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Cumulative technological culture and technical reasoning

Abstract

Human technology has evolved in an unparalleled way, allowing us to expand across the
globe. One fascinating question is to understand the cognitive origins of this
phenomenon, which is known as cumulative technological culture (CTC). The dominant
view posits that CTC results from our unique ability to learn from each other. The
cultural niche hypothesis even minimizes the involvement of non-social cognitive skills
in the emergence of CTC, claiming that technologies can be optimized without us
understanding how they work, but simply through the retention of small improvements
over generations. Here we conduct a partial replication of Derex et al.’s (2019)
experimental study and show that the improvement of a physical system over
generations is accompanied by an increased understanding of it. These findings suggest
that technical-reasoning skills (i.e., non-social cognitive skills) are important in the
acquisition/understanding and improvement of technical content (i.e., specific to the
technological form of cumulative culture), thereby making social learning a salient

source of technical inspiration.
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Cumulative technological culture and technical reasoning

Cumulative technological culture (CTC) refers to the gradual accumulation in the
efficiency and/or complexity of tools/techniques that are too complex to be invented by
a single individuall-3. CTC is undoubtedly a social phenomenon in that humans could not
have invented so profuse a range of techniques without social learning. All theories
agree on this point. Instead, much of the debate concerns the nature of the cognitive
skills at the origins of CTC. Many researchers have focused on its social dimension*>,
emphasizing the key role of social cognitive skills such as imitation®’, teaching®? or
theory-of-mind skills®10. In this view, humans are considered as unique social learners?!-
13, The cultural niche hypothesis1415 even assumes that, in humans, the development of
sophisticated multidimensional technologies (i.e., technologies that combine several
traits) has often occurred without the involvement of specific non-social cognitive
skills/individual-level cognition (e.g., reasoning). In broad terms, “complex technologies
[...] result from the accumulation of many, mostly small, often poorly understood
improvements made across generations linked by cultural transmission. Over time, the
selective retention of improvements gives rise to highly optimized solutions in the
absence of explicit understanding about how these solutions work”16. In this respect, a
key prediction of the cultural niche hypothesis is that “the improvement of culturally
evolving technology is not necessarily tied to individuals’ level of understanding”15.

The technical-reasoning hypothesis'” has recently been developed as an
alternative to account for the cognitive origins of CTC. Its scope is limited to CTC and
does not extend to other forms of cumulative culture (e.g., mathematics, language)?’,
and diverges in this respect from most of the theories on cumulative culture including
the cultural niche hypothesis. It assumes that the specific human ability to learn from
each other in the technical domain originates precisely in technical-reasoning skills,

namely non-social cognitive skills that make it possible to acquire the understanding of
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Cumulative technological culture and technical reasoning

new techniques as well as to potentially improve them. Technical reasoning can be
broadly defined as the ability to reason implicitly about physical object properties. This
non-verbal reasoning is both analogical (i.e., transfer of what is learnt from one situation
to another) and causal (i.e., predicting the effects on the environment)!’. Technical
reasoning is not synonymous with causal understanding/reasoning. Technical reasoning
is a specific form of causal reasoning directed toward technical content. However,
humans possess other forms of causal reasoning that involve distinct cerebral networks,
such as “semantic/teleological” reasoning (e.g., inferring that eating Amanita phalloides
causes poisoning) or “theory-of-mind” reasoning (e.g., inferring that the French football
team’s victory causes Francois’ happiness)!’. Compelling evidence indicates that
technical reasoning is primarily supported by the area PF within the left inferior parietal
lobe, that is, a brain area that is involved when people use and make tools as well as
when they watch others using tools (i.e., a potential situation of social learning)17-1%. The
technical-reasoning hypothesis stresses the important role of non-social cognitive skills,
and particularly technical reasoning, in the emergence of CTC'7and, as a result, predicts
that “culturally evolving technology is necessarily tied to individuals’ level of
understanding”. In a way, if we envisage a continuum from the idea that technical
reasoning is (a) never to (b) always essential for CTC, the cultural niche hypothesis is
closer to the point (a) whereas the technical-reasoning hypothesis is closer to the point
(b).

The recent micro-society study conducted by Derex et al.1¢ provided an interesting
experimental design to explore the role of technical reasoning in the specific context of
CTC. The task was to minimize the time it took a wheel to cover 1 m on an inclined track
(Fig. 1a). The wheel had four radial spokes. On each spoke, a weight could be moved

closer or further from the hub of the wheel. The physical system was multidimensional
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Cumulative technological culture and technical reasoning

(i.e., it combined at least two traits) because the speed of the wheel depended on the
position of its centre of mass and its moment of inertia. The participants performed the
task as members of chains of 5 participants, each participant being considered as a
“generation” (Fig. 1b). All the participants performed five trials in which they tried to
increase the speed of the wheel by moving the weights along the spokes. They were
provided (except for the first generation) with the last two weight configurations and
the associated speeds of the previous participant in the chain. There were 14 chains of 5
participants in this Configurations condition (i.e., reverse-engineering condition). The
authors also collected data from another 14 chains of 5 participants in a Configurations
+ theory condition, in which the participants could generate a written theory about the
wheel system and transmit it to the next participant in the chain (i.e., reverse-
engineering + teaching condition). After the five trials, the participants had to complete
a test measuring their understanding of how the system worked. This test consisted of
10 items. For each item, the participants had to choose which of two wheel
configurations was faster. There were three options: ‘Wheel 1’, ‘Wheel 2’, and ‘No
difference’. Half of the items (i.e., five items) measured the participants’ understanding
of centre of mass and the other half (i.e., five items) their understanding of inertia.

