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Abst ract

Packet delay variation netrics appear in many different standards
docunments. The netric definition in RFC 3393 has consi derabl e
flexibility, and it allows nultiple forrmulations of delay variation
through the specification of different packet selection functions.

Al though flexibility provides wi de coverage and room for new i deas,
it can nake conparisons of independent inplenentations nore
difficult. Two different formulations of delay variation have cone
into wide use in the context of active neasurenents. This nmeno
exami nes a range of circunmstances for active measurenents of del ay
variation and their uses, and recommends which of the two forns is
best matched to particular conditions and tasks.
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1. Introduction

There are many ways to fornul ate packet delay variation netrics for
the Internet and ot her packet-based networks. The IETF itself has
several specifications for delay variation [ RFC3393], sonetines
called jitter [ RFC3550] or even inter-arrival jitter [ RFC3550], and
these have achi eved wi de adoption. The Internationa

Tel ecommuni cati on Uni on - Tel ecomruni cati on Standardi zati on Sect or
(I'TU-T) has al so recommended several delay variation nmetrics (called
paraneters in their term nology) [Y.1540] [G 1020], and sone of these
are widely cited and used. Most of the standards above specify nore
than one way to quantify delay variation, so one can conclude that
standardi zation efforts have tended to be inclusive rather than

sel ecti ve.

This nmeno uses the term"delay variation" for nmetrics that quantify a
path’s ability to transfer packets with consistent delay. [RFC3393]
and [Y.1540] both prefer this term Some refer to this phenonenon as
"jitter" (and the buffers that attenpt to smooth the variations as

de-jitter buffers). Applications of the term™"jitter" are mnuch
broader than packet transfer performance, with "unwanted signa
variation" as a general definition. "Jitter" has been used to

descri be frequency or phase variations, such as data streamrate
variations or carrier signal phase noise. The phrase "del ay
variation" is alnost self-defining and nore precise, so it is
preferred in this neno.

Most (if not all) delay variation netrics are derived netrics, in
that their definitions rely on another fundanental netric. |In this
case, the fundamental netric is one-way delay, and variation is
assessed by conputing the difference between two individual one-way-
del ay neasurenents, or a pair of singletons. One of the delay
singletons is taken as a reference, and the result is the variation
with respect to the reference. The variation is usually sunmmarized
for all packets in a streamusing statistics

The industry has predom nantly inplemented two specific formnul ations
of delay variation (for one survey of the situation, see
[ Krzanowski]):

1. Inter-Packet Delay Variation, |IPDV, where the reference is the
previ ous packet in the stream (according to sendi ng sequence),
and the reference changes for each packet in the stream
Properties of variation are coupled with packet sequence in this
fornmulation. This formwas called Instantaneous Packet Del ay
Variation in early IETF contributions, and is simlar to the
packet spacing difference nmetric used for interarrival jitter
cal cul ations in [ RFC3550].
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2. Packet Delay Variation, PDV, where a single reference is chosen
fromthe stream based on specific criteria. The nost common
criterion for the reference is the packet with the m ni mrum del ay
in the sanple. This termderives its name froma simlar
definition for Cell Delay Variation, an ATM performance netric
[1.356].

It is inportant to note that the authors of relevant standards for
del ay variation recognized there are many different users with
varyi ng needs, and allowed sufficient flexibility to formulate
several nmetrics with different properties. Therefore, the conparison
is not so nuch between standards bodies or their specifications as it
i s between specific fornulations of delay variation. Both Inter-
Packet Delay Variation and Packet Delay Variation are conpliant with
[ RFC3393], because different packet selection functions will produce
either form

1.1. Requirenents Language

The key words "MJST", "MJST NOT*, "REQU RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMMENDED', "MAY", and "OPTIONAL" in this
docunent are to be interpreted as described in RFC 2119 [ RFC2119].

1.2. Background Literature in | PPM and El sewhere

Wth nore people joining the neasurement community every day, it is
possible this meno is the first fromthe |IP Performance Metrics
(IPPM Working Group that the reader has consulted. This section
provides a brief road map and background on the IPPMliterature, and
t he published specifications of other rel evant standards

organi zati ons.

The 1 PPM framewor k [ RFC2330] provi des a background for this nmeno and
other I PPM RFCs. Key terns such as singleton, sanple, and statistic
are defined there, along with nethods of collecting sanples (Poisson
streans), tinme-related issues, and the "packet of Type-P" convention

There are two fundanental and related netrics that can be applied to
every packet transfer attenpt: one-way |oss [RFC2680] and one-way
del ay [ RFC2679]. The netrics use a waiting tine threshold to

di stingui sh between | ost and del ayed packets. Packets that arrive at
the nmeasurenent destination within their waiting time have finite
delay and are not lost. Oherw se, packets are designated | ost and
their delay is undefined. QGuidance on setting the waiting tine
threshold may be found in [ RFC2680] and [l PPM Reporti ng].

