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Abstract: The groundbreaking scientific practices of Guo Shoujing (1231-1316) in astronomy and
hydraulic engineering during the Yuan Dynasty catalyzed a paradigmatic shift in Chinese science from
empirical accumulation to theoretical systematization. In astronomy, he spearheaded large-scale
observational projects, innovating instruments such as the simplified armillary sphere (Jianyi) and
elevated gnomon (Gaobiao), which generated precise empirical data to refine calendrical calculations,
establishing an enduring exemplar in Chinese astronomical history. In hydraulic engineering, he
conceptualized topographic elevation gradients and designed multi-stage sluice systems for the
Tonghui River, synergizing traditional hydrological wisdom with technological iterations to triple
water transport efficiency. His methodological framework manifested threefold innovation: enhancing
data accuracy through expansive observational networks and precision instrumentation,
reconceptualizing the epistemological logic of technological devices (e.g., reconstructing equatorial
coordinates in observational tools), and implementing mathematical modeling for systematic
engineering planning. Compared with contemporaneous scientific traditions, his achievements
demonstrated unparalleled integration of empirical rigor and applied engineering, transcending
regionally confined theoretical paradigms through the dialectical synthesis of technical praxis and
mathematical deduction. This study argues that Guo's work reconfigured traditional epistemic
frameworks via interdisciplinary synthesis and systemic optimization, articulating a distinct
non-Western trajectory of premodern scientific transformation. His legacy persists in illuminating
contemporary challenges in technological ethics, holistic methodologies, and the cross-disciplinary
integration essential for scientific innovation.
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1. Introduction

Guo Shoujing (1231-1316), a polymathic scientist from Xingtai, Hebei, made epoch-making
contributions to Chinese and global scientific history through his interdisciplinary achievements in
astronomy, calendrics, hydraulics, and mathematics. He constructed a systematic methodological
framework that emphasized the dialectical integration of observational data collection and
mathematical modeling, offering profound implications for later scientific paradigms. In astronomy, his
empiricist approach drove groundbreaking innovations: he redesigned the Simplified Armillary Sphere
(Jianyi) by streamlining traditional equatorial rings and invented the Elevated Gnomon (Gaobiao),
enhancing measurement precision. Leading a two-year, large-scale astronomical survey across 27
observatories spanning from the South China Sea to the North Sea, he established the mathematical
foundation for the Shoushi Calendar—the pinnacle of Chinese calendrical science—calculating the
tropical year with a mere 26-second discrepancy from modern values. In hydraulic engineering, his
syncretic philosophy of "innovating through tradition" optimized existing canal networks (e.g.,
preserving Sui-Tang infrastructure in the Jizhou section of the Grand Canal) while pioneering
technologies like overflow dams and multi-stage lock systems. These innovations tripled the efficiency
of the Tonghui River's grain transport system, achieving organic integration of hydraulic efficiency and
technological iteration. This study examines Guo's pioneering practices in astronomy and hydraulics,
systematically analyzing the core features of his scientific methodology—precision instrumentation,
empirical rigor, and interdisciplinary systems thinking—and their pivotal role in the evolution of
premodern science. His legacy, rooted in the principle of "harmonizing celestial and human principles,"
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provides enduring insights for contemporary scientific innovation in methodological integration and
systemic optimization.

2. The Historical Context of Guo Shoujing's Scientific Practice
2.1. The Academic Background of the Song-Yuan Scientific Transformation

The Song-Yuan era constituted a pivotal phase in the development of Chinese scientific thought and
technological culture. The Neo-Confucian epistemological framework of gewu zhizhi (investigation of
things to extend knowledge) emerged as a methodological innovation that significantly advanced
empirical research paradigms . Zhu Xi and other Neo-Confucian scholars advocated jiwu qiongli
(exhausting principles through engagement with phenomena), systematically incorporating natural
observation into scholarly discourse. This approach led to comprehensive documentation of biological
morphology (e.g., Erya Yi) and mineral properties (e.g., Yunlin Shipu), establishing a tradition of
systematic natural studies.

The philosophical emphasis on deriving natural laws through observation and experimentation
found concrete expression in Shen Kuo's Dream Pool Essays (Mengxi Bitan), which recorded precise
measurements of magnetic declination and innovations in movable-type printing technology. These
works laid important epistemological foundations for scientific inquiry in China.