The results indicated that the wheel speed became progressively optimized, while
the participants’ understanding of the system did not improve over generations. In
addition, most participants produced unidimensional models related to a specific
dimension (i.e., centre of mass or inertia), which was accompanied by better
understanding of this dimension and worse understanding of the other dimension. This
pattern was explained by the canalizing effect of social transmission on exploration.
Inheriting an inertia-related model prevented the participants from observing the

effects of centre of mass and vice versa, thus giving rise to a compensation phenomenon
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(i.e., better understanding of one dimension causes worse understanding of the other
dimension). In broad terms, these results supposedly confirm the predictions of the
cultural niche hypothesis. We say “supposedly” because a reexamination of the methods
and the data collected from the understanding test leads us to question the validity of
this conclusion.

Firstly, as mentioned above, Derex et al.1¢ described a compensation phenomenon
in that better understanding of one dimension was associated with worse
understanding of the other dimension. We do not cast doubt on the canalizing effect of
social transmission on exploration, which is elegantly described by Derex et al.1®.
However, the question is why better understanding on one dimension was not simply
associated with non-improvement in understanding on the other dimension. An
alternative interpretation is that the negative relationship observed between the centre
of mass and inertia scores did not reflect a compensation phenomenon, but rather the
combination of the canalizing effect described by Derex et al.1¢ with a lack of a priori
mutual independence between the two scores because of the introduction of a ‘no
difference’ option. Indeed, a high score on inertia, for instance, implied that the
participants chose the ‘no difference’ option less often for the inertia items. Therefore, if
we consider that the participants could have generated an equiprobable representation
of the answer distribution, having a better understanding of inertia could have led them
to favour ‘no difference’ answers for the less well understood centre of mass dimension,
and vice versa. The corollary is that the greater the score on one dimension, the greater
the number of ‘no difference’ answers on the other dimension. This pattern is precisely
the one observed based on Derex et al.’s1¢ data (Extended Data Fig. 1a,b,c; see also Derex
et al.’s Signed Comments). This potential methodological bias also explains why the

participants did not show a global improvement when both scores were pooled
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Cumulative technological culture and technical reasoning

together. Note also that the negative relationship between the score on one dimension
and the number of ‘no difference’ answers on the other dimension indicates that the
participants were relatively good at generating a two-dimensional representation of the
physical system. In sum, this methodological choice (i.e., the introduction of the ‘no
difference’ option) questions the conclusion that the participants had a “poor
understanding” of the system as argued by Derex et al.1°.

Secondly, and crucially, a major goal of their study was to test whether cultural
adaptations can occur without individual understanding. The best way to test this is to
perform analyses between the wheel speed (e.g., the best speed of the last two trials
with the physical system) and the understanding score. They were not reported in the
study, yet such analyses reveal that the wheel speed is closely tied to individuals’ level of
understanding (Extended Data Fig. 1d).

Derex et al.’s1¢ study presents methodological issues that can explain why they
considered that their results supported the cultural niche hypothesis. A reexamination
of their data questions this conclusion. Nevertheless, this reexamination draws on data
that were collected on the basis of their methodological choices. Therefore, in
Experiment 1, we sought to replicate, at least partly, their study after resolving these
methodological issues to examine once more the role of technical reasoning in CTC. We
did not change the micro-society paradigm (i.e., 14 chains of 5 participants; five trials for
each participant) or the wheel system - although our wheel was faster (Methods). The
main difference concerned the conception of the understanding test (hereafter called
analogous test). We developed a test that consisted of 24 items with four options for
each item (Fig. 1c). The speed difference between the four options of each item was
constant (i.e.,, an increment of 5 m h1, 10 m h-1, or 15 m h-1). We also created another

understanding test, which was similar to the aforementioned understanding test except

