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            Abstract
Human achievements are often preceded by repeated attempts that fail, but little is known about the mechanisms that govern the dynamics of failure. Here, building on previous research relating to innovation1,2,3,4,5,6,7, human dynamics8,9,10,11 and learning12,13,14,15,16,17, we develop a simple one-parameter model that mimics how successful future attempts build on past efforts. Solving this model analytically suggests that a phase transition separates the dynamics of failure into regions of progression or stagnation and predicts that, near the critical threshold, agents who share similar characteristics and learning strategies may experience fundamentally different outcomes following failures. Above the critical point, agents exploit incremental refinements to systematically advance towards success, whereas below it, they explore disjoint opportunities without a pattern of improvement. The model makes several empirically testable predictions, demonstrating that those who eventually succeed and those who do not may initially appear similar, but can be characterized by fundamentally distinct failure dynamics in terms of the efficiency and quality associated with each subsequent attempt. We collected large-scale data from three disparate domains and traced repeated attempts by investigators to obtain National Institutes of Health (NIH) grants to fund their research, innovators to successfully exit their startup ventures, and terrorist organizations to claim casualties in violent attacks. We find broadly consistent empirical support across all three domains, which systematically verifies each prediction of our model. Together, our findings unveil detectable yet previously unknown early signals that enable us to identify failure dynamics that will lead to ultimateÂ success or failure. Given the ubiquitous nature of failure and the paucity of quantitative approaches to understand it, these results represent an initial step towards the deeper understanding of the complex dynamics underlying failure.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Mechanisms of chance and learning.


Fig. 2: The k model.


Fig. 3: Testing model predictions.
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Extended data figures and tables

Extended Data Fig. 1 The k model.
aâ€“f, Simulation results from the model (Î±Â =Â 0.6) for the cases of kÂ =Â 0 (a, d) and kÂ â†’Â âˆž (b, e) in terms of the average quality (aâ€“c) and efficiency (dâ€“f) of each attempt. kÂ =Â 0 recovers the chance model, predicting a constant quality (c) and efficiency (f). kÂ â†’Â âˆž predicts temporal scaling that characterizes the dynamics of failure (e) with improved quality (b), recovering predictions from learning curves and Wrightâ€™s law. gâ€“j, Illustration of mapping between failure dynamics (g, h) and canonical ensembles (i, j). The canonical system is characterized by three different states a, b, c with corresponding energy densities Ea(h), Eb(h), Ec(h). Here we assume Ea(h)Â =Â (2ÎµhÂ âˆ’Â 1)2, Eb(h)Â =Â (2hÂ âˆ’Â 1)2 and Ec(h)Â =Â [2Îµ(1Â âˆ’Â h)Â âˆ’Â 1]2 where ÎµÂ â†’Â 0+. The introduction of Îµ is to distinguish state a from state c, both of which can be approximated in the limiting condition Ea(h)Â =Â Ec(h)Â =Â 0. We map fÂ â†’Â (2Î“Â âˆ’Â 1)2, NÂ â†’Â ln[n], hÂ â†’Â K and Ei(h)Â =Â [2Î“i(K)Â âˆ’Â 1]2. In this case, the two transition points k* and k*Â +Â 1 correspond to hÂ =Â 0 and 1 in the canonical ensemble systems.


Extended Data Fig. 2 Predicting temporal dynamics in science, entrepreneurship and security.
aâ€“c, We compare the goodness of fit for three different models in temporal dynamics in NIH grants (a, nÂ =Â 10345), startups (b, nÂ =Â 275) and terrorist attacks (c, nÂ =Â 136). For each individual sample, we take all but the last inter-event time for model fitting (nÂ =Â 1, â€¦, NÂ âˆ’Â 1), comparing model predictions for the last inter-event time. The tested functional forms are power law, tnÂ =Â anb; exponential, tnÂ =Â abâˆ’n; and linear, tnÂ =Â aÂ +Â bn. We then calculate the frequency that each model reaches minimum error, defined as \(|\,\log ({t}_{N})-\,\log ({\hat{t}}_{N})|\), among all three forms. The power-law model offers consistently better predictions. dâ€“f, As in aâ€“c, but using \(|{t}_{N}-{\hat{t}}_{N}|\) as the loss function.