Morton & O ai se I nf or mat i onal [ Page 5]



RFC 5481 Del ay Variation AS March 2009

Anot her fundanental netric is packet reordering as specified in

[ RFC4737]. The reordering nmetric was defined to be "orthogonal" to
packet loss. In other words, the gap in a packet sequence caused by
| oss does not result in reordered packets, but a rearrangenent of
packet arrivals fromtheir sending order constitutes reordering.

Derived netrics are based on the fundanmental netrics. The nmetric of
primary interest here is delay variation [RFC3393], a netric that is
derived from one-way del ay [ RFC2680]. Another derived nmetric is the
| oss patterns netric [RFC3357], which is derived froml oss.

The neasured values of all netrics (both fundanental and derived)
depend to great extent on the stream characteristics used to coll ect
them Both Poisson streams [RFC3393] and Periodic streans [ RFC3432]
have been used with the 1PDV and PDV netrics. The choice of stream
specification for active neasurenent will depend on the purpose of
the characterization and the constraints of the testing environnent.
Periodic streans are frequently chosen for use with | PDV and PDV,
because the application streanms that are nost sensitive to del ay
variation exhibit periodicity. Additional details that are nethod-
specific are discussed in Section 8 on "Measurenent Considerations”

In the ITUT, the framework, fundanmental metrics, and derived netrics
for I P performance are specified in Reconmendation Y. 1540 [Y. 1540].

[ G 1020] defines additional delay variation netrics, analyzes the
operation of fixed and adaptive de-jitter buffers, and describes an
exanpl e adaptive de-jitter buffer enulator. Appendix Il of [G 1050]
descri bes the nodels for network inpairnments (including delay
variation) that are part of standardized |P network emul ator that may
be useful when eval uati ng measurenent techni ques

1.3. Oganization of the Meno

The Purpose and Scope follows in Section 2. W then give a summary
of the main tasks for delay variation netrics in Section 3.

Section 4 defines the two primary forns of delay variation, and
Section 5 presents summaries of four earlier conparisons. Section 6
adds new conparisons to the analysis, and Section 7 reviews the
applicability and reconmrendations for each form of delay variation
Section 8 then | ooks at many inportant delay variation neasurenent
considerations. Followi ng the Security Considerations, there is an
appendi x on the cal culation of the m ninmum delay for the PDV form
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2. Purpose and Scope

The | PDV and PDV formul ati ons have certain features that make them
nmore suitable for one circunmstance and | ess so for another. The
purpose of this nmeno is to conpare two forns of delay variation, so
that it will be evident which of the two is better suited for each of
many possible uses and their related circunstances.

The scope of this memo is limted to the two forns of delay variation
briefly described above (Inter-Packet Delay Variation and Packet
Del ay Variation), circunstances related to active neasurenent, and
uses that are deened relevant and worthy of inclusion here through

| PPM Wor ki ng Group consensus.

It is entirely possible that the anal ysis and concl usi ons drawn here
are applicabl e beyond the intended scope, but the reader is cautioned
to fully appreciate the circunstances of active nmeasurenent on | P

net wor ks before doing so.

The scope excl udes assessnent of delay variation for packets with
undefined delay. This is acconplished by conditioning the del ay
distribution on arrival within a reasonable waiting tinme based on an
under st andi ng of the path under test and packet lifetines. The
waiting time is sonetinmes called the loss threshold [ RFC2680]: if a
packet arrives beyond this threshold, it nay as well have been | ost
because it is no longer useful. This is consistent with [RFC3393],
where the Type-P-One-way-ipdv i s undefined when the destination fails
to receive one or both packets in the selected pair. Furthernore, it
is consistent with application performance anal ysis to consider only
arriving packets, because a finite waiting tine-out is a feature of
many protocol s.

3. Brief Descriptions of Delay Variation Uses

This section presents a set of tasks that call for delay variation
measurenents. Here, the neno provi des several answers to the
gquestion, "How will the results be used?" for the delay variation
metric.

3.1. Inferring Queue Cccupation on a Path

As packets travel along the path fromsource to destination, they
pass through many network el ements, including a series of router
queues. Sone types of the delay sources along the path are constant,
such as links between two | ocations. But the |atency encountered in
each queue varies, depending on the nunber of packets in the queue
when a particul ar packet arrives. |f one assunes that at |east one
of the packets in a test stream encounters virtually enpty queues al
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along the path (and the path is stable), then the additional delay
observed on other packets can be attributed to the tinme spent in one
or nore queues. Oherwi se, the delay variation observed is the
variation in queue tine experienced by the test stream

It is worth noting that delay variation can occur beyond |P router
queues, in other comruni cation conmponents. Exanples include nedia
contention: DOCSIS, |EEE 802.11, and some nobile radi o technol ogi es.

However, delay variation fromall sources at the IP |ayer and bel ow
will be quantified using the two formul ati ons di scussed here.

3.2. Determining De-Jitter Buffer Size

Note -- while this meno and other IPPMIliterature prefer the term
"delay variation", the terns "jitter buffer" and the nore accurate
"de-jitter buffer" are wi dely adopted nanes for a conponent of packet
conmmuni cati on systens, and they will be used here to designate that
syst em conponent .