Page 7 of 27



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

Cumulative technological culture and technical reasoning

that the configurations represented a wheel with 8 weights, two for each spoke
(hereafter called transfer test; Fig. 1d). As mentioned above, technical reasoning is
analogical, implying that the understanding gained in a technical situation is
spontaneously transferred to other situations. Therefore, in this framework, an increase
in understanding over generations should be found not only for the analogous test but
also for the transfer test. We also collected data from a control group (n = 70) who had
no experience with the wheel system in order to obtain a baseline for the two
understanding tests. Finally, we focused only on the Configurations condition, for which
Derex et al.1¢ found no improvement in understanding. Indeed, the trend was even
negative). There was therefore less chance of observing an increase in understanding.
The results confirmed the predictions of the technical-reasoning hypothesis. The
wheel speed increased over generations (Generation 95% credible interval [CI]: 1.65 to
4.62; median = 3.16 m h'1, BF = 42.91; Fig. 2a; for a description of the evolution of wheel
configurations over generations, see Extended Data Fig. 2) in parallel with the
participants’ understanding as assessed in both understanding tests (Analogous test:
Generation 95% CI: 0.18 to 4.28; median = 2.14, BF = 24.97; Transfer test: Generation
95% CI: 0.86 to 4.31; median = 2.68, BF = 3.58; Fig. 2b). The control group obtained
understanding scores lower than those of each generation in the experimental group
(Fig. 2b; Supplementary Results Tables 1 and 2). In addition, the estimated Bayes factors
revealed moderate to extreme evidence for the presence of links between the wheel
speed and each of the two understanding scores (Analogous test: Wheel 95% CI: 0.26 to
0.86, median = 0.56, BF = 17.93; Transfer test: Wheel 95% CI: 0.30 to 0.72, median =
0.51, BF > 100; Fig. 2¢,d) as well as between the two understanding scores not only in

the experimental group (Analogous score 95% CI: 0.45 to 0.72, median = 0.58, BF > 100;

Page 8 of 27



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

Cumulative technological culture and technical reasoning

Fig. 2e), but also in the control group (rhomedian = 0.58; 95% CI: 0.45 to 0.70, BF > 100;
Fig. 2f).

The results of Experiment 1 indicate that the improvement of the wheel system
was accompanied by an increase in understanding at both the group and the individual
level. This increase was observed not only for the analogous test but also for the transfer
test, suggesting that the participants were able to transfer what they understood from
the wheel system to another theoretical wheel system. The addition of the control group
was also informative in that it demonstrated that this experience allowed the
participants in the first generation to outperform controls, who had not experienced the
wheel system at all. This outperformance is difficult to explain other than by an increase
in understanding (i.e., individual-level cognition) due to the experience with the wheel
system. Therefore, even if we had not shown any increase in understanding over
generations as in Derex et al.16, it would still be difficult to consider that the participants
in the experimental group had poor understanding of the wheel system, at least when
compared to the control group.

Even though these findings provide support for the important role of technical
reasoning in CTC, they do not directly refute the predictions from the cultural niche
hypothesis, in particular because of the presence of significant methodological
limitations (as rightly pointed out in Derex et al.’s Signed Comments). As mentioned, our
wheel was faster than the one used by Derex et al.1¢ because the steel axis of our wheel
was heavier than the wooden axis of their wheel (Methods). This resulted in the
detrimental effect that our wheel was less sensitive to the position of the centre of mass
than Derex et al.’s1®¢ wheel (Extended Data Fig. 3a,b). As a result, our wheel system was
not sufficiently multidimensional, with the result that the participants could have

improved it based primarily on their understanding of a single dimension, namely, the
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moment of inertia, which is easier to understand. Although the wheel configurations
produced by our participants over generations were generally unbalanced (i.e., a
potential sign of an understanding of centre of mass; Extended Data Fig. 2), the fact
remains that this methodological limitation did not allow us to definitely test the
predictions of the cultural niche hypothesis, which focus on the multidimensional aspect
of technologies. Another limitation concerns the design of our understanding tests, in
which the speed difference between the four options of each item was constant (i.e., an
increment of 5 m h'1, 10 m h-1, or 15 m h-1). However, as also rightly stressed by Derex et
al. (Signed Comments), these differences were obtained by altering the inertia of the
wheel more than the position of its centre of mass. The consequence is that our two
understanding tests could have assessed our participants’ understanding of inertia
much more than they did their centre of mass. Taken together, these methodological
limitations could have led us to investigate how the participants improved and
understood a quasi-unidimensional but not a multidimensional physical system.
Notwithstanding these limitations, the results of Experiment 1 were promising in
suggesting that an increase of understanding over generations could occur even for a
multidimensional physical system. As stressed by Derex et al.16, the participants in their
study had appropriate intuitions about how to maximize acceleration. This is confirmed
by a reexamination of their data, which indicates that the progressive increase in
understanding in the Configurations + theory condition (i.e., the condition for which
they observed a significant increase over generations) mainly concerned the inertia
score and not the centre of mass score (Extended Data Fig. 4). Therefore, even if the
wheel system of Experiment 1 was principally based on the inertia dimension, our
results revealed that individuals can progressively improve their understanding of a

dimension that is initially poorly understood. The corollary is that individuals
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confronted with a two-dimensional wheel system might be able, over generations, to
combine their progressive understanding of the moment of inertia with their more
intuitive understanding of the position of the centre of mass.