Extended Data Fig. 3 Predicting ultimate success in science, entrepreneurship and security.
aâ€“c, Area under the receiver operating characteristic curveÂ (AUC) of the prediction task. We apply two logistic regression models (Supplementary InformationÂ 6.1) to predict ultimate success in NIH grants (a), startups (b) and terrorist attacks (c). The centres and error bars of AUC scores denote the meanÂ Â±Â s.e.m. calculated from tenfold cross-validation over 50 randomized iterations (green, model 1; red, model 2). d, e, As in a but predicting ultimate success in NIH grants for male (d) and female (e) investigators.


Extended Data Fig. 4 Model validations.
a, b, An illustration of the component dynamics. We extract all MeSH terms associated with the nth attempt, Sn, and calculate the number of new terms mn, defined as \(|{S}_{n}-({S}_{n-1}\cup \cdots \cup {S}_{n-k})|\). b, Testing component dynamics in NIH grant applications. We calculate the dynamics of MnÂ =Â ã€ˆmnã€‰/ã€ˆm1ã€‰ using different k and compare it with Tn. The centres and error bars of Mn show the meanÂ Â±Â s.e.m. (nÂ =Â 5,899) for different k. The shaded area shows meanÂ Â±Â s.e.m. of Tn (log scale) measured on the same subset. All kÂ >Â 3 lead to similar trends between Mn and Tn. câ€“e, Length of failure streak after randomization in science (c), entrepreneurship (d) and security (e). We take the samples used in Fig. 1 and shuffle the success/failure label from each attempt. This operation keeps both the overall success rate and the total number of attempts for each individual constant. fâ€“h, Temporal scaling patterns within the successful group in science (f), entrepreneurship (g) and security (h). We separated the successful group into two subgroups (narrow winners and clear winners) based on eventual performance (0.9 in evaluation score for D1, 0.5 in investment amount for D2 and 1 in wounded individuals for D3). The shaded area shows meanÂ Â±Â s.e.m. of Tn (log scale).


Extended Data Fig. 5 Robustness check on definition of unsuccessful group.
aâ€“l, Robustness check as we change the threshold of inactivity to 3Â years. aâ€“c, Failure streak in science (a), entrepreneurship (b) and security (c). Blue circles represent real data from the successful group and dashed lines represent fitted Weibull distributions. dâ€“f, Temporal scaling patterns in science (d), entrepreneurship (e) and security (f). The shaded area shows meanÂ Â±Â s.e.m. of Tn (log scale). gâ€“i, Performance dynamics in science (g, nÂ =Â 641, 231, 578, 190, from left to right), entrepreneurship (h, nÂ =Â 248, 1,332, 237, 1,312 from left to right) and security (i, nÂ =Â 238, 198, 236, 199, from left to right). The successful and unsuccessful groups that experienced a large number of consecutive failures before the last attempt (at least 5 for D1, 3 for D2 and 2 for D3) appear indistinguishable for first failures (two-sided Welchâ€™s t-test; PÂ =Â 0.566, 0.671 and 0.349), but quickly diverge for second failures (two-sided Welchâ€™s t-test; PÂ =Â 2.09Â Ã—Â 10âˆ’2, 4.95Â Ã—Â 10âˆ’3 and 7.77Â Ã—Â 10âˆ’2). The successful group also shows significant improvement in performance (one-sided Welchâ€™s t-test; PÂ =Â 7.03Â Ã—Â 10âˆ’2, 2.37Â Ã—Â 10âˆ’2 and 2.32Â Ã—Â 10âˆ’2), which is absent for the unsuccessful group (one-sided Welchâ€™s t-test; PÂ =Â 0.717, 0.176 and 0.786). Data are meanÂ Â±Â s.e.m. jâ€“l, AUC score of predicting ultimate success in science (j), entrepreneurship (k) and security (l). The centres and error bars of AUC scores denote the meanÂ Â±Â s.e.m calculated from tenfold cross-validation over 50 randomized iterations. mâ€“x, As in aâ€“l but using 7Â years as the threshold of inactivity. Sample sizes are s: nÂ =Â 620, 101, 559, 76; t: nÂ =Â 248, 977, 237, 989; u: nÂ =Â 216, 152, 214, 153. P values in sâ€“u (from bottom to top) are PÂ =Â 0.883 (s), 0.671 (t), 0.456 (u); PÂ =Â 2.25Â Ã—Â 10âˆ’2 (s), 1.38Â Ã—Â 10âˆ’3 (t), 8.34Â Ã—Â 10âˆ’2 (u); PÂ =Â 4.59Â Ã—Â 10âˆ’2 (s), 2.37Â Ã—Â 10âˆ’2 (t), 3.33Â Ã—Â 10âˆ’2 (u); PÂ =Â 0.838 (s), 0.446 (t), 0.775 (u). *PÂ <Â 0.1, **PÂ <Â 0.05, ***PÂ <Â 0.01, NS, not significant (PÂ â‰¥Â 0.1).