Most isochronous applications (a.k.a. real-time applications) enpl oy
a buffer to snooth out delay variation encountered on the path from
source to destination. The buffer nust be big enough to accommdate
the expected variation of delay, or packet loss will result.

However, if the buffer is too large, then sone of the desired
spontaneity of conmunication will be |ost and conversational dynam cs
will be affected. Therefore, application designers need to know the
range of delay variation they nust accommpdat e, whether they are
designing fixed or adaptive buffer systens.

Net wor k service providers also attenpt to constrain delay variation
to ensure the quality of real-tine applications, and nonitor this
metric (possibly to conpare with a numerical objective or Service
Level Agreenent).

De-jitter buffer size can be expressed in units of octets of storage
space for the packet stream or in units of time that the packets are
stored. It is relatively sinple to convert between octets and tinme
when the buffer read rate (in octets per second) is constant:

read rate * storage tinme = storage_octets

Units of time are used in the discussion bel ow

The objective of a de-jitter buffer is to conpensate for all prior
sources of delay variation and produce a packet streamwi th constant

del ay. Thus, a packet experiencing the mnimumtransit delay from
source to destination, D nin, should spend the maxinumtinme in a
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de-jitter buffer, B max. The sumof D nmin and B _max should equal the
sum of the maxi mumtransit delay (D_max) and the mnimum buffer tinme
(B_mn). W have

Constant = Dmn + B nmax = D max + B mn,
after rearranging ternms,
B mx - Bmn=Dnmx - Dnmn =range(B) = range(D

where range(B) is the range of packet buffering tines, and range(D)
is the range of packet transit delays fromsource to destination.

Packets with transit delay between the nax and nmin spend a
complenentary time in the buffer and al so see the constant del ay.

In practice, the mninumbuffer tine, B mn, may not be zero, and the
maxi mum transit delay, D nmax, may be a high percentile (99.9th
percentile) instead of the maxi num

Note that B max - B min = range(B) is the range of buffering tines
needed to conpensate for delay variation. The actual size of the
buffer may be larger (where B min > 0) or smaller than range(B).

There nust be a process to align the de-jitter buffer tine with
packet transit delay. This is a process to identify the packets with
m ni num del ay and schedul e their play-out time so that they spend the
maximumtime in the buffer. The error in the alignnent process can
be accounted for by a variable, A In the equation below the range
of buffering tinmes *avail able* to the packet stream range(b),
depends on buffer alignment with the actual arrival tinmes of D min
and D nmax.

range(b) = b max - b mMn =Dnmax - Dmn + A

where variable b represents the *available* buffer in a systemwith a
specific alignnent, A and b_max and b_min represent the lints of
the avail abl e buffer.

When A is positive, the de-jitter buffer applies nore delay than
necessary (where Constant = D nmax + b_mn + A represents one possible
alignment). Wien Ais negative, there is insufficient buffer tine
avail abl e to compensate for range(D) because of nisalignnent.

Packets with D min may be arriving too early and encountering a full
buffer, or packets with D max may be arriving too late, and in either
case, the packets woul d be discarded.
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In summary, the range of transit delay variation is a critical factor
in the determ nation of de-jitter buffer size

3.3. Spatial Comnposition

In Spatial Conmposition, the tasks are simlar to those described
above, but with the additional conplexity of a multiple network path
where several sub-paths are measured separately and no source-to-
destination nmeasurenents are available. 1In this case, the source-to-
destination performance nust be estinmated, using Conposed Metrics as
described in [I PPM Franmework] and [Y.1541]. Note that deternining
the conposite delay variation is not trivial: sinply suming the sub-
path variations is not accurate.

3.4. Service-Level Conparison

| P performance neasurenents are often used as the basis for
agreenents (or contracts) between service providers and their
custonmers. The nmeasurement results nust conpare favorably with the
performance | evels specified in the agreenent.

Packet delay variation is usually one of the netrics specified in
these agreenents. In principle, any fornulation could be specified
in the Service Level Agreement (SLA). However, the SLA is nost
useful when the measured quantities can be related to ways in which
the conmuni cation service will be utilized by the custoner, and this
can usually be derived fromone of the tasks described above.

3.5. Application-Layer FEC Design

The design of application-layer Forward Error Correction (FEC)
components is closely related to the design of a de-jitter buffer in
several ways. The FEC designer nust choose a protection interva
(time to send/receive a block of packets in a constant packet rate
system consistent with the packet-loss characteristics, but also

m ndful of the extent of delay variation expected. Further, the
system desi gner nmust decide how long to wait for "late" packets to
arrive. Again, the range of delay variation is the rel evant
expression delay variation for these tasks.

4. Formul ations of |PDV and PDV
This section presents the fornul ations of | PDV and PDV, and provides

some illustrative exanples. W use the basic singleton definition in
[ RFC3393] (which itself is based on [ RFC2679]):
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"Type- P-One-way-ipdv is defined for two packets from Src to Dst

sel ected by the selection function F, as the difference between the
val ue of the Type-P-One-way-delay fromSrc to Dst at T2 and the val ue
of the Type-P-One-Way-Delay from Src to Dst at T1".