For this reason, we conducted a second experiment (Experiment 2), which
overcame the methodological limitations of Experiment 1 and was a more appropriate
way to directly investigate the role of technical reasoning in CTC. As in Experiment 1, we
did not change the micro-society paradigm (i.e., 14 chains of 5 participants; five trials for
each participant) and chose to focus only on the Configurations condition, for which
Derex et al.1¢ found no improvement in understanding. We also again used two
understanding tests (i.e., analogous and transfer) and again included a control group,
which did not experience the wheel system. The main modifications concerned the axis
of the wheel, the design of the two understanding tests and the reintroduction of a test
equivalent to the one employed by Derex et al.1¢. Firstly, we modified the axis of our
wheel system in order to obtain a two-dimensional wheel system comparable to the one
used by Derex et al.1¢ (Extended Data Fig. 3¢,d). Secondly, we modified the two
understanding tests to assess independently the participants’ understanding of the
centre of mass and inertia dimensions independently of one another (i.e., 24 items for
each test; 12 centre of mass items and 12 inertia items for each test; four options for
each item). Thirdly, we reintroduced a third understanding test, which was similar to
the one employed by Derex et al.1¢ (hereafter called the three-option test; 10 items; five
centre of mass items and five inertia items; three options: ‘Wheel 1’, ‘Wheel 2’, and ‘No
difference’).

According to the cultural niche hypothesis®, no improvement over generations
should be found for the three understanding tests (i.e., analogous, transfer and three-

option), when the centre of mass and inertia scores are pooled together. This pattern is
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expected because of the so-called compensation phenomenon, in which an increase in
understanding on one dimension causes a decrease in understanding on the other
dimension. In this respect, a negative link should also be observed between the centre of
mass and inertia scores for the three understanding tests. By contrast, the technical-
reasoning hypothesis predicts an increase in understanding in at least the analogous test
and the transfer test (i.e.,, when the centre of mass and inertia scores are pooled
together). However, no negative link is expected between the centre of mass and inertia
scores for these two tests. Instead, as explained above, over generations the participants
should combine their progressive understanding of the inertia dimension with their
more intuitive understanding of centre of mass. Concerning the three-option test, the
technical-reasoning hypothesis also predicts an increase in understanding over
generations. However, the methodological limitations of this test (i.e., the introduction of
the ‘no difference’ option along with the potential equiprobable representation of the
answer distribution; see above) should lead us to reproduce Derex et al.’s1° finding,
namely, the absence of increase in understanding over generations as well as a negative
link between the centre of mass and inertia scores. Crucially, if this negative link was
reported only for the three-option test but not for the analogous transfer tests, this
would demonstrate that the absence of increase in understanding in Derex et al.’s1¢
study resulted from the methodological choice of using the ‘no difference’ option in their
understanding test.

The results confirmed the predictions of the technical-reasoning hypothesis. The
wheel speed increased over generations (Generation 95% credible interval [CI]: 2.48 to
5.01; median = 3.75 m h-1, BF > 100; Fig. 3a; for a description of the evolution of wheel
configurations over generations, see Extended Data Fig. 5) in parallel with the

participants’ understanding as assessed in the three understanding tests (Analogous
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test: Generation 95% CI: 1.37 to 4.78; median = 3.08, BF = 7.88; Transfer test:
Generation 95% CI: 1.15 to 4.19; median = 2.71, BF = 4.79; Three-option test:
Generation 95% CI: 0.02 to 0.64; median = 0.32, BF = 0.39; Fig. 3b,c). The control group
obtained understanding scores lower than those of each generation in the experimental
group (Fig. 3b,c; Supplementary Results Tables 3, 4 and 5). In addition, the estimated
Bayes factors revealed strong to extreme evidence for the presence of links between the
wheel speed and each of the three understanding scores (Analogous test: Wheel 95% CI:
0.51 to 0.92, median = 0.71, BF > 100; Transfer test: Wheel 95% CI: 0.40 to 0.81, median
= 0.61, BF > 100; Three-option test: Wheel 95% CI: 0.05 to 0.13, median = 0.09, BF =

44 .88; Fig. 3d,e,h) as well as between the analogous score and the transfer score not
only in the experimental group (Analogous score 95% CI: 0.58 to 0.86, median = 0.72, BF
> 100; Fig. 3f), but also in the control group (rhomedian = 0.34; 95% CI: 0.19 to 0.51, BF = >
29.36; Fig. 3g). Links were also generally found between the three-option score and the
analogous and transfer scores in both the experimental group and the control group
(Extended Data Fig. 6).

