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R E ST N 2 (S 0 TR (Forrester & Senge, 1980 ; Barlas, 1996
Sterman, 2000 ) - 550 5E 24 BRE OIMIFEE —BRZEYIG 5 HLU#
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JEEUR S |1 8 A (bR 5 [ 1 SE RIS RS AT RETRER (R Y - (ETRHA#E
AL R A B b - 40P EE TS NiR S E ~ TR A (ERR DR EE - DURE
SRS ERERE - NI > SRR TR A > AR - MIHECRE
B iR o DU S0 KGR R A HiE S A

57



[ 7 BT R B SRELAN T SRR 56 25 1)

3. R FEALRTE .

HEIRE T DB ARGRD ERAFAANE SRR - ERALFE
T ENZBNN T EREEERFE - R RS R Ry

ds

rraAQRIIONO

Hep §(t) RBEUSIES) > KWK E SEREUBRETE(E ~ MilmR B -~ BUR
A E A FIMEN R E - BRI E R T E B A B kA Ehet
SAFFE S B 22 RUE_ERYZEE RIS - 200 e FER IR Ry e 2 - LORG
TRV TR R BLR (U LR E S 5 5 - B UR SRR ICEGHR T R E R HIAE
Rt - JRaRME ~ AHEE MBS EARRRAY I T - (EHER AR - R RS
T ZEUELRI S E B - Bt R RN ZE RE B A 2R A
BB BN KU B 28 8 m] Re B R KU Ryt (b 3ty - H
% BN R AR & (F RS R AR LB DU TN i ZOR B E AT
tEZR P e S A EE A - & AMEEREN A TH bR B (F R AT E
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B RGERAT oy 2R o BRI S SR (K (Scheffer et al., 2009) > 32
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2. EpEARRE
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[ B R BRIZ
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From Carbon Lock-in to a Low-Carbon Attractor:
Critical Transitions in Land Development Systems

Cong Xu" & Tyo-yu Calvin Lin™

Abstract

This study develops a novel theoretical framework for analyzing the low-carbon
transformation of land development systems, grounded in complex systems theory and
multidimensional coupling analysis. By constructing dynamic models of land use, real
estate development, and carbon emissions, the study makes several key theoretical
contributions. First, a comprehensive mathematical model is proposed that captures the
nonlinear interactions and coupling mechanisms between the system components,
extending beyond traditional linear or static approaches. Second, through rigorous
bifurcation analysis and stability theory, three distinct transformation pathways—
progressive, transitional, and hybrid—are identified and described, shedding light on
the intrinsic patterns of system evolution. Third, based on critical transformation theory,
the study introduces innovative early warning and robustness indicators, providing new
tools for detecting and analyzing critical points in the system. A significant theoretical
breakthrough is the development of a multi-level control framework that integrates real-
time feedback with historical cumulative effects, allowing for a more precise
understanding of system dynamics across temporal and spatial scales. Additionally, by
incorporating stochastic processes and spatial heterogeneity into the analysis, this
research advances the methodological frontier. These theoretical innovations offer new
insights into the low-carbon transformation of complex urban systems. Future research
directions include strengthening the mathematical foundation of the model, exploring
multi-scale coupling effects, and examining the generalizability of the identified
transformation pathways across different system contexts. This work represents a

significant step in applying complex systems theory to urban sustainability transitions
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and provides a solid theoretical foundation for analyzing the evolution of land

development systems.

Keywords: land development; low-carbon transition; complex systems;

bifurcation analysis; regulatory mechanisms

73




  L ( t )


  R ( t )


  C ( t )


  S ( t ) = [ L ( t ) , R ( t ) , C ( t )  ] ⊤ .
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    d V  d t =  ∫    [     𝛼 1   L 2    K 1 −     𝛽 1   L 2 R    K 1 +     𝛼 2   R 2    K 2 −     𝛽 2   R 2 C    K 2 +   𝛾 1 L ( − 𝛿 C ) +   𝛾 2 R ( − 𝛿 C ) ] d Ω


  𝜆 c


    ∂ V  ∂ t + H  ( S ,   ∂ V  ∂ S , t ) = 0


  H =   ∑  i     p  i   f  i ( S ) +  1 2   ∑  i     𝜎  i 2    ∂ 2 V  ∂   S  i 2


  𝜇


    d S  d t = 𝜀 f ( S , 𝜇 ( 𝜀 t ) ) ,    𝜀 → 0


  M ( 𝜀 ) = { S : f ( S , 𝜇 ( t ) ) = 0 }


   ∥ S ( t ) −   S ∗ ∥ ∼ exp ⁡ ( 𝜆 t )


  𝜆


    d S  d t = f ( S ) + g ( S ) 𝜉 ( t )


  𝜉 ( t )


  𝜆 ( t ) = −    [    ∂ 2 V  ∂   S 2 ]  − 1   ∂ V  ∂ S


    𝜎 2 ( t ) =  ⟨ ( S ( t ) − ⟨ S ⟩  ) 2 ⟩ ,


  A C ( 𝜏 ) =   ⟨ S ( t ) S ( t + 𝜏 ) ⟩   ⟨   S 2 ⟩ ,


    ∂ P  ∂ t = − ∇ ⋅ [ f ( S ) P ] + D  ∇ 2 P


  P ( S , t )


  S


  V ( S )


   ∫   P ( S , t ) V ( S ) d S ≤   V 0 ,


  u ( t ) = K  ( S ( t ) −   S ∗ ( t ) ) +   ∫ 0  t   G ( t − 𝜏 )  ( S ( 𝜏 ) −   S ∗ ( 𝜏 ) ) d 𝜏


  K


  G ( t )


  K  ( S ( t ) −   S ∗ ( t ) )


    u 1 ( t ) = −   k 1 ∇ V ( S )


  V ( S )


  ∇ V ( S )


    u 2 ( t ) = −   k 2  ( S −   S ∗ ) −   k 3 sign ⁡  (   𝜆  c ) ,


    𝜆  c


    𝜆  c


    u 3 ( t ) =   u ∗ ( t ) + K ( t ) 𝛿 S ( t )


    u ∗ ( t )


  K ( t )


  𝛿 S ( t )


  L ( u , S ) =  ∫    [   w 1    ∥ S −   S ∗ ∥ 2 +   w 2 ∥ u  ∥ 2 +   w 3 C ( S ) ] d t


    w 1 ,   w 2 ,   w 3


  C ( S )


  C ( S )


  ∥ u  ∥ 2


     ∥ S −   S ∗ ∥ 2


    w 1 ,   w 2 ,   w 3


    w 1


    w 2


    w 3


    w 3

