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Significance

 Traditional Chinese medicine 
(TCM) has been used for 
thousands of years and still being 
developed. How TCM formulas 
were developed and evolved 
somehow remain mysterious. 
This study tries to reveal part of 
the mystery by analyzing the 
evolution of TCM as recombinant 
inventions quantitively, based 
on 59,063 TCM formulas 
documented over the last two 
thousand years. A significant 
finding is that TCM core 
components were quite stable 
even in thousands of years, 
while the substitutions of core 
components are frequently 
observed in modern 
technological systems. The result 
of this study provides insight into 
how new TCM formulas could be 
developed and what are 
important for future 
development of TCM.
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It has been widely recognized that technologies evolve with recombinant inven-
tions. However, it remains unknown whether technologies developed using different 
approaches would exhibit different features during evolution. In particular, would 
technologies developed mainly based on accumulated experience in practices—for-
mulas of traditional Chinese medicine (TCM) are typical examples of such technol-
ogies—have similar evolution features found in modern technologies? This study 
applied network science to explore the evolution of TCM from the perspective of 
recombinant inventions based on 59,063 TCM formulas documented over the last 
two thousand years, with each formula being a combination of components that 
are mostly herbs. Our results show that similar to modern technological systems, 
the TCM component networks maintained the core–periphery structures during 
evolution, and the (weighted) degrees of components followed heavy- tailed distri-
butions. Moreover, simple tuples, which are frequently used combinations of TCM 
components, serve as building blocks for complex ones. A significant difference with 
modern technological systems is that the TCM core components were quite stable, 
while substitutions of core components are frequently observed in modern techno-
logical systems, leading to new technological trajectories. TCM comprises ancient 
knowledge and wisdom. This research provides insight into how it will be like in the 
future and what is important for its future.

Traditional Chinese Medicine | network science | recombinant invention | evolution

 It has been widely recognized that the evolution of technological systems originates from 
the recombination of existing and newly discovered ones ( 1   – 3 ), with some earlier com
binations serving as building blocks for more complex ones ( 4 ). Technological systems 
would evolve into specific structures with constant recombination ( 5 ).

 Network science is generally used to explore these structures ( 6 ). The evolution and 
structure of technological systems has been studied mostly based on patent data ( 2 ,  7   – 9 ), 
scientific publications ( 10 ,  11 ), and software systems ( 12   – 14 ), which are well structured 
and documented. It has been found that similar to many other complex systems ( 15 ,  16 ), 
the degrees of components in most technological systems follow heavy-tailed distributions, 
which means only a small number of components, called “hubs,” interact with other 
components, while most components only interact with a small number of other compo
nents ( 16   – 18 ). During the evolution of complex systems, the “hubs” tend to attract more 
new edges to them ( 19 ,  20 ). It has also been found that most technological systems have 
core–periphery structures with some hub components tightly coupled with each other, 
being core components, with other components being peripheries ( 21   – 23 ).

 It remains unknown whether technologies developed mainly based on experience accu
mulated in practices—traditional Chinese medicine (TCM) formulas are typical examples 
of such technologies—would have similar evolution features found in modern technologies, 
because usually there were no well-structured historical data available for studying their 
evolution. This study fills this research gap by exploring the evolution of TCM, which is 
one of the few technological systems that has evolved for thousands of years and is still 
being developed and used. TCM is thought a treasure of ancient human’s knowledge and 
wisdom. How it has evolved and most importantly how it will evolve in the future? Answers 
to these questions not only reveal some mysteries about TCM but also provide insight into 
how it will be like in the future and what kind of changes are important for its future.

 Thousands of formulas were developed during the evolution of TCM. A TCM formula 
comprising several components can be considered as a technological invention resulting 
from a recombinant search. The components are mainly different herbs but also include 
some animal parts and special stones. TCM comprises thousands of formulas and com
ponents and can be viewed as a complex technological system.
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 TCM formulas were invented mostly based on inventors’ accu
mulated knowledge and experience. Inventors’ knowledge could be 
explicit knowledge from existing TCM books but mostly comprises 
tacit knowledge learned from supervisors and individual practices. 
In addition to trial-and-error, the ancient Chinese also developed 
theories for inventing TCM formulas, with the theory of Yin-Yang 
and Five Elements being the most popular. The ancient Chinese also 
developed principles for combinations of different components, the 
most dominant of which is called the principle of Monarch, Minister, 
Assistant, and Guide. When inventing TCM formulas, an inventor 
may be influenced by such theories and principles, which is in 
accordance with the argument that the combinatorial potential of 
components in recombinant inventions depends on revealed beliefs 
rather than the state of nature ( 8 ,  24 ,  25 ).

