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• Each node 𝒖 has a hardware clock 𝑯𝒖 : 

     𝟏 − 𝝆 𝒕𝟐– 𝒕𝟏 ≤ 

   𝑯𝒖 𝒕𝟐 –𝑯𝒖 𝒕𝟏  

  ≤ (𝟏 + 𝝆) 𝒕𝟐– 𝒕𝟏   

• Messages subject to delay 

• Goal: output logical clocks 𝑳𝒖 that 

– Mimic real time:  𝛂 𝒕𝟐– 𝒕𝟏 ≤ 𝑳𝒖 𝒕𝟐 – 𝑳𝒖 𝒕𝟏 ≤ 𝛃 𝒕𝟐– 𝒕𝟏   

– Are “well synchronized” 

Clock Synchronization 

𝒕𝟏 𝒕𝟐 



Clock Synchronization 

• Traditional goal – minimize global skew: 
 

 For all nodes 𝒖,𝒗 and times 𝒕, 
 

𝑳𝒖(𝒕) –  𝑳𝒗(𝒕)  ≤  𝑮 
 

 



Clock Synchronization 

• Modern goal – minimize gradient skew: 
 

 For all nodes 𝒖,𝒗 and times 𝒕, 
 

𝑳𝒖(𝒕) –  𝑳𝒗(𝒕)  ≤  𝒇  𝐝𝐢𝐬𝐭 𝒖, 𝒗   

 

... 
𝑫 𝟏 ... 𝒅 

𝒇 𝒅  



A Quick Survey 

• [Fan & Lynch 2006]: 
𝒇(𝟏)  =  𝛀 𝐥𝐨𝐠𝑫 𝐥𝐨𝐠 𝐥𝐨𝐠𝑫  

 

• [Locher & Wattenhofer 2006]: 

𝒇(𝟏) = 𝐎 𝝆𝑫  

• [Lenzen, Locher & Wattenhofer 2008]: 
𝒇(𝟏) = 𝑶 𝐥𝐨𝐠𝑫  

• [Lenzen, Locher & Wattenhofer 2009]: 
𝒇(𝟏) = 𝛀 𝐥𝐨𝐠𝑫  



A Quick Survey 

• [Lenzen, Locher & Wattenhofer 2008,2009]: 
 

𝒇 𝒅 = 𝚯 𝒅 ⋅ 𝐥𝐨𝐠
𝟐𝑫

𝒅
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• [Lenzen, Locher & Wattenhofer 2008,2009]: 
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• Fixed set 𝑽 of nodes 

• Edges change arbitrarily: 

 𝑬 ∶  ℛ →  𝑽𝟐 

• If 𝒖, 𝒗 ∈ 𝑬(𝒕), node 𝒖 can estimate 𝑳𝒗  
– Subject to uncertainty 𝝐 𝒖,𝒗  

– In this talk: 𝝐 𝒖,𝒗 = 𝟏 

• Dynamic diameter 𝑫: 

 Time required to complete a flood 

Dynamic Networks 



Dynamic Networks 

• Clock sync in dynamic networks: 

– Global skew should be 𝑶 𝑫  always 

– Gradient skew? 

• Should be good for persistent paths 



Lower Bound  

• Line network, delay ∈ [0,1] 

• Classical lower bound   [Biaz, Welch 2001]: 

𝑫/𝟐 



Lower Bound  

• Line network, delay ∈ [0,1] 

• Time = 0: 

𝑫/𝟐 

Not aware 
of new edge 



Lower Bound  

• Line network, delay ∈ [0,1] 

• Time = 1: 

𝑫/𝟐 − 𝟐𝒇(𝟏) 

Not aware 
of new edge 

𝒇(𝟏)  𝒇(𝟏)  



Lower Bound  

• Line network, delay ∈ [0,1] 

• Time = 2: 

𝑫/𝟐 − 𝟐𝒇(𝟏) 

Not aware 
of new edge 

𝒇(𝟏)  𝒇(𝟏)  



Lower Bound  

• Line network, delay ∈ [0,1] 

• Time = 2: 

𝑫/𝟐 − 𝟐𝒇(𝟐) 

Not aware 
of new edge 

𝒇(𝟐)  𝒇(𝟐)  



Lower Bound  

• Line network, delay ∈ [0,1] 

• Time = 𝑖: skew ≥ 𝑫/𝟐 –  𝟐𝒇(𝒊) 

 

⇨ 𝛀(𝑫) time required to reduce skew 

𝒊 = 𝒐 𝑫  
    ⇒ 𝒇 𝒊 = 𝒐(𝑫) 

𝑫/𝟐 − 𝟐𝒇(𝒊) 

𝒇(𝒊)  𝒇(𝒊)  



Dynamic Networks 

• Clock sync in dynamic networks: 

– Global skew should be 𝑶(𝑫) always 

– Gradient skew? 