4.1. | PDV: Inter-Packet Delay Variation

If we have packets in a stream consecutively nunbered i =1,2,3,..
falling within the test interval, then IPDV(i) = D(i)-D(i-1) where
D(i) denotes the one-way delay of the ith packet of a stream

One-way del ays are the difference between tinmestanps applied at the
ends of the path, or the receiver time mnus the transm ssion tine.

So D(2) = R2-T2. Wth this tinestanp notation, it can be shown that
| PDV al so represents the change in inter-packet spacing between
transm ssion and reception

IPDV(2) = D(2) - D(1) = (R2-T2) - (RL-T1) = (R-RL) - (T2-T1)

An exanpl e sel ection function given in [ RFC3393] is "Consecutive
Type-P packets within the specified interval”". This is exactly the
function needed for I PDV. The reference packet in the pair is the
previ ous packet in the sending sequence.

Note that | PDV can take on positive and negative val ues (and zero).
One way to analyze the IPDV results is to concentrate on the positive
excursions. However, this approach has limtations that are

di scussed in nore detail below (see Section 5.3).

The nmean of all IPDV(i) for a streamis usually zero. However, a
sl ow del ay change over the life of the stream or a frequency error
bet ween the neasurenent system cl ocks, can result in a non-zero nean

4.2. PDV: Packet Delay Variation

The nane Packet Delay Variation is used in [Y.1540] and its
predecessors, and refers to a performance paraneter equivalent to the
metric described bel ow.

The Sel ection Function for PDV requires two specific roles for the
packets in the pair. The first packet is any Type-P packet within
the specified interval. The second, or reference packet is the
Type-P packet within the specified interval with the m ni mum one-way
del ay.
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Therefore, PDV(i) = D(i)-D(m n) (using the nonenclature introduced in
the 1 PDV section). D(mn) is the delay of the packet with the | owest
value for delay (mninum over the current test interval. Values of
PDV may be zero or positive, and quantiles of the PDV distribution
are direct indications of delay variation.

PDV is a version of the one-way-delay distribution, shifted to the
origin by normalizing to the m ni mrum del ay.

4.3. A "Point" about Measurenent Points

Both | PDV and PDV are derived fromthe one-way-delay nmetric. One-way
del ay requires know edge of tine at two points, e.g., the source and
destination of an I P network path in end-to-end neasurenent.
Therefore, both |IPDV and PDV can be categorized as 2-point metrics
because they are derived fromone-way delay. Specific nethods of
measur enent nmay nmeke assunptions or have a priori know edge about one
of the measurenent points, but the metric definitions thenselves are
based on information collected at two neasurenent points.

4.4. Exanples and Initial Conparisons

Note: This material originally presented in Slides 2 and 3 of
[ Mort on06] .

The Figure bel ow gives a sanple of packet delays, calculates |IPDV and
PDV val ues, and depicts a histogramfor each one.
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Packet # 1 2 3 4 5

| PDV u-10 10 5 -5
PDV 10 0 10 15 10
| |
4| 4|
I I
3| 3| H
| | H
2| 2| H
| | H
H H 1] H H 1| H H H
H H | H H | H H H
_________ B, o e e e e e e e e oo oo
-10 -5 0 5 10 0 5 10 15
| PDV Hi st ogram PDV Hi st ogram

Figure 1: | PDV and PDV Conpari son

The sanpl e of packets contains three packets with "typical" del ays of
20 nms, one packet with a | ow delay of 10 ns (the ninimum of the
sampl e) and one packet with 25 ns del ay.

As noted above, this exanple illustrates that | PDV nmay take on
positive and negative values, while the PDV values are greater than
or equal to zero. The histograns of |PDV and PDV are quite different
in general shape, and the ranges are different, too (IPDV range =
20ms, PDV range = 15 nms). Note that the IPDV histogramw ||l change
if the sequence of delays is nodified, but the PDV histogramwill
stay the sane. PDV normalizes the one-way-delay distribution to the
m ni mum del ay and enphasi zes the variation independent fromthe
sequence of del ays.

5. Survey of Earlier Conparisons

Thi s section sunmmari zes previous work to conpare these two forns of
del ay vari ati on.

5.1. Demichelis’ Conparison
In [Demchelis], Demchelis conpared the early versions of two forns

of delay variation. Although the IPDV formwould eventually see
wi despread use, the ITU-T work-in-progress he cited did not utilize
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the same reference packets as PDV. Demnichelis conpared IPDV with the
alternatives of using the delay of the first packet in the stream and
the mean delay of the streamas the PDV reference packet. Neither of
these alternative references were used in practice, and they are now
deprecated in favor of the m nimumdelay of the stream][Y. 1540].

Active nmeasurenents of a transcontinental path (Torino to Tokyo)
provided the data for the conparison. The Poisson test stream had
0. 764 second average inter-packet interval, with nore than 58

t housand packets over 13.5 hours. Anpong Dem chelis’ observations
about | PDV are the follow ng:

1. IPDVis a nmeasure of the network’s ability to preserve the
spaci ng between packets.

2. The distribution of IPDV is usually symmetrical about the origin,
havi ng a bal ance of negative and positive values (for the nobst
part). The nean is usually zero, unless sone |ong-term del ay
trend is present.