The results for the centre of mass and inertia scores for the three tests also provide
support for the technical-reasoning hypothesis. As predicted, the increase in
understanding for the three tests mainly concerned the inertia score, whereas the centre
of mass score was relatively stable over generations (Extended Data Fig. 7). This finding
is consistent with those of Experiment 1. We also found a negative relationship between
the centre of mass and inertia score for the three-option test, as in Derex et al.16 (Fig.
4a,b,c). Importantly, this negative relationship was not found for the analogous and
transfer tests (Fig. 4d,e). This strongly suggests that the three-option test is biased by
the introduction of the ‘no difference’ option and the equiprobable representation of the

answer distribution. This bias, which can be subject to inter-individual variation, can
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explain why we observed an increase in understanding over generations for the three-
option test, whereas Derex et al.1¢ did not. The negative relationship between the centre
of mass and inertia scores in the three-option test observed in Derex et al.1¢ as well as in
our experimental group was not reported in the control group (Extended Data Fig. 8).
This corroborates the idea that only the participants in the experimental group were
able to form a correct two-dimensional representation of the wheel system, leading
them to select ‘no difference’ answers for the less understood dimension.

Our results are straightforward: What is transmitted from generation to
generation is not the “technique” strictly speaking but the understanding of its
underlying principle. Our study demonstrates that the experience of the wheel system
(i.e., first generation), which was progressively associated with the social transmission
of technical content (i.e., second-to-fifth generations), led the participants in the
experimental group to gradually improve their understanding of how the wheel worked.
Indeed, in both experiments, we observed a substantial increase in wheel speed in the
first generation between the first and fifth trials (see also Derex et al.1¢ for a similar
pattern). This on its own points to a significant role of individual-level cognition, which
is corroborated by the substantial increase in understanding among the participants in
the first generation compared to the control group. What is more, in both experiments,
the increase observed for the wheel speed over generations is largely paralleled by the
increase reported for the understanding tests, as is also confirmed by the links reported
between the wheel speed and the understanding scores. It is noteworthy that we
reported this cumulative effect in a Configurations condition, that is, a condition for
which Derex et al.1¢ did not report any sign of improvement. Taken together with Derex
et al.’s1 results (when reexamined), our findings show that non-social cognitive skills,

and particularly technical-reasoning skills, are important in the
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acquisition/understanding and improvement of technical content - and to avoid
reinventing the wheel. This is also consistent with a growing body of evidence indicating
that learners’ global technical-reasoning skills are a good predictor of cumulative
performance in micro-society experiments20-22, However, the present study
substantially expands these findings by demonstrating that the social transmission of
technical content can also be accompanied by a specific improvement of understanding.
The cultural niche hypothesis assumes that our reasoning skills can contribute to
the development of sophisticated technologies4-1623.24 Nevertheless, the core
assumption is that these skills do not drive the emergence of CTC because imitation -
the key component for CTC - does not necessarily need such skills. This hypothesis may
suffer from an “under-intellectualization” of the imitation phenomenon. Indeed, the
question of whether nonhuman species can imitate has been the subject of intense
debate for a number of years. For instance, even if chimpanzees can behave in a
conformist manner2526, establish a tradition within a group?7.28, and rely on cultural
behaviour to address new tool-use problems?239, the question that is still debated is
whether they spontaneously imitate to solve tool-use problems2.30-34 In other words,
imitation is not trivial at a cognitive level. Indeed, in acknowledging that causal
reasoning permits the exclusion of irrelevant traits when someone attempts to
reproduce a technology (e.g., the colour of a bow)!4, the cultural niche hypothesis is to
some extent consistent with this approach. However, it also considers that the copying
of relevant traits (e.g., the plait for attaching the sinew) can be based on the learning of
correlations between these traits and success without requiring the causal
understanding of these connections!*. The distinction drawn here between learning and
reasoning is a recurrent theme in the literature on animal cognition. The methodology

commonly used is to propose a transfer test to investigate whether the animal has
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learned versus understood the task studied3>. We employed such a transfer test in
Experiments 1 and 2. We found an increase in understanding over generations for both
experiments, suggesting that the participants did not learn (from the link between
several produced solutions and their success) but gradually improved their
understanding of the wheel system. In addition, it is noteworthy that the participants
could hardly establish a correlation between the relevant traits and success since they
only had access to the two solutions produced by their predecessor and not to several
such solutions and their associated success. In broad terms, these findings provide
support for the idea that, in humans, reproducing a technology made by a predecessor is
accompanied by an increased understanding of it, that is, by an increase of technical-
reasoning skills.

