Evidence for long-tailed distributions in the Internet

Allen B. Downey Wellesley College

– p.1

Why long tails?

For explanations of self-similarity... ■ ON/OFF model ■ M/G/∞ model ■ Protocol models ...anything long-tailed → self-similar traffic.

– p.2

Long tails

■ Some evidence for long-tailed...

• File sizes.

• Transfer times.

• Time between transfers. • Burst sizes and/or times.

– p.3

Problem

All proposed causes are sufficient for self-similarity.

■ None are necessary. ■ None are rigorously true.

– p.4

Questions

■ Which network metrics are long-tailed? (how can we tell?)

■ Which potential cause is an actual cause?

■ Which causes can we control?

– p.5

Outline

■ Methodology.

■ Review of evidence. ■ Conclusions.

– p.6

Methodology

Problem: Identify long-tailed distribution from sample.

■ ccdf test: straight line on log-log axes. ■ model fitting:

• Estimate parameters. • Measure goodness-of-fit.

■ curvature test: statistical test for increasing slope.

– p.7

ccdf test

■ Samples from Pareto and lognormal distributions.

■ Problem: similar tail behavior.

■ Extreme tail

statistically insignificant.

– p.8

Model-fitting

■ Estimate

models, measure goodness of fit.

■ In this example, Pareto model wins.

■ Tail behavior is not long-tailed.

– p.9

Model-fitting

■ Log-log percentile plots.

■ Model-fitting depends on parameter estimation.

■ Want to test family of distributions, not particular distribution.

– p.10

Tail curvature

■ Characteristic of non-long-tailed distribution:

increasing slope in ccdf.

– p.11

Tail curvature

■ slope = numerical derivative of ccdf ■ curvature = trend in slope (3% tail only) ■ null hypothesis: data are from a Pareto distribution.

■ Estimate p-value by Monte Carlo simulation: how often does a Pareto sample produce as much curvature?

– p.12

Tail curvature

■ Numerical

derivatives are noisy.

■ Testing for

trends is robust.

■ Calgary dataset:

c_t = 0.141, p-value < 0.001.

– p.13

Tail curvature

■ Curvature test works well on synthetic data, even when visually ambiguous.

■ For real data, it measures qualitative tail behavior.

• No model-fitting or

parameter estimation. • Facilitates hypothesis testing.

– p.14

Tail curvature

■ Files sizes from University of Saskatchewan.

■ Pareto model fits well.

■ Two-mode

lognormal model fits well.

■ Tail curvature test is no help.

– p.15

Outline

■ Methodology.

■ Review of evidence.

• File sizes (MASCOTS paper). • Interarrivals. • Transfer times. • Burst sizes/times.

■ Conclusions.

– p.16

Interarrival times, TCP packets

■ 4 million

interarrivals from LBL and DEC datasets.

■ Some signs of straightness.

■ c_t = 0.040,

p-value < 0.001.

– p.17

Interarrival times, TCP connections

■ 782,000

connections in LBL CONN-7.

■ Feldmann

reports that Weibull fits the bulk.

■ Fits the tail well, too.

– p.18

Interarrival times, web requests

■ 135,000 requests from instrumented browsers at BU.

■ Hard to

characterize tail behavior.

■ c_t = 0.145, p-value < 0.001.

– p.19

Transfer times

■ File sizes highly variable.

■ Network conditions highly variable.

■ Even if file sizes are not long-tailed, transfer times might be.

– p.20

http transfer times

■ 135,000 transfers.

■ Lognormal model fits the extreme tail.

■ c_t = 0.042, p-value < 0.001.

– p.21

ftp transfer times

■ 105,000

transfers in LBL CONN-7.

■ Could be long-tailed.

■ c_t = 0.0011, p-value > 0.95.

– p.22

Burst sizes

■ Network sees bursts, not files. ■ Define burst:

time between files < TCP timeout. ■ Burst length = number of files. ■ Burst size = total bytes.

– p.23

ftp burst sizes

■ 56,000 bursts (LBL CONN-7 again).

■ Fairly convincing straight line.

■ c_t = 0.073,

p-value < 0.001.

– p.24

Conclusions

■ Evidence for long tails is ambiguous:

• Burst sizes most compelling. • Interarrival times least likely. • Transfer times not impossible.

■ Tail curvature is a useful way to characterize tail behavior.

– p.25

Future Work

■ Investigate implications of these findings:

• Are sources of variability additive? • Which dominate?

• Which can we control/shape?

■ Explore network behavior with lognormal inputs, multimodal inputs, truncated Pareto inputs.

– p.26