
1

TRANSPORTATION DELAYS IN SUPPLY NETWORKS

STABILITY ANALYSIS & SYSTEM DESIGN

Rifat Sipahi
HeuDiaSyC, CNRS-6599, Université de Technologie de Compiègne, France.

Currently at Northeastern University, Mechanical and Industrial Engineering 

Silviu-Iulian Niculescu
HeuDiaSyC, CNRS-6599, Université de Technologie de Compiègne, France.

Currently at Laboratoire des signaux et systèmes (L2S), France

Stefan Lämmer
Institute for Transport and Economics, 

Technische Universität Dresden

Dirk Helbing
Institute for Transport and Economics, 

Technische Universität Dresden



2

1. Source of time delay

2. Drawbacks and advantages of time delays

3. Supply networks & mathematical modeling

4. Transportation delays in supply networks

5. Stability analysis

6. Case studies: stability analysis enabling system design

7. Conclusions and current research

Outline



3

Source of Time Delay

• Human beings in decision making (traffic flow dynamics),

• Mass/Energy transportation (logistics and energy supply networks),

• Information flow (communication delays),

• Sensing and actuation,

• Inherent delayed dynamics (regenerative chatter in machining),
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• poor performance 

• instability,

• synchronization problems,

• vibration attenuation,
• system design

• performance improvement,
• stability recovery,

Time Delay and Systems & Control approach

Drawbacks of Time Delays

Advantages of Time Delays
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Supply networks [1]

[1] Helbing, D., Lammer, S., Seidel, T., “Physics, stability, and dynamics of supply networks”, 
Physical Review E, 70, 066116, 2004.

Main service and commodity flows among different economic 
sectors according to averaged input-output data of France, Germany, 
Japan, UK and USA.

Different examples of supply networks
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Mathematical model, cont’d.

rescaling time with respect to time constant T:    τ = t / T
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Supply matrix :

Input – output, D – C Local derivatives of Wi
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Mathematical model, cont’d.

Similarity transformation

output matrix

eig(J) ≡ eig(C)

JCTT =−1
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Arbitrary supply network Sequential chain

Similarity 

transformation

Quasi-suppliers

Two analysis to be performed

1. Stability (stable characteristic roots)

2. Bullwhip effects

(amplification of perturbations due to low damping ratio)
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New proposition:

transportation delay, σ

“Products received in the inventory were shipped σ time-units ago.”

New proposition: transportation delay, σ
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Complex 
network

Similarity 
transformation, J

Mathematical model with delay σ

Sequential
chain

coupling gain Local derivativeseig(C), C : input matrix
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Challenges w/ time delay

1. ODE becomes infinite dimensional.

2. Stability is of question, needs to be assessed

Consequences when time delay considered: 

will change “understanding” of features of supply networks, 
especially those interpreted from:

1. Stability,

2. Bullwhip effects,
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Stability Analysis with time delay

Characteristic equation of the dynamics

Transportation delay
Laplace variable

0),(...),(),(),( 21 == σσσσ sCEsCEsCEsCE n

How to assess stability of CEi ?

eig(C), C : input matrix
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Root continuity and stability condition
Infinitely many characteristic roots of CEi move in a 
continuum on the complex plane as the delay parameter, σ, 
varies from 0 to ∞.

Analyze for which σ and in which direction the 
characteristic roots cross the imaginary axis (only way 
stability/instability may switch). 

Assess stability by checking for which intervals of σ there 
are no unstable roots.
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Stability assessment techniques
Hsu 66; Stepan 89; Olgac, 94; Chen 94; Niculescu 97; 

Louisell 01; Olgac 02;

Arising results

1. If          , supply network is asymptotically stable for 

transportation delays

2. If                            , supply network is marginally stable for 

transportation delays

3. If , then supply network is marginally 

stable for transportation delays

))/1,min(,0[ * Aσσ ∈

)/1,0[ A∈σ
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Analysis of bullwhip effects

(Frequency response analysis)

Frequency transfer function between two consecutive quasi-suppliers

α : excitation frequency

If supply networks is stable for some σ , bullwhip effects should 
be avoided ⇒ | FTF | < 1 for all α.
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Arising results (Bullwhip effects, cont’d.)

For | FTF | < 1 for all α , it is necessary that

For maximum delivery rate, Jii = 1, the condition | FTF | > 1
always holds.

coupling strength. 

if bullwhip effect is to be avoided.

1. Strong coupling limits maximum delivery rate Jii

2. Weak coupling allows maximum delivery rate Jii

3. Weak coupling decouples the quasi-supplier chain into two 
independent smaller chains.
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Case Study B = 1 , bi = 0.2
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σ Transportation delay
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Bullwhip effects
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1. Incorporation of multiple transportation delays,

2. New strategies for production rate selection,

3. Feedback control/filtering implementation,

4. Effects of transportation delays on price dynamics, stock costs,

5. Optimization for minimum costs maintaining stability and 
avoiding bullwhip effects.

Current and future research
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THANK YOU !

QUESTIONS?