In this respect, the technical-reasoning hypothesis offers a comprehensive account
explaining why humans can easily learn technical content from each other: We possess
specific technical-reasoning skills enabling us to acquire the understanding of new
techniques and improve them. This view diverges from the social-centred view, which
attributes the potential uniqueness of human social learning mainly - if not only - to
social cognitive skills. To paraphrase Whiten et al.34, the really significant difference
might lie not so much in the social-learning mechanisms themselves but rather in the
complexity of the mechanical actions that humans can represent and, as a result, copy.
This non-social-centred interpretation of imitative skills also opens up new avenues for
explaining why signs of CTC have been reported in New Caledonian crows, a tool-
using/making species that does not engage in complex forms of social learning (e.g.,
imitation, teaching)3¢. This species is nevertheless well known for its remarkable
understanding of the physical world3’. Interestingly, recent evidence indicates that this

species could even perform reverse engineering38, as reported in the present study.
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In the present study, we chose to put the focus on a reverse-engineering condition,
not because the technical-reasoning hypothesis assumes that such a condition is
sufficient for the emergence of complex forms of CTC, but because it is an interesting
condition to explore the role of technical reasoning in CTC. This indirect social-
transmission condition has the advantage of not involving more elaborated forms of
social learning (e.g., teaching), thereby making it appropriate for investigating more
specifically the non-social cognitive skills at work. Like most theories of CTC or of
cumulative culture more broadly, the technical-reasoning hypothesis acknowledges the
boosting role of more elaborated forms of social learning in CTC!?. Thus, like the cultural
niche hypothesis, the technical-reasoning hypothesis is consistent with the modern
versions of the Vygotskian intelligence hypothesis, which stress the importance of
collaboration, communication and teaching in the development of cognitive skills®839,
However, the distinction between this and other theories of CTC is that the technical-
reasoning hypothesis posits that this boosting role could not have taken place without a
specific cognitive structure (i.e., technical reasoning) which allows us to gradually
increase our understanding of tools/techniques and to potentially show signs of CTC
even with less elaborated forms of social learning (e.g., reverse engineering,
observation)?’.

The technical-reasoning hypothesis also provides a theoretical framework to
overcome the epistemological obstacle that consists in conflating understanding and
explaining!’. For instance, Derex et al. 16 repeatedly used the term “explicit” to
characterize the concept of causal understanding. This confusion is perpetuated more
generally by the proponents of the cultural niche hypothesis, who have argued that
technologies might have undergone improvement even in preliterate societies. It is true

that human technology has evolved for long periods without individuals being able to
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produce explicit explanations of the underlying physical principles. Nevertheless, this
does not demonstrate that CTC results from the accumulation of often poorly
understood improvements. After all, humans did not wait for Newton to understand that
things can fall. The difference is that Newton attempted to explain this phenomenon.
Likewise, Baillargeon and colleagues have shown that infants develop a gradual
understanding of the principle of support*°. However, most adults find it difficult to
convey this principle explicitly. In other words, understanding and explaining are two
orthogonal cognitive abilities, as stressed by the cognitive niche hypothesis*142, which
distinguishes between know-how (i.e., implicit understanding of the physical world; a
concept close to technical reasoning) and language (explicit explanation). Interestingly,
this discussion opens up avenues that might make it possible to reconcile the cultural
niche hypothesis with the technical-reasoning hypothesis inasmuch as both agree that it
is not necessary to be able to explain the underlying principles of a technique in order to
improve it.

To conclude, we would like to stress that our findings are not sufficient to fully
support the technical-reasoning hypothesis. As stated by Derex et al.16, the wheel system
is a low-dimensional optimization problem, which provides a conservative test of the
prediction that improvement over generations can occur without an increase in
individuals’ understanding. Thus, even if our results invalidate this prediction in this
particular case, evidence is also needed to invalidate it in higher-dimensional
optimization problems. The technical-reasoning hypothesis predicts that, even in such
problems, the improvement should be tied to individuals’ level of understanding. Future
work is required to test this possibility. Be that as it may, our findings highlight that the
technical-reasoning hypothesis is a valid alternative to the social-centred view, with the

merit of building a bridge between the classical disciplines interested in cultural
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evolution (i.e., evolutionary biology, mathematics, anthropology, archaeology)*3 and

cognitive science.

Methods

The Ethics Committee of the Lyon Department of Psychology approved the study, and
the procedure was carried out in accordance with the ethical standards of the 1964

Declaration of Helsinki. Informed consent was obtained from all the participants.

Participants. Two hundred and eighty students at the University of Lyon took part in
the study (Experiment 1: Mage = 21.5, SDage = 3.5; 87 women; n = 70 in the experimental
group and n = 70 in the control group; Experiment 2: Mage = 20.1, SDage = 2.8; 99 women;
n = 70 in the experimental group and n = 70 in the control group). They were randomly
recruited through advertisements posted on social media websites. Contrary to Derex et

al.16, the participants were not paid to take part in the experiments.

Experimental apparatus. The wheel system used in the present study was similar to
that used by Derex et all® (for an illustration, see https://osf.io/athg5/; see
Supplementary Methods for more specific details on the wheel system). In Experiment 1,
we reproduced it with the exception of the axis of the wheel. In the original study, it
consisted of a 10.5-cm-long bored-through wooden pole and an 8 mm threaded steel rod
in its centre. In Experiment 1, it took the form of a 10.5-cm-long steel pole. This
difference explains why our wheel was about 80 m h-1 faster than the one in the original
study. In Experiment 2, the axis of the wheel was the same as in Derex et al.1¢, leading to
a substantial decrease of speed as compared to Experiment 1. Nevertheless, the wheel of
Experiment 2 was still 40 m h-! faster than in Derex et al.1%, due undoubtedly to the fact

that the amount of friction between the wheel and the apparatus was less than in Derex
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et al.16. As described in Extended Data Fig. 3, we conducted a series of pre-tests before
starting Experiment 2 to ensure that the wheel behaved similarly to Derex et al.’s6

wheel.