3. IPDV singletons distinguish quick-delay variations (short-term
on the order of the interval between packets) from/longer-term
vari ations.

4. | PDV pl aces reduced denmands on the stability and skew of
measur enent cl ocks.

He al so notes these features of PDV:

1. The PDV distribution does not distinguish short-termvariation

fromvariation over the complete test interval. (Comment: PDV
can be determni ned over any sub-intervals when the singletons are
stored.)

2. The location of the distribution is very sensitive to the del ay
of the first packet, IF this packet is used as the reference.
This would be a new formul ation that differs fromthe PDV
definition in this neno (PDV references the packet wth nmininmm
del ay, so it does not have this drawback).

3. The shape of the PDV distribution is identical to the del ay
distribution, but shifted by the reference del ay.

4, Use of a commpn reference over neasurenment intervals that are

| onger than a typical session length may indicate nore PDV than
woul d be experienced by streans that support such sessions.
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(ldeally, the measurenment interval should be aligned with the
session length of interest, and this influences determ nation of
the reference delay, D(min).)

5. The PDV distribution characterizes the range of queue occupancies
al ong the nmeasurenent path (assuming the path is fixed), but the
range says nothing about how the variation took place.

The summary netrics used in this conparison were the nunber of val ues
exceeding a +/-50ns range around the nmean, the Inverse Percentiles,
and the Inter-Quartil e Range.

5.2. Ciavattone et al

In [C a03], the authors conpared |PDV and PDV (referred to as delta)
usi ng a periodic packet streamconformng to [RFC3432] with inter-
packet interval of 20 ns.

One of the conparisons between | PDV and PDV invol ves a | aboratory
setup where a queue was tenporarily congested by a conpeting packet
burst. The additional queuing delay was 85 nms to 95 ms, much | arger
than the inter-packet interval. The first packet in the streamthat
follows the conpeting burst spends the |ongest tinme queued, and

ot hers experience less and | ess queuing tinme until the queue is

dr ai ned.

The authors observed that PDV reflects the additional queuing tine of
the packets affected by the burst, with values of 85, 65, 45, 25, and
5m. Aso, it is easy to determ ne (by |ooking at the PDV range)
that a de-jitter buffer of >85 nms woul d have been sufficient to
acconmodat e the delay variation. Again, the neasurenent interval is
a key factor in the validity of such observations (it should have
simlar length to the session interval of interest).

The 1 PDV val ues in the congested queue exanple are very different:

85, -20, -20, -20, -20, -5 ns. Only the positive excursion of |PDV
gives an indication of the de-jitter buffer size needed. Although
the variation exceeds the inter-packet interval, the extent of
negative IPDV values is limted by that sending interval. This
preference for information fromthe positive | PDV val ues has pronpted
sonme to ignore the negative values, or to take the absol ute val ue of
each | PDV neasurement (sacrificing key properties of IPDV in the
process, such as its ability to distinguish delay trends).
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Note that this exanple illustrates a case where the | PDV distribution
is asymetrical, because the delay variation range (85 nms) exceeds
the inter-packet spacing (20 ns). W see that the | PDV val ues 85,
-20, -20, -20, -20, -5 nms have zero nean, but the left side of the
distribution is truncated at -20 ns.

El sewhere in the article, the authors considered the range as a
summary statistic for IPDV, and the 99.9th percentile mnus the
m ni num del ay as a summary statistic for delay variation, or PDV

5.3. | PPMList Discussion from 2000

M ke Pierce made many comrents in the context of a working version of
[ RFC3393]. One of his main points was that a delay histogramis a
useful approach to quantifying variation. Another point was that the
time duration of evaluation is a critical aspect.

Carl o Demichelis then mailed his conparison paper [Demichelis] to the
IPPM list, as discussed in nore detail above.

Ruedi ger CGei b observed that both |IPDV and the del ay histogram ( PDV)
are useful, and suggested that they m ght be applied to different
variation tinme scales. He pointed out that |oss has a significant
effect on I PDV, and encouraged that the |oss information be retained
in the arrival sequence.

Several exanpl e delay variation scenarios were di scussed, including:
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Packet # 1 2 3 4 5 6 7 8 9 10 11

Ex. A
Lost

Delay, nms 100 110 120 130 140 150 140 130 120 110 100

| PDV U 10 10 10 10 10 -10 -10 -10 -10 -10
PDV 0 10 20 30 40 50 40 30 20 10 0
Ex. B

Lost L

Delay, ms 100 110 150 U 120 100 110 150 130 120 100

| PDV ) 10 40 ) U-10 10 40 -20 -10 -20

PDV 0 10 50 U 20 0 10 50 30 20 0
Figure 2: Del ay Exanpl es

Clearly, the range of PDV values is 50 nms in both cases above, and
this is the statistic that deternines the size of a de-jitter buffer
The IPDV range is minimal in response to the smooth variation in
Example A (20 nms). However, |PDV responds to the faster variations
in Exanple B (60 ns range from40 to -20). Here the IPDV range is

| arger than the PDV range, and overestimates the buffer size
requirenents.