During the pre-Yuan period, Western Regions cultural influences in China were predominantly
Persian (Iranian) in character. The Mongol era witnessed the ascendancy of Arabic-Islamic scholarship,
as Muslim intellectuals brought their expertise to China where they were particularly valued by the
Yuan rulers as part of the semu (various categories) administrative class . The establishment of the
Huihui Guozixue (Imperial Academy of Muslim Learning) in the capital represented the
institutionalization of Arabic-Islamic knowledge transmission.

Notable areas of influence included astronomy, calendrical science, geography, and military
technology. The Yuan administration maintained parallel astronomical bureaus - one Chinese and one
Muslim (Huihui) - reflecting the coexistence of distinct scientific traditions. In 1267, the Persian
astronomer Jamal al-Din introduced various astronomical instruments and compiled the Wannian Li
(Perpetual Calendar), which received limited official adoption .[1]

Yuan rulers emphasized shixue (practical learning), with this pragmatic orientation permeating all
levels of society. Contemporary records note that "When the Yuan first unified the realm, talent was
cultivated through practical studies, and the worthy advanced through fair selection".[2]. This period
saw significant transformation of the bureaucratic system, with technocratic officials like Liu
Bingzhong rising to prominence. This institutional shift created fertile ground for Guo Shoujing's
scientific pursuits. Historical accounts document Guo's exceptional aptitude and scholarly pedigree:
"Endowed with extraordinary intellect, Guo inherited his grandfather Rong's mastery of the Five
Classics, mathematics, and hydraulics. When Grand Preceptor Liu Bingzhong, Left Counselor Zhang
Wengian, Privy Councilor Zhang Yi, and Admonishment Official Wang Xun lectured at Zijin Mountain
Academy, Rong arranged for Shoujing to study under Bingzhong". [3]Guo Shoujing studied under Liu
Bingzhong at Zijinshan Academy, where he engaged with other shixue scholars including Zhang
Wengian, Zhang Yi, and Wang Xun. This unique combination of family academic heritage, mentorship
under Liu Bingzhong, and intellectual exchange at Zijinshan Academy shaped Guo's distinctive
scientific methodology.

Within this historical context, Guo Shoujing made groundbreaking contributions in astronomical
instrumentation, calendrical science, and hydraulic engineering, representing the culmination of
Song-Yuan scientific development.

2.2. The Crisis and Breakthrough of Traditional Paradigms

In the long-term evolution of traditional calendrical systems, significant cumulative errors emerged
in the calculation of precession, leading to a time-dependent decay in calendrical accuracy. As the
effects of precession continued to accumulate, the deviation between calendrical predictions and actual
celestial phenomena exhibited nonlinear growth, eventually surpassing practical thresholds and failing
to meet societal demands for high-precision calendars.

The Song-Tang armillary sphere, as a typical representative of traditional astronomical instruments,
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exhibited a structural contradiction between symbolic decorative elements and scientific observation
functions. The intricate ritualistic decorations not only caused a geometric complexity that increased
exponentially, significantly raising manufacturing and maintenance costs, but also created optical
interference effects during observations. Empirical data showed that these decorative components
obstructed the observer's field of view and negatively impacted the calibration accuracy of the
equatorial and meridian rings.

The Grand Canal transport system faced challenges due to limitations in topographic understanding.
During the early Yuan Dynasty's construction of the Grand Canal, knowledge of the geological
conditions in the western Shandong plain was rudimentary, and the impact of soil leakage on water
retention was not fully considered. Some sections became "leaky canals" due to severe leakage,
exacerbating water shortages. Technically, there was a lack of engineering solutions for complex
terrains. For example, the Jiaolai Canal attempted to connect the Jiaodong Peninsula for river-sea
intermodal transport but failed due to insufficient excavation depth, which ignored the barrier of low
mountains and hills in the central peninsula, leading to rapid siltation from tidal backflow.

Faced with these scientific challenges, Song-Yuan scientists did not remain stagnant but actively
absorbed the essence of foreign cultures, integrating them with traditional Chinese scientific knowledge
to achieve paradigm breakthroughs and innovations. Works such as Shen Kuo's *Dream Pool Essays*
and Guo Shoujing's *Shoushi Calendar* not only reflected in-depth observations and research on
natural phenomena but also demonstrated the fusion and innovation of Chinese and foreign scientific
knowledge.