• Stable skew: 
 

If a path of length 𝒅 connects 𝒖,𝒗 for “long enough”, 
𝑳𝒖(𝒕) –  𝑳𝒗(𝒕)  ≤  𝒇(𝒅) 

 

• Stabilization time: 
 

How long to reach stable skew 



Previous Work 

• [Kuhn, Locher & O.   SPAA’09]: 

– Lower bound: 

  Stabilization time = 𝛀 𝑫 𝒇 𝟏  

  (Regardless of initial skew on edge) 

– An algorithm with 

•  𝒇 𝟏 = 𝑶 𝝆𝑫 , 

•  𝑶 𝑫 𝝆  stabilization time 

 Not “true” gradient: 𝒅 =  𝒐 𝑫 ⇏ 𝒇 𝒅 = 𝒐 𝑫  



Our Results 

1.  An algorithm with: 

–  𝑶 𝒅 ⋅ 𝐥𝐨𝐠 𝑫 𝒅  stable skew 

–   𝑶(𝑫) stabilization time. 

2.  𝛀(𝑫) time is required for any “true” 
gradient algorithm. 

• In this talk: an algorithm with 

–   𝑶 𝒅 ⋅ 𝐥𝐨𝐠 𝑫 𝒅  stable skew 

–   𝑶 𝑫 𝐥𝐨𝐠𝑫  stabilization time. 



Weight-Based Algorithm 

• Each edge 𝒖, 𝒗  has dynamic weight 𝒘𝒖,𝒗(𝒕): 

 

 

 

Edge 
appears 

Stable 
weight 

𝒖 𝒗 
𝒘𝒖,𝒗(𝒕) 𝑮 

𝟏 
time 

weight 



Weight-Based Algorithm 

• Local algorithm: 

– Nodes maintain estimates of neighbors’ clocks 

– Try to balance two demands: 

• Don’t fall “too far behind” any neighbor 

• Don’t get “too far ahead” of any neighbor 

– Two modes: 

• In slow mode,        
𝒅𝑳

𝒖

𝒅𝒕
 =

𝒅𝑯
𝒖

𝒅𝒕
 

 

• In fast mode,         
𝒅𝑳

𝒖

𝒅𝒕
= 𝟏 + 𝝁

𝒅𝑯
𝒖

𝒅𝒕
 



A Quick Survey 
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Weight-Based Algorithm 

• Go into fast mode when for some integer 𝒔, 
 

For some neighbor 𝒙: 
𝑳𝒙(𝒕) – 𝑳𝒖(𝒕)  ≥  𝒔 ⋅ 𝒘𝒖,𝒙(𝒕) 

For all neighbors 𝒚: 
𝑳𝒖(𝒕) – 𝑳𝒚(𝒕)  ≤  𝒔 ⋅ 𝒘𝒖,𝒚(𝒕) 

 

 
 
 
  
  

𝒙 
≥ 𝒔 ⋅ 𝒘 𝒖,𝒙  

𝒖 

≤ 𝒔 ⋅ 𝒘 𝒖,𝒚  𝒔 ⋅ 𝒘𝐏𝐚𝐭𝐡 



Weight-Based Algorithm 

• Go into fast mode when for some integer 𝒔, 
 

For some neighbor 𝒙: 
𝑳𝒙(𝒕) – 𝑳𝒖(𝒕)  ≥  𝒔 ⋅ 𝒘𝒖,𝒙(𝒕) 

For all neighbors 𝒚: 
𝑳𝒖(𝒕) – 𝑳𝒚(𝒕)  ≤  𝒔 ⋅ 𝒘𝒖,𝒚(𝒕) 

 

• Go into slow mode when for some integer 𝒔, 
 

For some neighbor 𝒙: 
𝑳𝒖(𝒕) –  𝑳𝒙(𝒕)  ≥  (𝒔 +  ½) ⋅ 𝒘𝒖,𝒙(𝒕) 

For all neighbors 𝒚: 
𝑳𝒚(𝒕) – 𝑳𝒖(𝒕)  ≤  (𝒔 +  ½) ⋅ 𝒘𝒖,𝒚(𝒕) 



initially 

Weight-Based Algorithm 

• “In the background”: 

 maintain global skew of 𝑮 = 𝑶 𝑫  

• Goal: for any path 𝑷, maintain 

  skew = 𝑶 𝒘𝑷 ⋅ 𝐥𝐨𝐠
𝑫

𝒘𝑷
≥ 𝑮  

      𝑶 𝒅 ⋅ 𝐥𝐨𝐠
𝑫

𝒅
 

 

eventually 𝑮 

𝟏 

𝒘𝒖,𝒗(𝒕) 



Optimal Algorithm 

• No gradual weight decrease 

 

 

 

 

• Add edges to each layer individually: 

 Layer 0 ⇨ Layer 1 ⇨ … ⇨ Layer 𝐥𝐨𝐠𝑫  

𝑶 𝑫  time 



Conclusion 

• We gave a dynamic clock-sync algorithm with: 

– Optimal stable skew: 𝑶 𝒅 ⋅ 𝐥𝐨𝐠 𝑫 𝒅  

– Optimal stabilization time: 𝑶 𝑫  

• Open problems: 

– Nodes joining and leaving 

– Transient edge failures 



What Is All This Good For? 

• Simulating a synchronous dynamic network 

 

• [ Kuhn, Lynch & O.   STOC’10 ]: 

 In synchronous dynamic networks which 
 are always connected, any function can be 
 computed. 

     