Extended Data Fig. 6 Robustness check on D1.
aâ€“c, Failure streak as we change the score threshold to 55 (a), exclude revisions as successes (b) and only focus on new principal investigators without previous R01 grants (c). Blue circles represent real data from successful groups and dashed lines represent fitted Weibull distributions. dâ€“f, Temporal scaling patterns as we change the score threshold to 55 (d), exclude revisions as successes (e) and only focus on new principal investigators without previous R01 grants (f). The shaded area shows meanÂ Â±Â s.e.m. of Tn (log scale). gâ€“i, Performance dynamics as we change the score threshold to 55 (g, nÂ =Â 768, 189, 686, 170, from left to right), exclude revisions as successes (h, nÂ =Â 252, 145, 216, 123, from left to right) and only focus on new principal investigators without previous R01 grants (i, nÂ =Â 1,164, 308, 1,530, 334, from left to right). The successful and unsuccessful groups that experienced a large number of consecutive failures before their last attempt (at least 5 for g and h, and 3 for i) appearÂ indistinguishable for first failures (two-sided Welchâ€™s t-test; PÂ =Â 0.242, 0.819, 0.289) but quickly diverge for second failures (two-sided Welchâ€™s t-test; PÂ =Â 3.40Â Ã—Â 10âˆ’4, 3.40Â Ã—Â 10âˆ’2, 9.70Â Ã—Â 10âˆ’7). The successful group also shows a significant improvement in performance (one-sided Welchâ€™s t-test; PÂ =Â 4.23Â Ã—Â 10âˆ’2, 3.04Â Ã—Â 10âˆ’2, 1.92Â Ã—Â 10âˆ’4), which is absent for the unsuccessful group (one-sided Welchâ€™s t-test; PÂ =Â 0.863, 0.754, 0.997). Data are meanÂ Â±Â s.e.m. jâ€“l, AUC score of predicting ultimate success as we change the score threshold to 55 (j), exclude revisions as successes (k) and only focus on new principal investigators without previous R01 grants (l). The centres and error bars of AUC scores denote the meanÂ Â±Â s.e.m calculated from tenfold cross-validation over 50 randomized iterations. *PÂ <Â 0.1, **PÂ <Â 0.05, ***PÂ <Â 0.01, NS, PÂ â‰¥Â 0.1.


Extended Data Fig. 7 Robustness check on D2.
aâ€“c, Failure streak as we change the threshold of high-value mergers and acquisitions (M&A) to 5% (a), exclude M&As as successes (b) and classify unicorns as successes (c). Blue circles represent real data from successful groups and dashed lines represent fitted Weibull distributions. dâ€“f, Temporal scaling patterns as we change the threshold of high-value M&A to 5% (d), exclude M&As as successes (e) and include unicorns as successes (f). The shaded area shows meanÂ Â±Â s.e.m. of Tn (log scale). gâ€“i, Performance dynamics as we change the threshold of high-value M&A to 5% (g, nÂ =Â 251, 1,304, 243, 1,284, from left to right), exclude M&As as successes (h, nÂ =Â 248, 1,335, 237, 1,315, from left to right) and include unicorns as successes (i, nÂ =Â 257, 1,330, 244, 1,311, from left to right). The successful and unsuccessful groups that experienced a large number of consecutive failures before their last attempt (at least 3) appear indistinguishable for first failures (two-sided Welchâ€™s t-test; PÂ =Â 0.937, 0.647, 0.620) but quickly diverge for second failures (two-sided Welchâ€™s t-test; PÂ =Â 9.92Â Ã—Â 10âˆ’3, 4.94Â Ã—Â 10âˆ’3, 6.33Â Ã—Â 10âˆ’3). The successful group also shows a significant improvement in performance (one-sided Welchâ€™s t-test; PÂ =Â 2.16Â Ã—Â 10âˆ’2, 2.37Â Ã—Â 10âˆ’2, 2.77Â Ã—Â 10âˆ’2), which is absent for the unsuccessful group (one-sided Welchâ€™s t-test; PÂ =Â 0.224, 0.158, 0.167). Data are meanÂ Â±Â s.e.m. jâ€“l, AUC score forÂ predicting ultimate success as we change threshold of high-value M&A to 5% (j), exclude M&As as successes (k) and include unicorns as successes (l). The centres and error bars of AUC scores denote the meanÂ Â±Â s.e.m calculated from tenfold cross-validation over 50 randomized iterations. *PÂ <Â 0.1, **PÂ <Â 0.05, ***PÂ <Â 0.01, NS, PÂ â‰¥Â 0.1.


