartered there should announce earlier (not later), and the quality of models released
under delay mandates should be measurably lower than comparable models released without
such mandates.

8. Conclusion

We have presented a formal model of Al release timing as a preemption game with safety
externalities. Our central results are: (1) competition leads to socially premature release; (2) minimum
quality standards can implement the first-best, but mandatory delays strictly worsen outcomes due to
quality lock-in at the announcement stage; (3) Pigouvian safety taxes partially correct the externality
but cannot eliminate preemption; (4) voluntary safety commitments can sustain cooperative outcomes
when credible; and (5) more competition exacerbates the race, creating a tension between antitrust
goals and safety objectives.

The broader message is that the “Al race” is not merely a metaphor—it is a well-defined strate-
gic interaction with predictable welfare consequences. Designing effective Al governance requires
understanding these strategic incentives, not merely cataloging potential harms. In particular, the
quality lock-in result suggests that well-intentioned regulatory delays can be counterproductive: if
development ceases during mandatory review periods, firms will rush to announce earlier, deploying
less developed systems. The policy implication is clear: regulate quality directly, not timing. Pigouvian
taxes can complement standards by making firms internalize safety costs, but the preemption distortion
requires quantity-based instruments (standards) rather than price-based instruments (taxes) alone—an
Al-specific echo of the Weitzman (1974) prices-vs-quantities insight.

Several directions merit further investigation. First, a full dynamic model with stochastic break-
throughs would capture the option-value aspects of Al development more richly. Second, incorporating
asymmetric information about capabilities would formalize the signaling aspects of staged releases.
Third, an empirical analysis using the growing database of Al model releases could test our predictions
and calibrate the model. Fourth, the concentration paradox deserves deeper investigation: characteriz-
ing the socially optimal market structure for Al development when safety externalities interact with
scale economies and innovation incentives is a first-order policy question.
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Appendix A. Proofs
Appendix A.1. Proof of Proposition 2
We adapt the argument in Fudenberg and Tirole (1985). Define:
L(t) = e""o(q(t) a (A1)
F(t) = maxe "To(q(F)(1 — a) (A2)

>t

L(t) is the payoff from leading at t; F(t) is the follower’s optimized payoff given the leader
released at .
Properties of L(t):
. L(0) = olgo)a > 0
e L(t) is single-peaked: L'(t) = e "[0'(q(t))q'(t) — rv(q(t))]a, which is positive for small t and
negative for large t.
e L(t) > 0ast— oo.

Properties of F(t):
e  F(t)is weakly decreasing in f (earlier leader release gives the follower more time to optimize).

e Fortsmall, F(t) = e_’tMv(q(tM ))(1 — a) (follower optimally waits until tM).
e Fort>tM F(t) = e "ov(q(t))(1 — a) (follower releases immediately).

Att =0: L(0) = v(go)a versus F(0) = e_”Mv(q(tM))(l — a). For a not too close to 1 and go small,
L(0) < F(0): it is better to follow than to lead at t = 0.

Att =M LMY = ey (g(1M))a > e o(g(PM)) (1 — &) = F(¢M).

By continuity, there exists t* € (0,t™) where L(t*) = F(t*). This is the preemption time. At t*,
each firm is indifferent between leading and following. For t < t*, following is preferred; for ¢ > t*,
leading is preferred. The unique equilibrium has both firms releasing at t* (with mixing to handle the
simultaneous case).

The comparative static 9t*/da < 0 follows because increasing « raises L(t) and lowers F(t),
shifting the crossing point to the left.

Appendix A.2. Proof of Proposition 3

The social planner’s FOC (13) implies that t** equates the rate of return to waiting (quality
improvement net of safety improvement) to the discount rate. Since the planner:
(a) Faces no preemption incentive (s; = 1/2 always),
(b) Internalizes safety (Ah(g(t)) term),
t** is determined by a strictly higher marginal benefit of waiting than is faced by either firm in
equilibrium. Hence t** > t*.

For the comparative statics: (i) Higher « decreases t* (Proposition 2) without affecting t**. (ii)
Higher A increases t** without affecting t*. (iii) Higher r decreases both t* and t**, but decreases t**
more because the safety externality term is also discounted.

Appendix A.3. Proof of Proposition 5
Under mandatory delay A with quality lock-in (Assumption 5), the firm’s problem is:

7T(ﬂi+A) . . . .
max ¢~ Vo g(ar)s a1

Note the crucial distinction from the baseline: the value function evaluates quality at 2; (announcement
time, when development ceases), while discounting uses a; + A (release time).
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The preemption structure in announcements is identical to the baseline game in release times.
Define the announcement leader payoff:

L(a) = e "o (q(a))a

and announcement follower payoff (follower optimally announces at af = t™ — A if leader announced
ata < af):

F(a) = maxe™" ™Yo (q(a)) (1-a) = e "*Fo(a)
where Fy(a) is the follower payoff from the baseline game. Similarly, L(a) = e "¢ "0 (q(a))a.

The preemption announcement time a* satisfies L.(a*) = F(a*), which (dividing by e~"*) reduces
to the baseline preemption condition at a*. Hence a* = t* — A when A < t*, and a* = 0 when A > t*.

