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• discard late frames

• constant latency;  allow gaps

• E-policy

• keep late frames

• increasing latency;  no gaps

(Naylor & Kleinrock 1982)
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Queue Monitoring (QM)Queue Monitoring (QM)
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• As the queue gets longer, QM drops frames
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• Two parameters:  threshold and decay

(Stone & Jeffay 1994)
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Queue Monitoring ParametersQueue Monitoring Parameters

Threshold = number of playout periods queue can
exceed a given length before a frame is dropped

Decay = ratio between successive thresholds
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bandwidth penalty
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Forward Error Correction ResultsForward Error Correction Results

Protocol Bandwidth Loss Latency Jitter

TCP 23 kbps 0 145 ms 124 ms

UDP 20 kbps 1.8% 97 ms 33 ms

UDP x2 40 kbps 0.2% 94 ms 33 ms

UDP x4 72 kbps 0.02% 95 ms 33 ms

For the haptics data stream from the
nanoManipulator, Forward Error Correction
reduces network delay 50 ms, jitter 90 ms
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Protocol Loss Drop rate Gap rate Latency

UDP 10% 12% 22% 89 ms

QM (30, 2) 10% 1% 11% 94 ms

QM (150, 2) 10% 0.02% 10% 96 ms

QM (3600, 2) 10% 0.001% 10% 91 ms

For the haptics data stream from the
nanoManipulator, high-threshold Queue
Monitoring drove the gap rate to equal the loss
rate.
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• The teleoperation literature has regarded 100
ms as “impossible” latency, but we can
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Other RepresentationsOther Representations

• Change intermediate representation

• The standard approach requires 16 kbps and 20
Hz; we can’t maintain this over a long-haul
network.

• We’re exploring alternate representations

»30 kbps base bandwidth

»5 Hz

»much more latency-tolerant.

•• Change intermediate representationChange intermediate representation

•• The standard approach requires 16The standard approach requires 16 kbps kbps and 20 and 20
Hz; we can’t maintain this over a long-haulHz; we can’t maintain this over a long-haul
network.network.

•• We’re exploring alternate representationsWe’re exploring alternate representations

»» 3030 kbps kbps base bandwidth base bandwidth

»» 5 Hz5 Hz

»»much more latency-tolerant.much more latency-tolerant.
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