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Part 3 Growth Theory
Lecture 3 The Solow–Swan Model

Jian LI

Department of International Economics and Trade
Nanjing University
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Supplement Readings

(1) M16; S9. 1

(2) 其他文献：Loyalka, P. et al. 2021. Skill levels and gains in university STEM
education in China, India, Russia and the United States. Nature Human Behaviour
5, 892–904.

(3) 其他文献：Capital Accumulation as a Source of Growth
(4) 其他文献：Population Growth and Technological Progress
(5) 其他文献：Growth Empirics and Policy

1M 指代马工程教材，S 指代课外阅读材料沈坤荣教程。
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学习目标

(1) 理解长期增长的动力。
(2) 掌握稳态概念，分析稳态的改变。
(3) 掌握收敛假说与收敛速度。
(4) 了解增长核算的 Solow 残差法。
(5) 掌握马工程教材精神。
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观察与思考 I
中国经济增长的动力是什么？

(1) 人民日报评论（2024 年 03 月 12 日第 5 版）：新质生产力 (new productive forces)
是创新起主导作用，具有高科技、高效能、高质量特征，符合新发展理念的先进
生产力质态。它由技术革命性突破、生产要素创新性配置、产业深度转型升级而
催生，以劳动者、劳动资料、劳动对象及其优化组合的跃升为基本内涵，以全要
素生产率大幅提升为核心标志，特点是创新，关键在质优，本质是先进生产力。
因此，形成新质生产力的过程也是战略性新兴产业加快发展、未来产业孕育壮大
的过程。新质生产力已经在实践中形成并展示出对高质量发展的强劲推动力、支
撑力。人形机器人不仅能浇花、洗碗、摆放椅子，甚至能帮人剃胡须；量子计算
机能把算力提高到新的层次，以指数级增长超越现在的超级计算机……这些前沿
创新让我们切实认识到，科技创新能够催生新产业、新模式、新动能，是发展新
质生产力的核心要素。推动新质生产力加快发展，必须加强科技创新特别是原创
性、颠覆性科技创新，加快实现高水平科技自立自强，打好关键核心技术攻坚战，
使原创性、颠覆性科技创新成果竞相涌现。同时，必须坚持全面深化改革，推动
形成与之相适应的新型生产关系。

(2) 新华网（2023 年 2 月 28 日）：中国经济为什么行——世界看多中国的“四力”逻
辑。1. 政策端的统筹支撑力；2. 需求端的消费驱动力；3. 供给端的产业竞争力；
4. 联动世界的开放融合力。
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观察与思考 II
中国经济增长的动力是什么？

(3) 人民智库专家（2021 年 04 月 26 日）：改革开放以来的经济增长分为三个阶段。
第一阶段是生产要素粗放驱动的阶段。由于对生产要素的利用严重不足，短缺与
失业并存，制度和结构性改革可以促使大规模生产要素投入的增长。第二阶段
是生产要素配置效率提高的阶段。随着中国经济的进一步发展，要素投入增量逐
渐消失，要素配置效率的提高成为经济增长的新动力，而生产要素配置效率提高
的关键是要素市场的发育和健全。第三阶段是创新驱动的阶段。随着要素市场的
改革和完善，要素配置效率得以保证，这时，战略性科技突破将成为新增长动力
的核心。

目前，中国经济增长的第一阶段显然已经结束。随着本国经济的发展和壮大，中
国面临的全球竞争空前激烈，加之地缘政治与全球治理结构的变化，可能没有时
间让我们依次经历第二阶段和第三阶段，而必须是熔第二阶段与第三阶段于一炉，
即同时进入要素配置效率提高阶段和创新驱动阶段。

(4) 邓小平（1988 年 9 月 5 日会见捷克斯洛伐克总统胡萨克时的谈话，《邓小平文选》
第三卷，p.274-275）：马克思说过，科学技术是生产力，事实证明这话讲得很对。
依我看，科学技术是第一生产力。……把教育问题解决好。
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观察与思考
实际利率的黄金法则