 The development of ancient TCM was influenced by interna
tional trade and cultural changes. For example, TCM absorbed 
components (especially spice materials) from Middle East Asia 
and Europe, which were imported into ancient China through 
the Silk Road ( 26 ). The introduction of Buddhism in ancient 
China also introduced changes in the philosophy underlying the 
development of TCM ( 27 ).

 Significant efforts have been dedicated to qualitatively study the 
history and evolution of TCM. These studies have summarized and 
discussed the main practices, theories, and development of TCM 
and distinguished ancient Chinese doctors from different historical 
periods, as well as their inheritance relationships ( 28 ,  29 ).

 In contrast to these existing studies, our research attempts to 
reveal the evolution of TCM by quantitatively analyzing all docu
mented (ancient) TCM formulas by applying network science, 
treating TCM as a complex system, and viewing the development 
of TCM from the perspective of recombinant inventions. Such an 
analysis is impossible because of the lack of well-structured data on 
the large number of ancient TCM formulas. With the significant 
efforts of Cui et al. ( 30 ), a well-structured dataset of TCM formulas 
has been made available, which enables the analysis of TCM as a 
complex technological system over a long-time horizon.

 The rationale for applying network science is that it is consid
ered a useful tool and has been widely used to study complex 
systems with a large number of components and interactions/
edges among them. Moreover, a significant number of indicators 
have been developed based on network science to identify impor
tant components, structures, and evolutions of complex systems 
(for example,  14 ,  15 ,  31 ,  32 ). TCM includes thousands of for
mulas that are formed by different combinations of thousands of 
components (mainly herbs); thus, applying network science is 
appropriate for our study, because our aim is to explore the evo
lution of structures and important components of TCM. We 
construct TCM component networks for different periods with 
components (mainly herbs) as nodes and the co-occurrence fre
quency of a pair of TCM components in different formulas as 
their weighted edges (more details on the construction of the 
TCM component network can be found in SI Appendix, Figs. S1 
and S2 ), which is the most frequently used method to define edges 
when using network science to analyze patent classifications, key
words in the literature, etc. (for example,  25 ,  33   – 35 ). Considering 
the heterogeneity in the intensity of edges could be important in 
understanding technological systems ( 36 ), all the analysis in the 
main text takes weights of edges between TCM components into 
account. We also conduct analysis ignoring the weights of edges, 
which is reported in SI Appendix .

 This study aims to explore whether the evolution of TCM shares 
similar features found in modern technological systems, which 
could provide insights into how systems such as TCM, which is 
the result of the accumulation of knowledge and wisdom of 

humans for thousands of years, would evolve in the future, and 
how to keep such systems vital in the modern age. 

Results

Dynamics of Number of TCM Components and Formulas. The 
Fig. 1 shows the dynamics of the numbers of components (mostly 
herbs) and formulas starting from AD 1, with time intervals of 
100 years and different dynasties of China segmented with dashed 
lines. It can be seen that the cumulative number of TCM formulas 
as well as that of components used in TCM formulas exhibited 
an increasing trend. However, not all components are always used 
in documented TCM formulas in different periods. We call these 
components used in a period as active components in that period. 
Fig. 1 reveals that the number of active components increased 
significantly from AD 1 to 1,200, it remained relative stable 
from years 1200 to 1800, and then an obvious decreasing trend 
from years 1800 to 2016 is observed, denoting that a significant 
number of components were abandoned during this period. An 
increasing trend of disappearing of components after year 1,000 is 
also observed, which means that some previously used components 
became obsolete, because they might have been considered as not 
useful with the accumulation of experience. The lower degree a 
component is in a former period, the higher the probability of 
it being abandoned in the later periods during the evolution of 
TCM (SI Appendix, Fig. S5).

Dynamics of Edges. Fig. 2 illustrates ratios of different types of 
new edges contributing to the expansion of the TCM component 
network, from which we can see that the reinforcement of existing 
edges contributes heavily to the expansion of the TCM component 
networks, the triadic closure contributes second, followed by the 
new edges between existing and new components. If we ignore 
the weights of edges of the TCM component network, the triadic 
closure contributes heavily (SI Appendix, Fig. S6).

