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Data: 1/2 terabyte of VoIP calls

Properties of calls
partnership with Global Crossing (GBLX) and Cariden, Inc.

100 mbps Ethernet link on the GBLX IP network
— voice gateway

— edge router

both directions of 328,631 calls

each call has 1 packet every 20 ms

call arrival process is Poisson

silence suppression and packet-level traf c further complicate th e model

VoIP Semi-Empirical Model
First-In-First-Out, 1-Server Queue, In nite Buffer

Superimposed Packet Process
aggregated calls in a semi-empirical model
call arrivals follow a randomly generated, homogeneous Poisson process

empirical packet traces chosen from database



Simulation Design = @ i

Run simulations at various arrival rates and link speeds (service times)
traf c rates 1 mbps, 3.16 mbps, 10 mbps, 31.6 mbps

utilization rates 0:1; : : :; 0:9 (traf c rate / link speed)

Queueing Delay and Jitter
We use statistical models to characterize the queueing properties.

— Queueing delay (in time or packet count) experienced by each packet.
— Queueing jitter, i.e., difference in delays of consecutive packets in a call.

(Relatively) Short Time Intervals
packet arrivals approximately follow a Poisson process, motivates M/D/1 model
— exponential inter-arrival times; deterministic service times; 1 server for queue
complicated by regularity of packet arrivals (every 20 ms) with each call
higher traf c rates diffuse the effect of the regularity of packet arri vals in a call

(Relatively) Long Time Intervals
long-range dependence (LRD) makes a signi cant impact on qu eueing

at higher traf c rates, higher utilization rates exhibit more LRD e ffects



Fraction of Zeros - (1-Utilization) vs. Utilization

Four panels: one traf c rate displayed per panel
traf c rates 1 mbps, 3.16 mbps, 10 mbps, 31.6 mbps

Compare: the fraction of delays that are zero versus the utilization
Fraction of zero delays should be 1-U for utilization U

Jitter is almost quadratic for high traf c rates
l.e., delays appear nearly independent.
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Delay marginal distribution M/D/1 QQplots

Q-Q Plot of Log empirical delay vs Log M/D/1 delay (in packets)
Twenty panels: one traf c rate and one utilization rate per panel

The quantiles for delay are derived based on twelve simulations (per panel)
Only positive delays (not the zero delays) are included

As the traf c rate increases:
An improved t to the M/D/1 model

For high traf c rates, the tis maintained even at high utilization r ates



Log Empirical Delay (log base 10 packets)
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Delay vs utilization and traf c rate for quantiles .99 to .99 99, @ "
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Log empirical delay (in ms) vs the utilization
Three panels: .99 quantile, .999 quantile, .9999 quantile

Can be directly used for determining thresholds:
Based on the available traf c rate (e.g., 31.6 mbps)

If 99% of delay should be less than a threshold (e.g., 2 ms)
Read the graph to determine the appropriate utilization rate to implement

Alternatively:
If the utilization should be xed (e.g., 0.2)

If 99% of delay should be less than a threshold (e.g., 2 ms)
Read the graph to determine the fastest traf c rate that can be used



Log Empirical Delay (log base 2 ms)
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Delay vs utilization and traf c rate for quantiles .99 to .99 99, @ "
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Log empirical delay (in ms) vs Log traf c rate (in mbps)
Three panels: .99 quantile, .999 quantile, .9999 quantile

As before, can be directly used for determining thresholds:
Based on the available traf c rate (e.g., 31.6 mbps)

If 99% of delay should be less than a threshold (e.g., 2 ms)
Read the graph to determine the appropriate utilization rate to implement

Almost a linear relationship between Log empirical delay and Log traf c rate
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Jitter quantile plots

Frequency of Absolute Value of Empirical jitter (in ms)
Caution: The scale (in ms) changes in each panel

Twenty panels: one traf ¢ rate and one utilization rate per panel
The quantiles for jitter are derived based on twelve simulations (per panel)

As the traf c rate increases or the utilization increases,
Jitter increases much more slowly than delay

As the traf c rate increases:
very high utilization rates can still be tolerated

relatively little jitter (compared to delay), a large fraction of the time
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Jitter distribution M/D/1 QQplots (with Absolute Values)

Q-Q Plot of Log empirical Jjitter] vs Log M/D/1 |jitter] (in ms)
Twenty panels: one traf ¢ rate and one utilization rate per panel
The quantiles for Jjitter] are derived based on twelve simulations (per panel)

M/D/1 packets do not naturally have “jitter”; we use an empirical model for jitter in
M/D/1

As the traf c rate increases:
An improved t to the M/D/1 model for this created jitter

For high traf c rates, the tis maintained even at somewhat high uti lization rates

A mathematical model for “jitter” in M/D/1 is also a theoretically interesting idea
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Log Empirical |Jitter| (log2 ms)
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Jitter vs utilization and traf c rate for quantiles .99 to .9 999 O
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Compare the Log empirical absolute value of jitter (in ms) vs the utilization
Three panels: .99 quantile, .999 quantile, .9999 quantile

Can be directly used for determining thresholds:
Based on the available traf c rate (e.g., 31.6 mbps)

If 99% of |jitter] should be less than a threshold (e.g., 2 ms)
Read the graph to determine the appropriate utilization rate to implement

Alternatively:
If the utilization should be xed (e.g., 0.2)

If 99% of Jjitter] should be less than a threshold (e.g., 2 ms)
Read the graph to determine the fastest traf c rate that can be used

When the delay is high, the delay of subsequent packet in call will be high
so jitter is relatively small, even when delay is large
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Log Absolute Empirical Jitter (log base 2 ms)
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Jitter vs utilization and traf c rate for quantiles .99 to .9 999 O
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Log empirical Jjitter] (in ms) vs Log traf ¢ rate (in mbps)
Three panels: .99 quantile, .999 quantile, .9999 quantile

As before, can be directly used for determining thresholds:
Based on the available traf c rate (e.g., 31.6 mbps)

If 99% of Jjitter] should be less than a threshold (e.g., 2 ms)
Read the graph to determine the appropriate utilization rate to implement

Almost a linear relationship between Log empirical |jitter] and Log traf ¢ rate

Notice that |jitter] does not explode for xed traf ¢ rates and increasing utilization
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Jitter distribution vs. delay distribution (Large Quantil es)

Log empirical absolute value of jitter (in ms) to Log empirical delay (ms)

Twelve panels: one traf c rate and one large quantile per panel

The points per panel denote the 9 utilization rates 0.1,...,0.9
(some of the high utilization rates are truncated and thus do not appear)

For a xed traf c rate and a xed large quantile
The delay and |jitter] simulataneously increase
Thus, we do not need two provisional schemes

We can reinterpret the previous threshold schemes, based on system
requirements

Again, the delay increases much faster than |jitter]
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Log Absolute Empirical Jitter (log base 2 ms)
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Jitter distribution vs. delay distribution (Large Quantil es)

Log empirical absolute value of jitter (in ms) vs Log empirical delay (ms)

Fifteen panels: one utilization rate and one large quantile per panel

The points per panel denote the 4 traf c rates 1 mbps, 3.16 mbps, 10 mbp s, 31.6
mbps
(some of the high utilization rates are truncated and thus do not appear)

For a xed traf c rate and a xed large quantile
The delay and |jitter] simulataneously increase
As in the previous plot, we do not need two provisional schemes

We can reinterpret the previous threshold schemes, based on system
requirements

Again, the delay increases much faster than Jjitter]
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Log Absolute Empirical Jitter (log base 2 ms)
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