(1) 中国人民银行《深入推进利率市场化改革》（2022 年 9 月 20 日）：利率是资金的
价格，是重要的宏观经济变量，决定着资金的流向，对宏观经济均衡和资源配置
有重要导向意义。理论上，自然利率是宏观经济总供求达到均衡时的真实利率水
平。中长期看，宏观意义上的真实利率水平应与自然利率基本匹配。实践中一般
采用“黄金法则”来衡量合理的利率水平，即经通胀调整后的真实利率 r 应与实
际经济增长率 g 大体相等。若真实利率持续高于潜在增速，会导致社会融资成本
高企，企业经营困难，不利于经济发展。真实利率低于潜在经济增速，有利于债
务可持续，可以给政府一些额外的政策空间。但如果真实利率持续明显低于潜在
经济增速，会扭曲金融资源配置，带来过度投资、产能过剩、通货膨胀、资产价格
泡沫、资金空转等问题，难以长期持续。我国货币政策始终坚持以我为主，以静
制动，引导市场利率水平稳中有降，效果较好。目前我国定期存款利率约为 1%
至 2%，贷款利率约为 4% 至 5%，真实利率略低于潜在实际经济增速，处于较为
合理水平，是留有空间的最优策略。当前我国的经济增长、物价水平、就业状况、
国际收支平衡等货币政策调控目标均运行在合理区间，从实际效果上也充分验证
了我国当前的利率水平总体上处于合理区间。
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1 Definition of Economic Growth

2 Capital Accumulation

3 Population Growth

4 Technological Progess

5 Convergence

6 Growth Accounting

7 Policies to Promote Growth

8 马工程教材疑难重点
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Definition of Economic Growth

马工程观点 (M, 2019, p.249)
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Jones’s (2020, p.12) Macroeconomics, 5th ed.
12 | Chapter 1 Introduction to Macroeconomics

The Short Run
Notice that in Figure!1.7 two lines are plotted: the blue line is actual per capita 
GDP, or output, while the orange line, a “smoothed” version of the solid line, 
is called potential output. Potential output measures the way per capita GDP 
would evolve if prices were completely "exible and resources were fully employed. 
#e second important feature of the $gure is that actual output deviates from 
potential output. Other than the Great Depression of the 1930s, these deviations 
are hard to see, but they are still economically important. For example, in 1982, 
the!U.S.!economy su%ered one of the largest recessions of the  post–  World War!II 
era, and actual output was about 5!percent less than potential output. In today’s 
prices, this gap was roughly $1,500 per person, or $6,000 for a typical family of 
four, so this recession represented a large cost in terms of lost income.

#e third part of this book, Chapters!9 through 15, examines the economics 
underlying these "uctuations in!GDP.!Actual GDP is sometimes below potential 
and sometimes above, and the rise and fall of these deviations is traditionally 
called the “business cycle.” In modern macroeconomics, this term is often avoided 
because! it suggests some regularity to the  movements—  that a boom period is 
naturally followed by a recessionary period. Instead, most economists today prefer 
the more neutral “economic "uctuations.”

#e deviations between actual and potential output usually last only a short 
time. #e second part of this book thus focuses on what is called the short run. 
We seek to understand the forces that lead the economy to "uctuate over time, 
sometimes producing recessions like the one experienced throughout much of the 
world starting at the end of 2007.

Per Capita GDP in the United States

The average annual
growth rate is
2% per year

1880 1900 1920 1940 1960 1980 2000

4,000

8,000

16,000

32,000

64,000

Year

Per capita GDP
(2017 dollars)

Three features of 
the graph stand out: 
(1)!the overall upward 
trend due to economic 
growth, (2) the  short- 
 run fluctuations in 
economic activity, and 
(3) the suggested ques-
tion of what the future 
holds. These features 
reflect the structure of 
the book.