 We also conduct regression analysis on the preferential attach
ment (SI Appendix, Table S1 and S2  for the weighted and unwe
ighted TCM component networks, respectively). In the regression 
considering the weights, the reinforcement of existing edges is 
treated as new edges. The regressions show that preferential attach
ment is an important mechanism for the growth of the TCM com
ponent network.

 In a short summary, preferential attachment (including reinforce
ment of existing edges and new edges) and triadic closure works 
together in the expansion of the TCM component network.  

The Structure of TCM Component Networks. We construct TCM 
component networks for different periods using the accumulated 
TCM formulas and components documented at the end of 
different periods. Fig. 3A illustrates the weighted TCM component 
network (in the form of a Maximum Spanning Tree) constructed 
based on all documented 59,063 TCM formulas, showing that this 
network has a core–periphery structure, with some components 
linked closely in the center and other components scattered away 
from the center. SI Appendix, Fig. S11 further shows that only a 
small number of components were frequently used together.

 To explore whether the TCM component networks in different 
periods have a core–periphery structure, we use an indicator called 
the nested overlap and decreasing fill (NODF) and compare the 
NODF of TCM component network with those of randomly gen
erated null models (Materials and Methods  and SI Appendix , Text 
for more information about NODF). As shown in  Fig. 3B  , the 
weighted NODFs of the TCM component networks and the null 
model 1 (which preserving the degree sequence of the corresponding D
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TCM component network) exhibit increasing trend and are signif
icantly larger than that of the null model 2 (which only preserving 
the numbers of nodes and edges).  Fig. 3 C –E   illustrate that a TCM 
component network as well as the null model 1 have higher nest
edness (and thus a higher NODF) than their corresponding null 
model 2. In a short word, the TCM component networks main
tained the core–periphery structure during TCM evolution, which 
could also be explained by null models taking the degree distribution 
into account. In addition, this finding also holds for the unweighted 
TCM component network (SI Appendix, Fig. S12 ).

 We find that the weighted degree (i.e., strength) of TCM com
ponents in different periods followed a heavy-tailed distribution, 
fitting both the power-law and lognormal functions well ( 37 ) 
(SI Appendix, Figs. S7 and S8 ), which implies the heterogeneity 
of nodes’ strength of the TCM component network. And this also 
holds for the unweighted degree (SI Appendix, Figs. S9 and S10 ). 
This heavy-tailed distribution is consistent with our regression 
results on preferential attachment  (SI Appendix, Tables S1 and S2 ).  

TCM Core Components and their Evolution. We identify the TCM 
core components in different periods using the continuous model 
(38) introduced in the Materials and Methods (also SI Appendix, 
Text and SI Appendix, Fig. S15). The core components identified 
using this method are linked to many peripheral components but 
are also themselves densely linked. The set of core components 
identified from all 59,063 TCM formulas is called the final core 
components set (FCCS), the set of core components identified 
with cumulative TCM formulas documented by the end of a 
period is called the period core component set (PCCS). Following 
the idea in ref. 32, we use the proportion of components in the 
FCCS that can be traced back to each PCCS to indicate the 
stability of TCM core components, and a value higher than 0.5 
would indicate the TCM core components are stable.

  Fig. 4A   shows the number of core components in each PCCS 
as well as the stability of the core components. We find that there 
is overlap between core components and hubs in different periods, 
which is consistent with that preferential attachment predicts that 
hubs would be stable over time (  SI Appendix, Text and SI Appendix , 
Fig. S16   ).  Fig. 4B   illustrates the dynamics of the core components, 
that is, the periods of a component entering the TCM system, 
becoming a core component, or becoming a noncore component. 
 Fig. 4C   shows the co-occurrence of core components in three 
periods, from which the high cohesion of components in the 
FCCS can be seen. From  Fig. 4 , it can be seen that most of the 
components in the FCCS became core components in the early 
stage, and the TCM core components were stable during the evo
lution of TCM, with the stability increasing to 0.67 at approxi
mately year 400, and further to 0.88 at approximately year 900, 
which is different from the modern technology cycle in which 
technological progress is generally engendered by the frequent 
substitution of core components (for example,  39   – 41 ).        

 Existing studies on substitutions of core components in modern 
technological systems are qualitatively analysis and presented in the 
form of historical stories. We identify the cores of some modern tech
nological systems with the method and measure used in our study and 
compare the stabilities of their core components with that of the TCM 
by the first-order statistics, and the detailed results can be found in 
 SI Appendix, Fig. S18  which further proves the TCM core components 
are quite stable comparing with those of these modern technological 
systems. Of course, the evolution of different technological system 
could differ substantially, our study does not exclude the possibility 
that some modern technological systems could have stable cores.