A heuristic method to estimte buffer size using IPDVis to sumthe
consecutive positive or zero values as an estimte of PDV range.
However, this is nore conplicated to assess than the PDV range, and
has strong dependence on the actual sequence of |PDV val ues (any
negative | PDV val ue stops the summation, and agai n causes an
underesti mate).

| PDV val ues can be viewed as the adjustnents that an adaptive de-
jitter buffer would make, if it could make adjustnents on a packet-
by- packet basis. However, adaptive de-jitter buffers don't nake
adjustnents this frequently, so the value of this information is
unknown. The short-termvariations nay be useful to know in some
ot her cases.
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5.4. Y.1540 Appendix |

5

6

Appendi x Il of [Y.1540] describes a secondary term nology for del ay
variation. It conpares |IPDV, PDV (referred to as 2-point PDV), and
1- poi nt packet delay variation (which assunes a periodic stream and
assesses variation against an ideal arrival schedule constructed at a
singl e measurenent point). This early conparison discusses some of
the sane considerations raised in Section 6 bel ow.

5. dark’s ITUT SG 12 Contri bution

Alan Cdark’s contribution to ITUT Study Goup 12 in January 2003
provi ded an anal ysis of the root causes of delay variation and
investigated different techniques for neasurenment and nodeling of
"jitter" [COML2.D98]. dCdark conpared a netric closely related to

| PDV, Mean Packet-to-Packet Delay Variation, MPPDV = nean(abs(D(i)-
D(i-1))) to the newy proposed Mean Absol ute Packet Delay Variation
(MAPDV2, see [G 1020]). One of the tasks for this study was to
estimate the nunmber of packet discards in a de-jitter buffer. dark
concl uded that MPPDV did not track the ramp del ay variation he
associ ated access link congestion (simlar to Figure 2, Example A
above), but MAPDV2 did

Clark also briefly | ooked at PDV (as described in the 2002 versi on of
[Y.1541]). He concluded that if PDV was applied to a series of very
short neasurenment intervals (e.g., 200 nms), it could be used to
determne the fraction of intervals with high packet discard rates.

Addi tional Properties and Conparisons

This section treats sone of the earlier conparison areas in nore
detail and introduces new areas for conparison

1. Packet Loss

The neasurenent of packet loss is of great influence for the del ay
variation results, as displayed in the Figures 3 and 4 (L neans Lost
and U neans Undefined). Figure 3 shows that in the extreme case of
every other packet |loss, the IPDV netric doesn’'t produce any results,
whil e the PDV produces results for all arriving packets.
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Packet # 1 2 3 4 5 6 7 8 9 10
Lost L L L L L
Delay, s 3 U5 U4 U3 U4 U
| PDV u uuuuuuuuwu
PDV 0 U2 U1l UO0OUWUT1U

Figure 3: Path Loss Every O her Packet

In case of a burst of packet |oss, as displayed in Figure 4, both the
| PDV and PDV netrics produce sone results. Note that PDV still
produces nore val ues than | PDV.

Packet # 1 2 3 4 5 6 7 8 910
Lost L L L L L

Delay, m 3 4 U U U U UG 4 3
| PDV ul UuuUuUuUuUuUu-1-1
PDV 0 1 UuUuUuuwu?2120

Fi gure 4: Burst of Packet Loss

In conclusion, the PDV results are affected by the packet-loss ratio.
The I PDV results are affected by both the packet-loss ratio and the
packet-loss distribution. In the extreme case of |oss of every other
packet, |PDV doesn’'t provide any results.

6.2. Path Changes

When there is little or no stability in the network under test, then
the devices that attenpt to characterize the network are equally
stressed, especially if the results displayed are used to nake

i nferences that may not be valid.

Sonetinmes the path characteristics change during a neasurenent
interval. The change may be due to link or router failure,

adm ni strative changes prior to nmaintenance (e.g., |ink-cost change),
or re-optimization of routing using new information. Al these
causes are usually infrequent, and network providers take appropriate
measures to ensure this. Automatic restoration to a back-up path is
seen as a desirable feature of |P networks.

Frequent path changes and prol onged congestion with substantia
packet | oss clearly nake delay variation neasurenents chall engi ng.
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Pat h changes are usually acconpani ed by a sudden, persistent increase
or decrease in one-way delay. [GC a03] gives one such example. W
assune that a restoration path either accepts a stream of packets or
is not used for that particular stream (e.g., no nulti-path for
flows).

In any case, a change in the Tine to Live (TTL) (or Hop Limt) of the
recei ved packets indicates that the path is no | onger the sane.

Transi ent packet reordering may al so be observed with path changes,
due to use of non-optinal routing while updates propagate through the
network (see [Casner] and [Ci a03] )

Many, if not all, packet streans experience packet loss in
conjunction with a path change. However, it is certainly possible
that the active neasurenent stream does not experience |loss. This
may be due to use of a long inter-packet sending interval with
respect to the restoration tine, and it becones nore likely as "fast
restoration" techniques see wi der deploynment (e.g., [RFC4090]).