Extended Data Fig. 8 Robustness check on D3.
aâ€“c, Failure streak as we focus on all samples (a), samples of human-targeted attacks (b) and include vague data on fatalities (c). Blue circles represent real data from successful groups and dashed lines represent fitted Weibull distributions. dâ€“f, Temporal scaling patterns as we focus on all samples (d), samples of human-targeted attacks (e) and include vague data on fatalities (f). The shaded area shows meanÂ Â±Â s.e.m. of Tn (log scale). gâ€“i, Performance dynamics as we focus on all samples (g, nÂ =Â 231, 231, 229, 232, from left to right), samples of human-targeted attacks (h, nÂ =Â 176, 173, 173, 174, from left to right) and include vague data on fatalities (i, nÂ =Â 227, 147, 225, 148, from left to right). The successful and unsuccessful groups that experienced a large number of consecutive failures before their last attempt (at least 2) appearÂ indistinguishable for first failures (two-sided Welchâ€™s t-test; PÂ =Â 0.400, 0.859, 0.395), but quickly diverge for second failures (two-sided Welchâ€™s t-test; PÂ =Â 2.08Â Ã—Â 10âˆ’3, 6.70Â Ã—Â 10âˆ’3, 3.76Â Ã—Â 10âˆ’3). The successful group also shows a significant improvement in performance (one-sided Welchâ€™s t-test; PÂ =Â 2.55Â Ã—Â 10âˆ’2, 5.65Â Ã—Â 10âˆ’2, 3.77Â Ã—Â 10âˆ’2), which is absent for the unsuccessful group (one-sided Welchâ€™s t-test; PÂ =Â 0.970, 0.901, 0.967). Data are meanÂ Â±Â s.e.m. jâ€“l, AUC score of predicting ultimate success as we focus on all samples (j), samples of human-targeted attacks (k) and include vague data on fatalities (l). The centres and error bars of AUC scores denote the meanÂ Â±Â s.e.m calculated from tenfold cross-validation over 50 randomized iterations. mâ€“o, Temporal scaling patterns as we change the threshold for the successful group to fatal attacks that killed at least 5 (m), 10 (n) and 100 (o) people. *PÂ <Â 0.1, **PÂ <Â 0.05, ***PÂ <Â 0.01, NS, PÂ â‰¥Â 0.1.