 For robustness checks, we also apply other methods to identify 
TCM core components, such as the rich club method ( 42 ), con
tinuous extension model method ( 43 ), and random walk method 
( 44 ) (SI Appendix, Figs. S19–S21 ). SI Appendix, Table S3  presents 

Fig. 1.   Dynamics of number of TCM components and formulas. The observation period starts from AD 1, with time intervals as 100 y (with the exception that the 
last period is of 116 y from years 1901 to 2016) and different dynasties of China are segmented with dashed vertical lines. The dashed red line with dot marks 
denotes the cumulative number of TCM components documented by the end of each period. The dashed red line with star marks denotes the number of active 
TCM components, that is, the components documented in each period. The dashed red line with X marks denotes the number of new appearing components 
in each period. The dotted red line with triangle marks denotes the number of disappeared TCM components in each period, that is, components that not be 
documented after the period. The dashed blue line with triangle marks denotes the cumulative number of TCM formulas. The dotted blue line with dot marks 
denotes the number of new documented TCM formulas in each period.
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the core components of the FCCS identified with different meth
ods as well as the most frequently used ones in modern Chinese 
medicine ( 45 ,  46 ). From SI Appendix, Figs. S19–S21, and 
Table S3   , we can see that the core components identified with 
different methods are similar, and the top ten core components 
identified with the continuous model are similar to the most fre
quently used ones in modern Chinese medicine.

 Although there are theories regarding the roles of TCM com
ponents, including Monarch, Minister, Assistant, and Guide, in 
practice, it is difficult to identify each component’s role in all for
mulas, because they may play different roles in different formulas 
( 47 ). For example, licorice  is thought to play an assistant role in 
some formulas, but it also worked as a monarch herb in other 
formulas (SI Appendix , Text for concrete examples). Thus, our 
study does not specify whether an edge between two components 
means an assistant relation, a reinforced relation, or something 
else; it simply means that the two components are used together, 
and the weights of edges denote how frequently they are used 
together. However, we tested whether our findings would be quite 
different if we exclude some components that are generally 

considered assistants, and we found that our main findings still 
hold in such situations (SI Appendix, Fig. S23 ).

 Recent research on TCM has mapped vital TCM substances to 
signaling molecules ( 48 ). The TCM functions and associated sig
naling molecules of the top 10 core components are reported in 
 SI Appendix, Table S5 .  

The Building- Out of Tuples. Fig. 5 illustrates the building- out of tuples 
of different sizes. Fig. 5A provides an intuitive illustration of how large 
tuples are built from the small ones, from which it can be seen that a 
large tuple may be linked to several small ones from the merging of 
those small ones. A small tuple can function as the building block for 
various large tuples (which is also validated by the regression results in 
SI Appendix, Table S6). And many tuples can be traced back to more 
than one thousand years ago (SI Appendix, Fig. S24).

  Fig. 5B   shows that a large portion (above 70%) of the large tuples 
find their roots from the small ones.  Fig. 5C   illustrates a concrete exam
ple of building-out of a 6-tuple from simpler ones, from which it can 
be seen that although there could be several paths for its building-out, 
only one path can be traced back to a 2-tuple, and it is not always the 

Fig. 2.   Dynamics of edges during the expansion of weighted TCM component network. (A) illustrates different types of new edges contributing to the expansion 
of the TCM component network. The Left part illustrates the formula- component bipartite networks in period t and period t + 1 (with F1, …, F9 representing 
formulas, and a, …, g representing components), which are the basis of constructing the TCM component networks in the Right part. In the t + 1 component 
network, the new edge denoted with Type 1 (i.e., a and b) represents the reinforcement of an existing edge. Type 2 represents a new formula (i.e., F5 in the t + 1  
formula- component bipartite network) including three components (i.e., a, b, and c) and forming a triadic closure by bringing a new edge (i.e., a–c) connecting 
two previous existing components with a common neighbor (i.e., component b). Type 3 denotes a new formula (i.e., F6) brings a new edge (i.e., a–d) connecting 
two previous existing components with a common neighbor (i.e., component b). From the perspective of the component network, Type 3 also forms a triadic 
closure, but different to Type 2, the three components (i.e., a, b, and d) are not in the same formula. Type 4 denotes a new formula (i.e., F7) brings a new edge 
(i.e., d and e) connecting two previous existing components without a common neighbor. Type 5 represents a new edge connecting an existing component (i.e., 
component e) with a new appearing component (i.e., component f) with a new formula (i.e., F8). Type 6 represents a new edge (i.e., e–f) connecting two new 
appearing components with a new formula (i.e., F9). (B) shows the ratio of different types of new edges during the expansion of the TCM component network (the 
Left axis) as well as the total number of edges in different periods (the Right axis). (B) started from period 301 to 400 as there are only two edges before year 201.
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tuple with the largest frequency in this path. This example reflects the 
fact that identifying inheritance relationships among formulas is chal
lenging, although it is an interesting topic ( 49 ).   