Sources: The Maddison-Project, www.ggdc.net/maddison/, and U.S. Department of Commerce, Bureau of Economic 
Analysis. The blue line shows actual per capita GDP in the United States. The orange line, which is hard to distinguish 
from the blue line, shows potential output. The difference between actual and potential output is a measure of short-run 
fluctuations in GDP.

FIGURE 1.7

MACRO5_ptr_ch01_002-017.indd   12 18/11/19   11:51 AM

95108_INB Nov-25-2019 mikeb

36Cyan, Magenta, Yellow, Black

SEQUENCErTXT
95108_TXT_0012.p1.pdfPAGE:

FOLIO 

12

Jian LI III Growth 拔尖计划 9 / 38



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Outline

1 Definition of Economic Growth

2 Capital Accumulation

3 Population Growth

4 Technological Progess

5 Convergence

6 Growth Accounting

7 Policies to Promote Growth

8 马工程教材疑难重点

Jian LI III Growth 拔尖计划 10 / 38



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Capital Accumulation
in the Solow (1956)–Swan (1956) Model

Assumption 1
The production function is neoclassical.

Assumption 2
L and A are constant.

Let y = Y /L, k = K/L.

Y = F(K ,L)⇒ y = f (k)
With the assumption of S = I, the fundamental equation is

K̇(t) = s ⋅Y (t)− δ ⋅K(t), ∀t ≥ 0 or
k̇ = s ⋅ f (k)− δ ⋅ k, ∀t ≥ 0
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Balanced Growth Path

Definition 1
A balanced growth path is defined as a situation in which various quantities grow at
constant rates. It is also called the long run state or steady state.

y

k

sf (k )

δ k

ι∗=δ k∗

k
∗

k
1

k
2

δ k
2

δ k
1

f (k )
Break-Even Line
Production Function

Actual Investment Curve

Jian LI III Growth 拔尖计划 12 / 38



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Effects of Raising Saving Rate s

k

s
1
f (k )

δ k

ι
1

∗

k
1

∗
k
2

∗

s
2
f (k )

ι
2

∗

E
1

E
2
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Golden Rule Steady State

Definition 2
The policymaker chooses the saving rate s such that the steady state value of c is
maximized. The optimal saving rate is called the golden rule level of the saving rate,
and is denoted by sgold . The steady state value of capital corresponding to sgold is called
the golden rule level of capital, and is denoted by k∗gold .

y

k

sgold f (k )

δ k

k gold
∗

f (k )

E

F

D

cgold
∗ =maxsc

∗
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The Transition to the Golden Rule Steady State
Starting with Too Much Capital

Jian LI III Growth 拔尖计划 15 / 38



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

The Transition to the Golden Rule Steady State
Starting with Too Little Capital
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Effects of Raising Population Growth n
Suppose L̇/L = n. The fundamental equation is

k̇ = sf (k)− (n + δ)k
y

k

(n
1
+δ )k

k
2

∗

s f (k )
E
2

E
1

(n
2
+δ )k

k
1

∗

Break-Even Line
Actual Investment Curve
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Technological Progress
Suppose Ȧ/A = g . The production function is Y = F(K ,AL) where AL is called the
effective labor/worker. 2 The fundamental equation is

˙̂k = sf (k̂)− (n + δ + g)k̂
where k̂ = K/(AL), ŷ = f (k̂) = Y /(AL).
ŷ

k̂

(n+
δ+g 1

) k̂

s f (k̂ )E
2

E
1

k̂
1

∗

(n
+δ

+
g 2
)̂k

k̂
2

∗

Break-Even Line
Actual Investment Curve

2Effective: Actual. // Effective demand. (Merriam-Webster).
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F is neo-classical.
If the economy has a steady state, then F can be written as
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马工程观点 (M, 2019, p.265)
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The Golden Rule
· Z9,t⽍ ·
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Example 1 (观察与思考)
如何理解“实际利率的黄金法则”？
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Sources of A ↑: Intentional Technological Change

Joseph A. Schumpeter (1942, p.83), Capitalism, Socialism and Democracy:

“The fundamental impulse that sets and keeps the capitalist engine
in motion comes from the new consumers’ goods, the new methods of
production or transportation, the new markets, the new forms of
industrial organization that capitalist enterprise creates. ......[This
process] incessantly revolutionizes the economic structure from within,
incessantly destroying the old one, incessantly creating a new one. This
process of Creative Destruction is the essential fact about capitalism."
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Convergence in the Solow Model宏观经济学教程( 第 四版)

态

到

进

我

运

图9-11 考虑技术进步的稳态

在考虑技术进步的条件下 , 由 于⼈均产出和总产出分别以 跖和( ″ +J)
的速率增⻓①, 因 ⽽技术进步可⽤来解释⼈均意义 ( ⽣活⽔平意义) 上 的经

济增⻓ 。索洛模型表明, 只有技术进步是⼀个经济⻓期持续增⻓的源泉 , 能

够推动产出和⽣活⽔平的不断上升。提⾼储蓄率只能实现在到达稳态之前

的短期增⻓⽽不是⻓期持续的⾼增⻓——⻓期均衡增⻓率与储蓄率⽆关 ,

⽽⼈ ⼝增⻓对⼈均意义上的增⻓是没有意义的。将技术进步因素纳⼈我们

的分析框架 , 为 了提⾼⼀ 国经济 的劳动⽣产率 , 并 最终提⾼⼀ 国的国⺠收

⼈ , 可 以有两条途径 :

( 1) 提⾼整个 ∫ ( 屁 ) 曲 线 , 这 意味着改变⽣产 函数和使⽤新技术 , 在⼀

定的⼈均资本下提⾼劳动⽣产率 ;

( 2) 提⾼ s, 这 意味着增加积累和提⾼储蓄率。

四 、最 优 储 蓄 率 的 决 定

⻓期 消费⽔平最⾼ 的资本积 累⽔平被称 为资本积 累的⻩⾦律⽔平

( Gol den Ruk Leve1) 。 要使⼈均消费达到最⼤ , ⼈ 均有效资本存量 ⾌x的

选择应能够使 r( 尼
*) 与

s∫ ( 尼 *) 之
间的垂直距离 ε 关=F( 尼 *) _sr ( 尼 泶

)

达到最⼤化 , 这个稳态的⼈均资本存量⽔平 乃※
就称为⻩⾦律⽔平 硝 。稳

态时⼈均消费⽔平如图 9-12所示 , ⼈均产出与⼈均储蓄的差额决定了⼈

均消费的⽔平 。

① 根据假定, 技术 A的 年进步率是 ￡, ⽣ 产 函数 的形式是 y=F( Κ , AL) , ⼈ 均产 出为
Y/L=Ar ( 庀 ) , 对该式两边取对数并对时间 钅求导, 再考虑到稳态时, ⼈均有效劳动的产出的增值

率为 0, 即 可得⼈均产出的增⻓率是 茁。

· 2亻6 ·

〓貂
⼘
 
〓
⽿
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Conditional Convergence
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The Speed of Convergence
The speed of convergence λ is measured by how much the capital growth
rate declines as the capital stock increases in a proportional sense. It is
given by λ(k̂) = −d( ˙̂k/k̂)

d ln k̂ . In the neighborhood of k̂∗,
˙̂k
k̂
= sf (k̂)

k̂
− (n + g + δ)

= −(1− α∗K)(n + δ + g) ⋅ (ln k̂ − ln k̂∗)+ ○(ln k̂ − ln k̂∗)
= −λ∗ ⋅ (ln k̂ − ln k̂∗)+ ○(ln k̂ − ln k̂∗),

where α∗K = f ′(k̂∗)k̂∗
f (k̂∗) and λ∗ = (1− α∗K)(n + δ + g). Intuitively, λ∗ can be

interpreted as

λ∗ ≈ ∆ ln k̂
(ln k̂∗ − ln k̂)∆t

.
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Growth Accounting

Suppose the production function is Y = F(K ,L,A). In growth accounting, A is often
called the total factor productivity (TFP) which captures effects on output level caused
by factors other than K and L.