Procedure. In both experiments, the procedure was similar to that used by Derex et
al.’6, The experiment took place in an experimental room at the University of Lyon
(around 20 min and 35 min long for the participants in the control group and
experimental group, respectively). The participants in the experimental group sat at a
table placed 2 m from the experimental apparatus. Before the experiment, the
participants completed a consent form. After the experiment, they indicated whether

they had an academic background in engineering or physics.

Experimental design. In both experiments, the experimental design was also similar to
the one detailed by Derex et al.l® for the Configurations condition, except that we
developed a new understanding test (i.e., analogous test), created a transfer test, and
recruited a control group as well as used an understanding test similar to the one

employed by Derex et al.1® (i.e., the three-option test; Experiment 2 only).

Building phase. This phase was similar in both experiments. Only the participants in the
experimental group were concerned by this phase. Instructions were similar to those of
Derex et al.16, except that there was no monetary incentive (see https://osf.io/athg5/).
They had 5 trials to optimize the speed of a wheel that descended a 1-m-long inclined
track. They could move 4 weights to any of 12 discrete positions along each spoke and
were free to choose their own configuration (see https://osf.io/athg5/). After the
participants confirmed the configuration, the experimenter positioned the weights on
the physical wheel accordingly. The time it took the wheel to travel down the track was

automatically recorded by a computer program (see https://osf.io/athg5/). The wheel
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speed and the associated configuration were then displayed to the participants, who had
as much time as they needed to consult their last two configurations and choose the next
one. Contrary to Derex et al.1, we did not use a computer program but a paper-and-
pencil method to display the wheel speeds and the associated configurations (see
https://osf.io/athg5/). After three trials, the experimenter reminded the participants
that their last two configurations and the associated speeds would be transmitted to the
next participant in the chain. As in Derex et al.16, there were 14 chains of 5 participants
each (i.e., 14 chains in Experiment 1 and 14 chains in Experiment 2). Derex et al.1®
assigned their participants to sex-segregated chains. Although Derex et al.1¢ controlled
for this variable, they did not take it into consideration in their analyses (e.g., as a
random effect), nor did they justify why such a control was needed. This variable can
have an impact in micro-society paradigms, in which participants directly interact
together. However, such an impact is very unlikely here because of the absence of direct
interaction between the participants. The participants were also not informed about
previous participants’ identity. For these reasons, we did not assign the participants to

sex-segregated chains contrary to Derex et al.1®.

Testing phase. In both experiments, the participants in the experimental group
completed this phase after the building phase. Those in the control group completed
only this phase. Before beginning the test, the participants in the control group were
presented with a picture of the wheel system in order to help them understand the
instructions. The wheel shown in this picture had no weight and was placed in initial
position at the top of the rails. In Experiment 1, all the participants first completed the
analogous test and then the transfer test. They were instructed that they would be

presented with items consisting of 4 wheels and that they would have to guess which of
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the four wheels would cover the rails faster. They could take as much time as they
needed to complete the items. They had no feedback. All the participants saw the same
items in the same order. Both the analogous and the transfer test consisted of 24 items.
The incremental difference between the four options was 5 m h-! (8 items), 10 m h'! (8
items), or 15 m h1 (8 items). The speed of each option was obtained on the basis of the
physical wheel system. Each item was scored from 1 (the wheel with the lowest speed)
to 4 (the wheel with the highest speed). Therefore, the total possible range of scores for
each understanding test was 24-96. In Experiment 2, all the participants first completed
the three-option test and then the analogous test and the transfer test. For the three-
option test, the participants were instructed that they would be presented with items
consisting of two wheels and that they would have to guess which of these would travel
along the rails faster. More specifically, they could submit one of three possible answers:
‘Wheel 1’, ‘Wheel 2’ or ‘No difference’. There were 10 items (i.e., 5 inertia items and 5
centre of mass items; see Supplementary Methods). They could take as much time as
they needed to complete the items. They had no feedback. All the participants saw the
same items in the same order. The procedure for the analogous test and the transfer test
was similar to Experiment 1, except that we modified the items so as to generate 12
inertia items and 12 centre of mass items for each test (see Supplementary Methods). All
the tests are available at https://osf.io/athg5/. Note that, for the three-option test of
Experiment 2, the 10 items proposed (i.e., the 10 pairs of wheels) were not the same as
those used in the original three-option test developed by Derex et al.l6. As explained
above, the wheel used in Experiment 2 behaved similarly to Derex et al.’s'® wheel.
However, as explained above, slight differences remained between the two physical
systems. Thus, when we measured the different speeds of the wheels used by Derex et

al. 16 in their three-option test with our own wheel system, the differences of speed (in
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%) between pairs of wheels were not strictly equivalent to the differences of speed (in
%) found by Derex et al.1® with their wheel system. Therefore, we preferred to create 10
new items (i.e., 10 new pairs of wheels), which were more equivalent in terms of speed

differences (in %; see Supplementary Methods).