3. The Threefold Path of Methodological Innovation
3.1. The Empirical Turn in Observation Paradigms

In the field of astronomy, Guo Shoujing pioneered a shift toward empirical observation paradigms.
His "Four Seas Survey" project established a geographic latitude observation system spanning 15°N to
65°N, with 27 observation stations forming a measurement network from the South Sea to the North
Sea, covering an unprecedented spatial range of 50 degrees of latitude. The "day-night observation"
protocol institutionalized systematic astronomical observation procedures. At the core observation site,
the Dengfeng Observatory, the improved gnomon shadow measurement system achieved
millimeter-level precision, a technical indicator that surpassed Tycho Brahe's contemporary European
system by two orders of magnitude. The scale of empirical data points was several times that of Tycho's
system, forming significant advantages in observation network density, data continuity, and geographic
coverage, thereby establishing a comprehensive empirical database for celestial motion theory.

In the Field of Hydraulic Surveying: Guo Shoujing's Establishment of Engineering Survey
Paradigms. In hydraulic measurement, Guo Shoujing developed an engineering surveying paradigm for
topographic mapping. Through extensive gradient measurements spanning "hundreds of 1i" across the
floodplains north and south of the Yellow River, his prolonged practical work led him to recognize the
necessity for a unified standard to evaluate topographical variations between different locations.

Guo ultimately established the sea level near Dadu (modern Beijing) as his reference datum,
systematically comparing the elevations of various points along the route from Dadu to Bianliang
(modern Kaifeng) against this marine baseline. As recorded in historical sources: "He further compared
the elevation differences between the capital and Bianliang using sea level as reference, noting that
Bianliang's waters, being far from the sea, flowed swiftly and violently, while the capital's waters,
being close to the sea, moved slowly and gently. His observations were credible and verifiable,
demonstrating unparalleled expertise in hydraulic studies."

This analysis reveals Guo's understanding that Bianliang's river waters, being more distant from sea
level, exhibited greater flow velocity, whereas Dadu's waters, being proximate to sea level, moved
more slowly. By employing sea level as a consistent reference for comparing elevation differences
between these locations, Guo Shoujing conceptually developed and practically implemented the notion
of "elevation above sea level" for the first time in Chinese surveying history. [4]

3.2. The Epistemological Reconstruction of Technical Tools

Guo Shoujing's Epistemological Reconstruction in Instrument Design and Application. Guo
Shoujing achieved a profound epistemological transformation in the design and application of technical
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instruments. In developing the Jianyi (Simplified Armillary Sphere), he skillfully integrated the
structural and functional principles of traditional Hunyi (armillary spheres) with the observational
methodology of equatorial instruments, thereby innovating the direct measurement of celestial right
ascension and declination.

The equatorial mounting system of the Jianyi stood out for its ingenious design and practical
functionality. By virtualizing the sighting tube (kuiguan) and unifying the measurement of declination
and polar distance (qujidu), Guo simplified the instrument's structure while enhancing observational
efficiency and precision.

In the design of the gnomon (guibiao), Guo prioritized both measurement accuracy and instrument
stability. The dimensions of the Gaobiao (Tall Gnomon), crossbeam, and guimian (measuring scale)
were calibrated to the finest degree (fen and cun). He employed plumb lines for vertical alignment and
water-filled channels to ensure leveling, guaranteeing the reliability of solar measurements.

The Yangyi (Celestial Globe with Projective Features) represented a breakthrough beyond
conventional observational instruments. By integrating multiple functions into a single device, Guo
realized the principle of "one instrument, multiple uses." Its operation was intuitive, its results visually
interpretable, and its structural simplicity did not compromise accuracy. The Yangyi not only facilitated
more accessible astronomical observations but also presented celestial data in an immediately
comprehensible form.

The Yangyi's design philosophy and practical utility provided later scientists and technicians with
invaluable conceptual and methodological references. Through these innovations, Guo Shoujing
redefined the epistemological framework of instrumental astronomy, merging theoretical sophistication
with empirical pragmatism in unprecedented ways.