Discussion

 The heavy-tailed distributions of the components’ strength, core–
periphery structures, and building-out from simple combinations 
to more complex ones, which were found in the evolution of TCM, 

are in accordance with the features found in modern technological 
systems. However, there are significant differences between the 
evolution of TCM and modern technological systems. For modern 
technological systems, changes in core components are frequently 
observed, leading to new technological trajectories ( 39   – 41 ). 
However, in the evolution of TCM, only slight fluctuations were 
observed in the core components. This may be due to two reasons. 
First, these core components can be used to cope with basic or 
widespread symptoms (SI Appendix, Table S4 ). Second, inheritance 

Fig. 3.   Structure of the weighted TCM component networks. (A) Illustrates the weighted TCM component network in the form of a Maximum Spanning Tree, 
with TCM components as nodes and their co- occurrence in all the 59,063 TCM formulas as edges. The core components are denoted with green circles. The 
pictures show the top 9 core components. (B) Illustrates the weighted- NODFs of the TCM component networks in different periods, comparing with those of 
the corresponding null models. Null model 1 is generated by reshuffling the weights and edges preserving the degree sequence, and null model 2 is generated 
by reshuffling the weights and only preserving the numbers of nodes and edges. (C) Shows the logarithmic weighted adjacency matrix of the TCM component 
network during the period of 1901–2016. (D) Shows the logarithmic weighted adjacency matrix of the null model 1. (E) Shows the logarithmic weighted adjacency 
matrix of the null model 2. The red lines in (C) and (D) represent the borders of the perfected nestedness.
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played an important role in TCM development, and classical com
binations worked as the basis for the invention of new formulas, 
which have been widely accepted ( 50 ).

 The following two implications can be drawn from our study. 
First, in the further development of TCM, it is suggested to con
sider the core components we identified in this study as they have 
been believed and tested to be useful for thousands of years. 
Second, technological systems developed mainly based on expe
rience might encounter few new technological trajectories, involv
ing modern scientific explorations and engineering, which is 
becoming prevalent in TCM development ( 51 ), is important for 
maintaining the vitality of such systems.  

Materials and Methods

Data. The TCM formula dataset used in this study is constructed by the Institute 
of Information on Traditional Chinese Medicine and includes 59,063 TCM formu-
las and 2,917 components. These TCM formulas are collected from 899 classical 
ancient books, dating mostly from AD 1 to 2016, with two books before AD 1 which 
included only four formulas and three components. It should be noted that some 
formulas developed and used in ancient history might not have been documented 
in existing ancient books; thus, they were lost and not included in the dataset.

Constructing TCM Component Networks. We construct TCM component net-
works for different periods using the accumulated TCM formulas documented at 
the end of the different periods, with components in formulas as nodes and their 
co- occurrence in formulas as edges. The weights of the edges were determined by 
the co- occurrence frequencies of the components in different formulas, and the 
edges have no direction; thus, TCM component networks are undirected weighted 
networks (as illustrated in SI Appendix, Figs. S1 and S2).

Exploring Distributions of Component Strength. We explored whether the 
distributions of component strength in TCM component networks are heavy- tailed 
ones with both power- law and lognormal functions (17, 18, 37) (SI Appendix, 
Text). We also used ordinary least squares to estimate the preferential attachment 
(attractiveness) of the components (SI Appendix, Text for more details).