Thus, there are two mmin cases to consider, path changes acconpani ed
by loss, and those that are | ossless fromthe point of view of the
active measurenent stream The subsections bel ow exam ne each of

t hese cases.

6.2.1. Lossless Path Change
In the | ossl ess case, a path change will typically affect only one
I PDV singleton. For exanple, the delay sequence in the Figure bel ow
al ways produces | PDV=0 except in the one case where the value is 5
(y o0, 0, 0, 5, 0, 0, 0, 0).

Packet # 1 2 3 4 5 6 7 8 9
Lost

PDV 0 00 0O5 5 5 5 5
Figure 5: Lossl ess Path Change
However, if the change in delay is negative and larger than the

i nter-packet sending interval, then nore than one | PDV singleton may
be affected because packet reordering is also likely to occur
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The use of the new path and its delay variation can be quantified by
treating the PDV distribution as bi-nodal, and characterizing each
nmode separately. This would involve declaring a new path within the
sanpl e, and using a new | ocal nininmmdelay as the PDV reference
del ay for the sub-sanmple (or tinme interval) where the new path is
present.

The process of detecting a bi-nodal delay distribution is nade
difficult if the typical delay variation is larger than the del ay
change associated with the new path. However, information on a TTL
(or Hop Linmt) change or the presence of transient reordering can
assi st in an autonated deci sion.

The effect of path changes nmay al so be reduced by maki ng PDV

measur enents over short intervals (mnutes, as opposed to hours).
This way, a path change will affect one sanple and its PDV val ues.
Assumi ng that the nean or nedi an one-way del ay changes appreci ably on
the new path, then subsequent neasurenents can confirma path change
and trigger special processing on the interval to revise the PDV
result.

Alternatively, if the path change is detected, by nonitoring the test
packets TTL or Hop Limit, or nonitoring the change in the IGP |ink-
state database, the results of neasurenent before and after the path
change coul d be kept separated, presenting two different
distributions. This avoids the difficult task of determ ning the
different nodes of a multi-nodal distribution

6.2.2. Path Change with Loss

If the path change is acconpani ed by |oss, such that there are no
consecutive packet pairs that span the change, then no | PDV
singletons will reflect the change. This may or may not be
desirabl e, depending on the ultimte use of the delay variation
measurenent. Figure 6, in which L neans Lost and U nmeans Undefi ned,
illustrates this case.

Packet # 1 2 3 4 5 6 7 8 9
Lost L L

Delay, ms 3 4 3 3 U U 8 9 8
| PDV u 1-1 0 U U U 1-1
PDV 0 1 0 0 UUJS5 6 5

Figure 6: Path Change with Loss
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PDV wi ||l again produce a bi-nodal distribution. But here, the

deci sion process to define sub-intervals associated with each path is
further assisted by the presence of loss, in addition to TTL,
reordering information, and use of short neasurenent intervals
consistent with the duration of user sessions. It is reasonable to
assune that at |east loss and delay will be neasured sinultaneously
with PDV and/or | PDV.

| PDV does not help to detect path changes when acconpani ed by | oss,
and this is a disadvantage for those who rely solely on | PDV
nmeasur enent s.

6.3. Cock Stability and Error

Low cost or |ow conpl exity measurenent systens may be enbedded in
conmuni cati on devices that do not have access to high stability
clocks, and tine errors will alnost certainly be present. However,
larger tinme-related errors (~1 ns) may offer an acceptabl e trade-off
for monitoring performance over a | arge popul ation (the accuracy
needed to detect problens may be nuch |l ess than required for a
scientific study, ~0.01 ns for exanple).

Mai ntai ning time accuracy <<1 ns has typically required access to
dedi cated tine receivers at all neasurenent points. d oba
positioning system (GPS) receivers have often been installed to
support measurements. The GPS installation conditions are fairly
restrictive, and many prospective measurenent efforts have found the
depl oynent conpl exity and system nmai ntenance too difficult.

As nentioned above, [Dem chelis] observed that PDV places greater
demands on cl ock synchroni zation than for |PDV. This observation
deserves nore discussion. Synchronization errors have two
components: tine-of-day errors and cl ock-frequency errors (resulting
in skew).

Both | PDV and PDV are sensitive to time-of-day errors when attenpting
to align nmeasurenent intervals at the source and destination. G oss
m sal i gnment of the neasurenment intervals can |lead to | ost packets,
for exanple, if the receiver is not ready when the first test packet
arrives. However, both IPDV and PDV assess del ay differences, so the
error present in any two one-way-del ay singletons will cancel as |ong
as the error is constant. So, the demand for NTP or GPS
synchroni zati on conmes primarily from one-way-del ay nmeasurenent time-
of -day accuracy requirements. Delay variation and neasurenent
interval alignment are relatively | ess denmandi ng.
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Skew i s a neasure of the change in clock tine over an interval with
respect to a reference clock. Both IPDV and PDV are affected by
skew, but the error sensitivity in IPDV singletons is | ess because
the interval s between consecutive packets are rather small,
especially when conpared to the overall neasurenent interval. Since
PDV conmputes the difference between a single reference delay (the
sanmple mininmum and all other delays in the nmeasurenent interval, the
constraint on skew error is greater to attain the same accuracy as

| PDV. Again, use of short PDV neasurenent intervals (on the order of
m nutes, not hours) provides sonme relief fromthe effects of skew
error. Thus, the additional accuracy denand of PDV can be expressed
as a ratio of the neasurement interval to the inter-packet spacing.