In hydraulic engineering, the seven-lock liandong system of the Tonghui Canal exemplified the
application of feedback control mechanisms. This system dynamically regulated water levels through
sluice gates: "Diverting the Baifu Spring water into the Grand Canal for grain transport to Tongzhou,
with seven locks installed. About a li (Chinese mile) apart, additional sluice gates were installed to
alternately raise and lower water levels for boat passage." His design solved the millennium-old
challenge of canal transport in Dadu (modern Beijing), allowing boats to navigate sections with
significant water level variations, greatly improving transport efficiency and safety. Guo Shoujing
made numerous necessary adjustments and developments in the Tonghui Canal project based on actual
conditions and needs, reflecting his meticulous and pragmatic scientific attitude.[5]

3.3. The Constructive Logic of Mathematical Models

Guo Shoujing made groundbreaking contributions to mathematical astronomy through his
innovative theoretical approaches. In developing the Shoushi Calendar (Season-Granting Calendar)
with Wang Xun, he revolutionized traditional computational methods by introducing three major
advancements. First, he created sophisticated third-order difference interpolation formulas (zhaocha fa)
that significantly improved planetary motion calculations. Second, he developed original geometric
techniques like the arc-chord segmentation method (hushi geyuan shu) to solve complex spherical
astronomy problems, including coordinate transformations between ecliptic and equatorial systems and
eclipse predictions. Third, he established precise astronomical constants, calculating the tropical year as
365.2425 days (only 26 seconds longer than modern values) and determining the precession rate at
1'50" annually. These innovations embodied Guo's principle of "progress through precise computation”
(ji zhi yi mi suan), elevating Chinese calendrical science from empirical approximation to
mathematically rigorous prediction. The Shoushi Calendar's advanced mathematical framework,
particularly its proto-trigonometric methods, not only represented the pinnacle of traditional Chinese
astronomy but also laid conceptual foundations for modern celestial mechanics.[6]

In the Tonghui Canal project, Guo Shoujing's overall design philosophy involved rationally setting
dams and locks to artificially control water flow. A total of 24 dams and locks were installed along the
canal from Wengshan Lake to Li'ersi, with their locations and quantities determined based on distance,
elevation differences, and gradients to expedite boat passage while minimizing safety risks. This
achieved the engineering goal of "enabling grain transport boats to navigate around the city." This
systematic design approach, based on mathematical models, broke away from the qualitative,
experience-oriented analysis of traditional hydraulic engineering, establishing a quantitative modeling
paradigm. Compared to earlier practices reliant on artisan experience, the application of such
quantitative models significantly enhanced the reliability and operational efficiency of hydraulic
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systems.

4. The Characteristics of Scientific Thinking
4.1. Systems Thinking and Empirical Rationality

Guo Shoujing's scientific practices reflected multidimensional synergistic optimization through
systems thinking. In constructing the astronomical observation network, the spatial distribution
balanced longitude spans and topographic variations. Observation points were distributed across
different longitudes and terrains to obtain more comprehensive and accurate data. In hydraulic
engineering, he integrated hydrological, transport, and agricultural needs. When designing projects, he
carefully considered water flow, level changes, and their impacts on transport and irrigation,
maximizing the benefits of hydraulic systems. The *Shoushi Calendar* also established a dynamic
error correction mechanism. In practical applications, calendrical deviations could arise due to various
factors, but Guo Shoujing's mechanism allowed timely adjustments to maintain accuracy. As the Qing
Dynasty astronomer and mathematician Mei Wending noted: "The *Shoushi Calendar* does not rely on
accumulated years but solely on empirical measurements. Thus, from the Yuan to the Ming Dynasty, it
was used for over 300 years without significant error. Compared to the Han, Jin, Tang, and Song
dynasties, where calendars were repeatedly revised due to errors, the difference is like heaven and earth.
Thus, it is said that the *Shoushi Calendar* synthesizes the achievements of all schools. Before
Western calendars, none were as precise as the *Shoushi Calendar*." [7]

4.2. Uniqueness in Sino-Western Comparisons

Compared to Tycho Brahe, Guo Shoujing's observation network had broader coverage and
emphasized engineering applications. While Tycho's observations were primarily astronomical, Guo
Shoujing's network supported not only astronomy but also practical applications like hydraulic
engineering. Unlike Arab scholars' geometric deductive tradition, Guo Shoujing emphasized the
integration of mathematical models with empirical data. Arab scholars excelled in geometric deduction,
but Guo Shoujing believed that only by combining models with data could accurate and reliable
conclusions be drawn.

His scientific practices demonstrated that non-Western civilizations also followed a cognitive path
of "technological practice preceding theoretical explanation." For example, the design philosophy of
the simplified armillary sphere predated the instrument innovations of the European Renaissance. The
lock system of the Tonghui Canal exhibited control principles similar to Dutch hydraulic engineering
but was implemented earlier. This highlights how different civilizations may adopt similar approaches
to solving practical problems, with non-Western civilizations making unique contributions.