Ẏ
Y = KFK

Y
K̇
K + LFL

Y
L̇
L + AFA

Y
Ȧ
A

Let αK ≜ KFK
Y , βL ≜ LFL

Y denote the factor income shares. Let χTFP ≜ AFA
Y

Ȧ
A denote the

contribution of TFP.

χTFP = gY − αK gK − βLgL.

If F is homogeneous of degree one in K and L, then αK + βL = 1.

Labor Capital

Technology Institution Culture Geography Environment Energy

Growth

Jian LI III Growth 拔尖计划 29 / 38



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

The Slowdown in Productivity Growth
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Growth in Output and the Solow Residual
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Growth Accounting for China
余淼杰、于鸿君（2022），《宏观经济学原理——中国视角》

技术进步的⼀种标志, ⾃ 然也带来 了全要素⽣产率的增⻓。⒛08年 以来 , 中 国的经济增⻓动

⼒⼜回到了以资本投⼊为主的模式, 这 主要是由于⾦融危机导致的巨⼤的外⽣冲击。⾦融危

机导致 了全球资本配置效率的极⼤降低 , 国 际贸易发展也受到阻碍 , ⽽ 这些外⽣冲击也导致

了中国全要素⽣产率的下降, 这 ⼀时期全要素⽣产率贡献下降到 1. 5%, ⽽ 资本投⼊贡献重新

回到4. 9%。 为 了保持国内经济增⻓的稳定 , 中 国政府制定 了4万 亿元的投资计划。

表 3̄ 3 中国经济增⻓核算 单位 : %

年 份
产出增⻓ 劳动投⼈增⻓ 资本投⼈增⻓  全要素⽣产率增⻓

Δ 9冫' y ( 1-α ) Δ Zj /z αΔfζ 冫/Κ M//l

1978——2015

1978——1981

1982-— 1986

1987— —1990

1991-— 1999

2000-̄ 2008

2009-⼯2015

9, 4

42
95
4, 8

96
95
7 1

2, 7

18
26

53
16
1, 4

07

47
2, 7

36
26
34
44
4, 9

2, 0

-03

3. 3

-3 1

46
3, 7

15
⼈ ⼝

资料来源 : 作 者根据公开数据计算。

三 、促进经济增⻓ 的经济政策

经济增⻓核算⽅程说明, ⼀个经济的增⻓动⼒主要来 ⾃三个⽅⾯ , 即 资本存量的增加、劳

动投⼈的增加和技术进步。⼀个有为的政府往往希望通过⼀些政策⼿段来刺激这些增⻓源

泉的涌流 , 本⼩节就来讨论相应的宏观经济政策。

( ⼀ ) 储 蓄与投资

每⼀个经济体都希望获得源源不断的资本存量增加来刺激经济增⻓ , 但 是天上不会掉馅

饼 , 资本也不会凭空产⽣ , 相反还会不可避免地产⽣折旧。为了⽣产出新的资本品, 需 要将当

期的部分资源⽤于投资以积累新的资本。只有当这些新的资本超过本期的资本折旧时 , 下⼀

期的资本存量才会增加。理论上 , 在 ⼀个封闭的经济体 中, 投 资的唯⼀来源是该经济体 中私

⼈部⻔和公共部⻔的储蓄。因此 , 我们需要通过增加储蓄的⽅式来提⾼投资⽔平。

但是 , 储 蓄并不是免费的午餐 , 它 需要储蓄⼈放弃今天⽤于消费的资源来换取明天的资

本积累, 就像为了换⼀台新电脑 , 你 不得不在今天放弃买球鞋。储蓄和消费的这种替代关系

说明政府不可能⽆节制地提⾼储蓄率 , 因 为这会损害今天消费者的福利⽔平。但是如果今天

投资的资本带来的未来收益能够弥补今天减少消费带来的损失 , 那 么储蓄就是⼀个“划算
”的

选择。⼈们正是根据今天投资的资本带来的未来收益与今天减少消费需要放弃的福利之间

的⽐较 , 来权衡最有效率的储蓄⽔平。研究消费与储蓄之间更为细节的关系是下⼀章的学习

任务。

如果其他条件保持不变 , ⼀旦经济体确定了⼀个储蓄率 , 就 会逐渐演变到⼀个对应的稳

定状态的资本存量 , 随后 , 达 到稳定状态的经济将会停 留在那⾥不再变动。稳定状态实际上

98 ( 宏 观经济学原理: 中 国视⻆

∶∶ ∷∶  ∶∷ ∶∶

ˇ 、⼃ |  j ∶  ∶∷

ˉ  ∷∷△∫ i =ζ  |

T : ∴ △f∶ ∷∷

「Ⅱ 纟:  t ∶  ∷

Example 2 (观察与思考)
中国经济增长的动力是什么？什么是新质生产力？
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5 Convergence

6 Growth Accounting

7 Policies to Promote Growth

8 马工程教材疑难重点

Jian LI III Growth 拔尖计划 33 / 38



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Policies to Promote Growth

(1) Evaluating and changing the rate of saving: s ⪋ sGold
(2) Allocating the economy’s investment: Human capital, physical capital

with spillovers, and public capital.
(3) Establishing the right institutions.
(4) Supporting a pro-growth culture: treatment of women; attitudes

toward children; the degree of openness to new ideas; and trust.
(5) Encouraging technological progress.
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Example: Human Capital (Loyalka, P. et al., 2021)

ARTICLES
https://doi.org/10.1038/s41562-021-01062-3

1Graduate School of Education, Stanford University, Stanford, CA, USA. 2Freeman Spogli Institute for International Studies, Stanford University, Stanford, 