Exploring the Core–Periphery Structures. We explored whether a TCM 
component network has a core–periphery structure and how it evolves with the 
nestedness of the network which is measured with an indicator called NODF 
(SI Appendix, Text for detailed definition of NODF). A high NODF value implies a 
core–periphery structure (38, 52). To explore whether a TCM component network 
has a core–periphery structure, we compare its NODF with those of randomly 
generated null models. We generate a kind of null model (denoted as null model 
1) by reshuffling the weights and edges preserving the degree sequence and 
another kind of null model (denoted as null model 2) by reshuffling the weights 

Fig. 4.   The dynamics of the TCM core components. (A) Shows the number of core components in each period and the stability of the core. The Left y- axis 
denotes the number of core components and the Right y- axis denotes the stability of the core. The FCCS represents the core components set identified from 
all the 59,063 TCM formulas, and a PCCS refers to the core components identified from the accumulative TCM formulas by a period. (B) Shows the dynamics of 
the core components. A component in white color denotes it has not yet appeared in TCM formulas, in black color denotes it is identified as a core component 
in the PCCS, and in gray color denotes it is a noncore component but used in some formulas. The components above the red line are those that appear in the 
FCCS, while the components below the red line are those appear in the PCCS but not in the FCCS. (C) Shows the co- occurrence of pairs of the core components 
in the three periods (SI Appendix, Fig. S17 for all the periods). The Top left part segmented by the horizontal and vertical red line represents the co- occurrence 
of core components in FCCS.
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and only preserving the numbers of nodes and edges following Bascompte et al. 
(53). If the NODF of the TCM component network is significantly higher than that 
of null model 2, the TCM component network is thought to have high nestedness, 
which implies that it has a core–periphery structure. If the NODF of the null model 
1 is also significantly higher than that of null model 2, it means the core–periphery 
structure detected (NODF) could be explained by null models taking the degree 
distribution into account.

Identifying Core Components. We adopt the definition of cores proposed by 
Borgatti and Everett (38), which considers not only the edges of core components 
but also the cohesion of core components, and a core refers to a set of compo-
nents that not only link to many peripheral components but are also themselves 
linked densely. An illustration of an ideal core–periphery structure following this 
definition is shown in SI Appendix, Fig. S3. This study adopts a classical continuous 

model to identify the core components. Compared with the dichotomous model, 
the continuous model considers the weights of the edges and measures the 
coreness value of each node rather than simply assigning the node as a core or 
periphery (38). As robustness checks, we use the rich club method (42), contin-
uous extension model method (43), and random walk method (44) to identify 
cores. Details of these methods can be found in SI Appendix, Text.

Exploring the Building- Out of Complex Tuples/Combinations. To explore, 
whether some early relatively simple combinations serve as building blocks for 
more complex ones that would in turn serve as building blocks for even more 
complex ones in the development of TCM, we adopt the term tuples (54), which 
denote frequently used combinations of components. Tuples have different sizes 
in terms of the number of components they comprise: a 2- tuple comprises two 
components, and a 3- tuple comprises three components.

Fig. 5.   The building- out of tuples. (A) Illustration of linkages between the large tuples and one- size smaller ones. The x- axis represents the appearing time of 
different tuples and y- axis represents sizes of tuples. The blue dots represent tuples, and the larger the size of the dots, the more frequently used of the tuples. A 
red line linking a large tuple to a small one represents that the large tuple is constituted of the corresponding small one. (B) Shows the proportion of large tuples 
built- out from one- size smaller ones. The x- axis represents different sizes of tuples and y- axis represents the proportion that the large tuples are based on the 
one- size smaller ones. (C) Illustrates a concrete example of the building- out of a 6- tuple from small tuples. A circle represents a tuple with the number denoting its 
frequency in different formulas, and the horizontal solid lines segment different sizes of tuples. The rectangles around the circle includes the specific components 
[A (Ginseng), B (Poria cocos), C (Prepared rehmannia root), D (Rhizome of Ligusticum chuanxiong), E (Atractylodes), and F (Paeonia lactiflora)] in different size of 
tuples. The x- axis represents the time that corresponding tuples appeared, and the y- axis represents different size of tuples. The solid lines link circles represent 
the path which can trace the 6- tuple back to a 2- tuple, while the dotted lines represent the paths that can be traced back to other small tuples but not to the 2- tuple.
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We extract tuples from all the formulas, and a larger tuple is thought built 
out from the smaller tuple(s) if the formula including the larger one appeared 
later than formula(s) including the corresponding smaller ones. We find 
that the frequency of tuples decreased sharply with an increase in their size 
(SI Appendix, Fig. S4), thus, we limit our study from 2- tuples to 6- tuples. We 
explore the building- out of large tuples by counting the proportion that large 
tuples can be traced back to the one- size smaller tuples considering time lag 
as well as regression analysis on the linkages among tuples with different sizes 
(SI Appendix, Text).

Data, Materials, and Software Availability. Data used for the illustrations, 
regressions, tables, and corresponding codes, which can support all the results in 
this paper. Data have been deposited in Github (https://github.com/wdmwmw/
evolution_TCM) (55).
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