Statistical analyses. In both experiments, we first explored the wheel speed over
generations in the experimental group. Wheel speed corresponded here to the best
speed of the last two trials. Wheels that did not travel down were assigned a speed of 0
m h-1. We used Bayesian applied regression modelling in R** (rstanarm package*?) to fit
a linear model with ‘Wheel speed’ as outcome variable, ‘Generation’ as fixed effect, and
‘Chain’s identity’ as random effect. Inferences were made using 95% credible intervals.
The same analyses were conducted for the analogous and transfer scores in the
experimental group (Experiments 1 and 2) as well as for the three-option score
(Experiment 2). In addition, in both experiments, we used Bayesian applied regression
modelling in R** (rstanarm package*®) to explore links between variables of interest in
the experimental group. Inferences were made using 95% credible intervals. We fitted a
generalized linear mixed model with ‘Variable of interest 1 (e.g., analogous score)’ as
outcome variable, ‘Variable of interest 2 (e.g., wheel speed)’ as fixed effect, and
‘Generation’ and ‘Chain’s identity’ as random effects. Correlational analyses and t-tests
were carried out in R* with the bayestestR package*t. In both experiments,
correlational analyses were performed between the analogous and transfer scores for
the control group. We also computed t-tests to compare the understanding scores
(Analogous and Transfer, Experiments 1 and 2; Three-option, Experiment 2) between

each generation in the experimental group and the control group.
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Code availability

Codes used in this study are available at https://osf.io/athg5/.

Data availability

The data that support the findings of this study are available at https://osf.io/athg5/.
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Figure Legends

Fig. 1 | Experimental task and design. a. Illustration of the wheel system used in Experiments 1 and 2. For each trial,
the participants could move the four weights to optimize the speed of the wheel. b. In both experiments, each
participant in the experimental group performed the task as a member of a chain of 5 participants (i.e., 5 generations).
They had five trials to optimize the speed of the wheel. Each participant (except those of the last generation)
transmitted their last two weight configurations and the associated speeds (grey) to the next participant. After the
five trials, the participants in the experimental group completed the understanding tests consisting in choosing the
wheel that would travel down faster. The participants in the control group (i.e., no experience with the wheel system)
also completed the understanding tests. There were two understanding tests (Analogous and Transfer; ¢ and d) in
Experiment 1 and three (Three-option, Analogous, and Transfer) in Experiment 2. The design of the analogous and
transfer tests differed between Experiment 1 and Experiment 2 (see below).

Fig. 2 | Parallel improvement of the wheel system and of its understanding (Experiment 1). a. Wheel speed over
generations for non-failure wheels (blue), and number of failures (wheels that did not descend; red). b.
Understanding scores (Analogous: yellow; Transfer: green) over generations. The scores obtained on both tests by the
control group are also shown. Links between the wheel speed, and the analogous score (c) and the transfer score (d)
as well as between the two understanding scores in the experimental group (e) and the control group (f).

Fig. 3 | Parallel improvement of the wheel system and of its understanding (Experiment 2). a. Wheel speed over
generations for non-failure wheels (blue), and number of failures (wheels that did not descend; red). b.
Understanding scores (Analogous: yellow; Transfer: green) over generations. c¢. Understanding scores (Three-option
test) over generations. The scores obtained on the three tests by the control group are also shown. Links between the
wheel speed, and the analogous score (d) and the transfer score (e) as well as between these two understanding
scores in the experimental group (f) and the control group (g). The link between the wheel speed and the three-option
score is also shown in h.

Fig. 4 | Links between the centre of mass and inertia scores in the three understanding tests for the
participants in the experimental group (Experiment 2). a. The centre of mass and inertia scores were negatively
linked for the three-option test (Centre of mass score 95% credible interval: -0.80 to -0.14, median = -0.47; BF = 1.67).
b. and c. A positive relationship was also found between the number of ‘no difference’ answers on centre of mass
items and the inertia score (Inertia score 95% credible interval: 0.12 to 0.43, median = 0.27, BF = 16.00) and between
the number of ‘no difference’ answers on inertia items and the centre of mass score (Centre of mass score 95%
credible interval: 0.08 to 0.43, median = 0.25, BF = 1.78). d. and e. No statistical relationship was reported between
the centre of mass and inertia scores for the analogous test (Centre of mass score 95% credible interval: -0.54 to 0.28,
median = -0.12, BF = 0.06) and for the transfer test (Centre of mass score 95% credible interval: -0.40 to 0.31, median
=-0.04, BF = 0.05).
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