CA, USA. 3Educational Testing Service, Princeton, NJ, USA. 4International Center for Action Research on Education, School of Education, Henan University, 
Henan, China. 5Institute of Education, National Research University Higher School of Economics, Moscow, Russia. 6Center for Studies in Higher Education, 
Goldman School of Public Policy, University of California Berkeley, Berkeley, CA, USA. 7Faculty of Education, Sichuan Normal University, Sichuan, China. 
8Institute of Higher Education Research, University of Jinan, Jinan, China. 9Graduate School of Education, Peking University, Beijing, China. 10Institute of 
Education, Tsinghua University, Beijing, China. 11World Bank, Washington, DC, USA. ✉e-mail: loyalka@stanford.edu; chirikov@berkeley.edu

A major goal of undergraduate STEM programs is to help stu-
dents to develop academic knowledge, competencies and 
skills (hereafter, skills) as well as higher-order thinking skills 

such as critical thinking1–7. Equipping individuals with such skills 
contributes to human capital development and promotes innova-
tion, helping nations grow and compete in the global knowledge 
economy8–12.

Past studies show that there is a positive relationship between 
a nation’s human capital, as measured by years of schooling, and 
its growth13–16. Recent studies show that skills measured by inter-
national assessments of primary and secondary school students are 
a closer proxy for country-level human capital and a more robust 
determinant of growth17–21. Research on the role of cognitive skills 
in economic growth acknowledges that cognitive skill measures 
may also capture non-cognitive or higher-order cognitive dimen-
sions that also explain productivity and growth18,22–24. Such evidence 
supports a rich line of inquiry into educational reforms that can 
produce skills24.

However, in emphasizing the importance of human capital for 
productivity and growth, researchers have largely focused on skills 
acquired in pretertiary education rather than in higher education. 
In particular, despite the tens of billions of dollars spent on under-
graduate STEM programs each year, little is known about the extent 
to which students in these programs develop critical thinking and 
academic skills during university.

Attempts to measure skill acquisition—for example, by collect-
ing data on the short-term employment outcomes of graduates—
have been too indirect to provide actionable insights for education 
policymakers or university administrators1,25. Direct approaches 

using standardized assessments have rarely been applied26,27. In the 
few cases in which studies have collected standardized assessment 
data—such as the Assessment of Learning Outcomes in Higher 
Education of the Organisation for Economic Co-operation and 
Development—they have generally not assessed nationally repre-
sentative (random) samples of students and institutions and have 
therefore been unable to contextualize skill levels and gains in an 
international perspective28.