Case 1 (A < t*): Release at a* + A = t* (unchanged), but quality is q(+* — A) < g(t*). This strictly
reduces both consumer value and safety relative to laissez-faire, since v'(q) > 0 and #’(g) < 0.

Case 2 (A > t*): Announcement at a* = 0, quality q(0) = go (minimum), release at A. Welfare
is 2¢7[v(q0) /2 — Ah(qo)], which is strictly negative for typical parameters and strictly below both
laissez-faire and any minimum standard.

The strict welfare dominance of minimum standards follows because standards constrain quality
directly (q(t;) > q at release), ensuring development continues until the standard is met. Delays
create a wedge between the quality determination date (announcement) and the release date, allowing
preemption to erode quality while release timing appears unchanged.

Appendix A.4. Proof of Proposition 6

Part (i): If commitments are cheap talk (not enforceable), the release subgame is identical to the
baseline. Each firm announces #; = t** but deviates to t* in the release stage, since L(t*) = F(t*)
and deviating yields the preemption payoff. Cheap talk does not alter the incentive-compatibility
constraints of the release game.

Part (ii): With credible commitments, the binding constraint is t; > f;. Consider symmetric
commitments f; = #, = C. If {C > M, both firms release at t and earn 7€ = e~"*"v(g (<)) /2. This

exceeds the preemption payoff 77* = e~ v(g(t*)) /2 when

e r(te=t7) o(q(t%))
v(g(t))

which holds for t© near t" because t" maximizes the monopolist’s discounted value. The commitment

>1

eliminates preemption by making early release infeasible, converting the preemption game into a
coordination game with a Pareto-superior equilibrium at .
Part (iii): If firms internalize fraction ¢ € [0, 1] of safety costs (e.g., through reputational liability),
the cooperative optimum shifts toward +**. As ¢ — A/(A + 1), the cooperative t© converges to +**.
Part (iv): Sustainability requires that the one-shot deviation gain from releasing at t* given the
other firm commits to € does not exceed the punishment cost. The deviation gain is e~ v(g(t*))a —

e*’tcv(q(tc) )/2, which increases in « (larger first-mover advantage makes deviation more tempting).
A lower discount rate r increases the weight on future punishment, making cooperation easier to

sustain in repeated interactions.

Appendix A.5. Proof of Proposition 7

Parts (i)—(ii): The tax 7(g) = Ah(q) adds a cost at release, making firm i’s payoff e~ "' [v(q(t;)) —
Ah(q(t;))]s;. Define 6(q) = v(q) — Ah(g). Under our assumptions (v > 0, i’ < 0), we have 9/(q) =
v'(q) — AW’ (q) > 0. The monopolist maximizes e ~"*9(g(t)), yielding the FOC &' (q(t))q'(t) /0(q(t)) = r.
Since ¥'(q)/0(q) > ©'(q)/v(q) for ¢ < Q (the tax penalizes low quality disproportionately), the LHS at
any given t is larger under the tax, so the FOC is satisfied at a later time: ¥ > tM.
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Part (iii): The preemption game with the tax replaces v with . The leader payoff L(t) =
e "9(q(t))a peaks at t¥ > tM while the follower payoff shifts commensurately. The preemption
crossing L(t%) = F(t*) occurs at £ > t*. However, the structural preemption distortion (x > 1/2)
persists: the leader still has disproportionate incentive to release early. Hence t% < tM = ¢**,

Part (iv): The gap t** — t is due entirely to the preemption distortion, which the tax cannot
address (it only adjusts the payoff level, not the share structure). A minimum standard § > q(+**)
binds the release timing directly, closing the remaining gap. Together, the tax internalizes the externality

and the standard eliminates preemption.

Appendix A.6. Proof of Proposition 13 (Sketch)

Under stochastic quality dg = p(q) dt + o(q) dB, the firm’s release problem becomes an optimal
stopping problem:

V(g) = sng[e‘”v(qT)si | 90 = q]

where 7 is a stopping time adapted to the filtration generated by g;.

Part (i): By standard real options theory, the optimal stopping boundary g5, satisfies g5, > 430
(the threshold exceeds the deterministic optimum) because waiting preserves the option to stop at a
higher quality realization. The option value V(g) — v(g) is positive and increasing in ¢.

Part (ii): Under mandatory delay with lock-in, the firm must announce at time 7, and deploy
quality g+, at time 1; + A. The announcement decision at 7, must be made without knowing the quality
path during [7;, T, + A]. Even though quality continues evolving, the deployed model is frozen at g, .
This eliminates the option to “undo” a bad draw—the firm cannot withdraw after announcement even
if quality deteriorates, and cannot benefit from improvements during the delay period.

Part (iii): The welfare gap between deterministic and stochastic cases under mandatory delays
is E[option value destroyed] > 0 for all ¢ > 0. Under deterministic quality, mandatory delays cause
welfare loss Wg:tlay < WLE. Under stochastic quality, the additional loss from destroyed option value

implies Wizlc?l < Wg:tlay.

Part (iv): Standards set a threshold 4 that the firm must exceed at release time. The firm’s stopping
rule becomes T = inf{f : g; > 4}, which preserves full flexibility to continue developing if quality is
temporarily below the threshold due to a bad shock. The option value under standards is V*9(g) >

vdetstd(g) (weakly greater than deterministic because upside shocks are captured).
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