Extended Data Fig. 9 Additional robustness checks.
aâ€“i, Robustness check as we control for temporal variation. aâ€“c, Failure streak in science (a), entrepreneurship (b) and security (c). Blue circles represent real data of successful groups and dashed lines represent fitted Weibull distributions. dâ€“f, Temporal scaling patterns in science (d), entrepreneurship (e) and security (f). The shaded area shows meanÂ Â±Â s.e.m. of Tn (log scale). gâ€“i, Performance dynamics in science (g, nÂ =Â 628, 145, 571, 123, from left to right), entrepreneurship (h, nÂ =Â 248, 1,332, 237, 1,312, from left to right) and security (i, nÂ =Â 231, 173, 229, 174, from left to right). The successful and unsuccessful groups that experienced a large number of consecutive failures before their last attempt (at least 5 for D1, 3 for D2 and 2 for D3) appear indistinguishable for first failures (two-sided weighted Welchâ€™s t-test; PÂ =Â 0.814, 0.728, 0.330) but quickly diverge for second failures (two-sided weighted Welchâ€™s t-test; PÂ =Â 1.80Â Ã—Â 10âˆ’2, 3.10Â Ã—Â 10âˆ’2, 4.56Â Ã—Â 10âˆ’2). The successful group also shows significant improvement in performance (one-sided weighted Welchâ€™s t-test; PÂ =Â 2.10Â Ã—Â 10âˆ’2, 1.92Â Ã—Â 10âˆ’2, 4.53Â Ã—Â 10âˆ’2), which is absent for the unsuccessful group (one-sided weighted Welchâ€™s t-test; PÂ =Â 0.755, 0.175, 0.903). Data are meanÂ Â±Â s.e.m. jâ€“l, Performance dynamics as we compare first and halfway attempts in science (j, nÂ =Â 628, 145, 582, 111, from left to right), entrepreneurship (k, nÂ =Â 248, 1,332, 240, 1,294, from left to right) and security (l, nÂ =Â 231, 173, 228, 175, from left to right). The successful and unsuccessful groups that experienced a large number of consecutive failures before their last attempt (at least 5 for D1, 3 for D2 and 2 for D3) appear indistinguishable for first failures (two-sided Welchâ€™s t-test; PÂ =Â 0.898, 0.671, 0.289) but diverge for halfway failures (two-sided Welchâ€™s t-test; PÂ =Â 2.18Â Ã—Â 10âˆ’5, 1.34Â Ã—Â 10âˆ’2, 1.34Â Ã—Â 10âˆ’2). The successful group also shows significant improvement in performance (one-sided Welchâ€™s t-test; PÂ =Â 2.35Â Ã—Â 10âˆ’2, 4.54Â Ã—Â 10âˆ’2, 3.69Â Ã—Â 10âˆ’2), which is absent for the unsuccessful group (one-sided Welchâ€™s t-test; PÂ =Â 0.992, 0.252, 0.955). Data are meanÂ Â±Â s.e.m. mâ€“o, Performance dynamics as we compare the first and penultimate attempts in science (m, nÂ =Â 628, 145, 896, 87, from left to right), entrepreneurship (n, nÂ =Â 248, 1,332, 227, 1,199, from left to right) and security (o, nÂ =Â 231, 173, 230, 173, from left to right). The successful and unsuccessful groups that experienced a large number of consecutive failures before the last attempt (at least 5 for D1, 3 for D2 and 2 for D3) appear indistinguishable for first failures (two-sided Welchâ€™s t-test, PÂ =Â 0.898, 0.671, 0.289) but diverge for penultimate failures (two-sided Welchâ€™s t-test; PÂ =Â 8.50Â Ã—Â 10âˆ’8, 3.12Â Ã—Â 10âˆ’2, 1.13Â Ã—Â 10âˆ’2). The successful group also shows a significant improvement in performance (one-sided Welchâ€™s t-test; PÂ =Â 5.79Â Ã—Â 10âˆ’9, 4.30Â Ã—Â 10âˆ’2, 1.33Â Ã—Â 10âˆ’2), which is absent for the unsuccessful group (one-sided Welchâ€™s t-test; PÂ =Â 0.980, 0.138, 0.923). Data are meanÂ Â±Â s.e.m. pâ€“r, The correlation between length of failure streak and initial performance (samples with repeated failures) in science (p, nÂ =Â 12,171), entrepreneurship (q, nÂ =Â 2,086) and security (r, nÂ =Â 441). Correlation is weak across all three datasets (Pearson correlation; rÂ =Â âˆ’0.051, âˆ’0.011, âˆ’0.107 for p, q, r, respectively). sâ€“u, Length of failure streak still follow fat-tailed distributions conditional on bottom 10% initial performance samples in science (s, nÂ =Â 6,339), entrepreneurship (t, nÂ =Â 2,438) and security (u, nÂ =Â 1,092). Two-sided Kolmogorovâ€“Smirnov test between sample and exponential distributions rejects theÂ hypothesis that the two distributions are identical with PÂ <Â 0.01. *PÂ <Â 0.1, **PÂ <Â 0.05, ***PÂ <Â 0.01, NS, PÂ â‰¥Â 0.1.


Extended Data Fig. 10 Generalization of the k model.
a, The Î± parameter connects the potential to improve (1Â âˆ’Â x) with the likelihood of creating new versions p through pÂ =Â (1Â âˆ’Â x)Î±. b, Phase diagram of the kâ€“Î± model. The two-dimensional parameter space is separated into three regimes, with boundaries at kÎ±Â =Â 1 and (kÂ âˆ’Â 1)Î±Â =Â 1. c, The impact of Î´ parameter on scaling exponent Î³ for given kÂ =Â 1, 2, 3 and Î±Â =Â 0.4, 0.8, 1.2. We find that Î´ may affect the temporal scaling parameter when it is small, but has no further effect beyond a certain point Î´*Â =Â min(Î±,Â 1/(kÂ âˆ’Â 1)). d, Phase diagram of the kâ€“Î±â€“Î´ model for kÂ =Â 3, with boundaries at Î±Â =Â Î´, (kÂ âˆ’Â 1)Î´Â =Â 1, (kÂ âˆ’Â 1)Î´Â +Â Î±Â =Â 1, kÎ±Â =Â 1 and (kâˆ’1)Î±Â =Â 1, respectively.
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