Loyalka et al.29 compared skills among representative (random) 
samples of STEM undergraduates across countries. However, that 
study is limited in that it collects and analyses only cross-sectional 
data on computer science (CS) skills among CS majors at one point 
in time—that is, at the end of university. The results of this study 
therefore do not speak directly to: (1) skills learned during univer-
sity (skill gains); (2) higher-order thinking skills, which are believed 
to be critical for workforce productivity; or (3) foundational aca-
demic skills, such as maths and science, which are largely covered in 
the first two years of university and which are the basis for success 
in later years. Loyalka et al.29 also uses a relatively small sample of 
1,593 students for China, India and Russia; furthermore, the sample 
from India is from only three states and is not strictly nationally 
representative.

The lack of evidence on skill acquisition in higher education is a 
major omission. Nations spend a substantial and growing propor-
tion of their GDP on higher education (2.6% in the United States30). 
Higher education is also associated with greater returns compared 
with primary and secondary schooling31. Although private returns 
may be due in varying degrees to the contribution of higher educa-
tion to skill development or its signalling value32, the skills produced 

Skill levels and gains in university STEM education 
in China, India, Russia and the United States
Prashant Loyalka! !1,2 ✉, Ou Lydia Liu! !3, Guirong Li4, Elena Kardanova! !5, Igor Chirikov! !5,6 ✉, 
Shangfeng Hu7, Ningning Yu! !8, Liping Ma9, Fei Guo! !10, Tara Beteille11, Namrata Tognatta11, Lin Gu! !3, 
Guangming Ling! !3, Denis Federiakin! !5, Huan Wang! !2, Saurabh Khanna! !2, Ashutosh Bhuradia! !2, 
Zhaolei Shi! !1 and Yanyan Li4

Universities contribute to economic growth and national competitiveness by equipping students with higher-order thinking and 
academic skills. Despite large investments in university science, technology, engineering and mathematics (STEM) education, 
little is known about how the skills of STEM undergraduates compare across countries and by institutional selectivity. Here, we 
provide direct evidence on these issues by collecting and analysing longitudinal data on tens of thousands of computer science 
and electrical engineering students in China, India, Russia and the United States. We find stark differences in skill levels and 
gains among countries and by institutional selectivity. Compared with the United States, students in China, India and Russia do 
not gain critical thinking skills over four years. Furthermore, while students in India and Russia gain academic skills during the 
first two years, students in China do not. These gaps in skill levels and gains provide insights into the global competitiveness of 
STEM university students across nations and institutional types.

NATURE HUMAN BEHAVIOUR | VOL 5 | JULY 2021 | 892–904 | www.nature.com/nathumbehav892
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疑难重点

(1) 提高储蓄率对稳态人均收入有何影响？提高人口增长率对稳态人均收入有何影响？
(2) 人均收入长期增长的动力来自哪里？
(3) What is conditional convergence?
(4) 一个变量的增长率，为何不能用变量对时间的导数衡量？
(5) 在 Solow 模型的稳态下，水平变量、人均变量和有效人均变量的增长率分别是什
么？

(6) Solow 模型的基本方程是什么？
(7) 稳态的决定因素有哪些？每个因素如何影响稳态有效人均资本？
(8) 为什么 Solow 模型中会出现动态无效率？
(9) 有效人均资本越高的国家，是否越富裕？

(10) 稳态附近收敛速度的推导和直觉解释。
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马工程教材疑难重点

1 ( E2, p.281 )
根据马工程教材观点，应当如何评析西方经济学的经济增长理论？

2 ( E2, p.284 )
根据马工程教材观点，经济增长理论是否可以说明中国提出的创新驱动发展战略？

3 ( E2, p.28 )
根据马工程教材观点，应当如何看待西方经济学的研究方法？
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