4.3. Re-evaluating the Value of Pre-Modern Scientific Revolutions

Guo Shoujing's practices strongly rebut the binary opposition posed by the "Needham Question,"
which explores why ancient Chinese science flourished while modern science did not emerge. His
achievements show how traditional Chinese science, through empirical methods and mathematical
logic, achieved paradigm shifts. His methodology integrated holistic thinking with quantitative analysis.
For instance, the *Shoushi Calendar* retained traditional calendrical frameworks while innovating
computational systems with spherical trigonometry.

The "technology-based cognitive revolution" sparked by Guo Shoujing's scientific practices offers a
multicultural narrative for global history of science beyond Western-centric perspectives. Traditional
historiography often prioritizes Western scientific development, overlooking contributions from other
civilizations. Guo Shoujing's work reveals the unique roles of different civilizations in scientific
progress, urging an open and inclusive perspective to appreciate diverse scientific achievements.

5. The Modern Implications of Guo Shoujing's Scientific Methodology
5.1. Implications for Contemporary Scientific Research

Guo Shoujing, as an outstanding ancient Chinese scientist, the scientific method of observation and
empiricism he advocated serves as a shining lighthouse, illuminating the path forward for modern
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scientific research and providing invaluable references. In the current field of scientific research,
despite the rapid and remarkable advancements in technological means, observation and empiricism
remain the cornerstone and core of acquiring scientific knowledge. Scientists can only continuously
break through the boundaries of cognition and keep the wheel of scientific progress rolling forward by
relying on precise observations and rigorous experiments to verify theories.

Moreover, Guo Shoujing's systematic thinking and remarkable ability to construct mathematical
models also bring profound insights to modern scientific research. When dealing with complex
scientific problems, systematic thinking is like a master key that helps scientists comprehensively
consider the interactions among various factors, avoiding a one-sided and isolated view of issues. The
construction of mathematical models, on the other hand, is like building a bridge of communication,
enabling us to gain a deeper understanding and interpretation of natural phenomena and accurately
predict natural laws. Taking numerous fields such as climate change research and biomedical research
as examples, the application of systematic thinking and mathematical models has become the key to
solving problems, providing strong support for overcoming scientific challenges.

5.2. Implications for Technological and Social Development

Guo Shoujing's outstanding achievements in hydraulic engineering profoundly demonstrate the
essential connection between scientific and technological progress and societal needs. During his time,
the capital's grain transport system faced numerous challenges that severely constrained economic
development. With his profound expertise and relentless spirit of exploration, Guo successfully
overcame these obstacles, ensuring unimpeded waterway transportation. This remarkable
accomplishment not only significantly enhanced agricultural productivity but also laid a solid
foundation for economic prosperity. This enlightens us that in modern society, the development of
science and technology must be fundamentally guided by the principle of addressing social issues and
meeting societal demands. In critical areas such as energy shortages, urgent environmental protection
needs, and traffic congestion, technological advancement should focus on solving these core problems
to steadily propel society toward sustainable development.

Furthermore, Guo Shoujing's scientific practice highlights the crucial importance of
interdisciplinary collaboration. In fields such as astronomical calendrical systems and hydraulic
engineering, he skillfully integrated multidisciplinary knowledge from astronomy, mathematics,
geography, and hydraulic engineering. In contemporary society, numerous scientific and social issues
exhibit a high degree of complexity and comprehensiveness that often exceeds the capacity of any
single discipline. This necessitates experts from different fields to break down disciplinary barriers and
engage in coordinated cooperation. Through interdisciplinary collaboration, we can pool diverse
resources and leverage the strengths of various disciplines to develop comprehensive and effective
solutions to complex problems. Therefore, strengthening interdisciplinary collaboration represents an
indispensable pathway for advancing scientific and technological progress as well as social
development.

6. Conclusion

Guo Shoujing's scientific endeavors represent a pivotal transition in ancient Chinese science from
empirical accumulation to theoretical construction. Through instrument innovation, systematic
observation, and mathematical modeling, he established a "observation-tool-model" trinity
methodology with timeless influence. Revisiting his contributions not only enriches the narrative of
Chinese scientific history but also offers historical insights into contemporary debates between holism
and empiricism in the philosophy of science. In modern research, we should emulate Guo Shoujing's
methodology: valuing observation and empiricism, applying systems thinking and mathematical
models, and fostering interdisciplinary collaboration to advance science and society. Moreover, we
should adopt an open and inclusive attitude toward scientific achievements across civilizations,
collectively promoting global scientific progress.
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