A practical exanple is a measurenent between two hosts, one with a
synchroni zed cl ock and the other with a free-running clock having 50
parts per mllion (ppm |long term accuracy.

o |If IPDV measurenents are nmade on packets with a 1 second spaci ng,
t he maxi mum singleton error will be 1 x 5 x 10~-5 seconds, or 0.05
ns.

o |f PDV neasurenents are nade on the sanme packets over a 60 second
measur enent interval, then the delay variation due to the nax
free-running clock error will be 60 x 5 x 10-5 seconds, or 3 ns
delay variation error fromthe first packet to the |ast.

Therefore, the additional accuracy required for equival ent PDV error
under these conditions is a factor of 60 nore than for IPDV. This is
a rather extrene scenari o, because tinme-of-day error of 1 second
woul d accurul ate in ~5.5 hours, potentially causing the neasurenent
interval alignnment issue described above.

If skewis present in a sanple of one-way delays, its synptomis
typically a nearly linear growh or decline over all the one-way-
del ay values. As a practical natter, if the sane sl ope appears
consistently in the nmeasurenents, then it may be possible to fit the
sl ope and conpensate for the skew in the one-way-del ay nmeasurenents,
thereby avoiding the issue in the PDV calcul ations that follow See
[ RFC3393] for additional information on conpensating for skew

Val ues for | PDV nay have non-zero nean over a sanple when cl ock skew
is present. This tends to conplicate |PDV anal ysis when using the
assunptions of a zero nean and a symmetric distribution.

There is a third factor related to clock error and stability: this is
the presence of a clock-synchronization protocol (e.g., NIP) and the
ti me-adj ustnent operations that result. Wen a tine error is
detected (typically on the order of a few milliseconds), the host

Morton & O ai se I nf or mat i onal [ Page 23]



RFC 5481 Del ay Variation AS March 2009

clock frequency is continuously adjusted to reduce the tinme error
If these adjustnents take place during a neasurenment interval, they
may appear as delay variation when none was present, and therefore
are a source of error (regardless of the formof delay variation
consi der ed).

6.4. Spatial Composition

| TU-T Reconmendation [Y.1541] gives a provisional method to conpose a
PDV netric using PDV neasurenent results fromtwo or nore sub-paths
Addi tional nethods are considered in [| PPM Spatial].

PDV has a clear advantage at this tine, since there is no validated

met hod to conpose an IPDV nmetric. In addition, IPDV results depend

greatly on the exact sequence of packets and may not | end thensel ves
easily to the conposition problem where segnments nmust be assuned to
have i ndependent del ay distributions.

6.5. Reporting a Single Nunber (SLA)

Despite the risk of over-summarization, measurenents nust often be
di spl ayed for easy consunption. |If the right summary report is
prepared, then the "dashboard" view correctly indicates whether there
is something different and worth investigating further, or that the
status has not changed. The dashboard nodel restricts every
instrument display to a single nunber. The packet network dashboard
could have different instrunents for |oss, delay, delay variation,
reordering, etc., and each nust be sumari zed as a single nunber for
each neasurenent interval. The single nunber summary statistic is a
key component of SLAs, where a threshold on that nunber nust be net
x% of the tine.

The sinplicity of the PDV distribution lends itself to this

sunmari zati on process (including use of the percentiles, nedian or
mean). An SLA of the form"no nore than x% of packets in a

measur enent interval shall have PDV >=y nms, for no | ess than z% of
time" is relatively straightforward to specify and i npl enent.

[ Y.1541] introduced the notion of a pseudo-range when setting an
objective for the 99.9th percentile of PDV. The conventional range
(max-mn) was avoi ded for several reasons, including stability of the
maxi mum del ay. The 99.9th percentile of PDV is helpful to
performance pl anners (seeking to neet some user-to-user objective for
delay) and in design of de-jitter buffer sizes, even those with
adaptive capabilities.

| PDV does not lend itself to summarization so easily. The nean | PDV

is typically zero. As the IPDV distribution will have two tails
(positive and negative), the range or pseudo-range would not match
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the needed de-jitter buffer size. Additional conplexity may be

i ntroduced when the variati on exceeds the inter-packet sending
interval, as discussed above (in Sections 5.2 and 6.2.1). Should the
Inter-Quartile Range be used? Should the singletons beyond sone
threshold be counted (e.g., nmean +/- 50 ns)? A strong rationale for
one of these summary statistics has yet to energe

When summari zing | PDV, sone prefer the sinplicity of the single-sided
distribution created by taking the absolute value of each singleton
result, abs(D(i)-D(i-1)). This approach sacrifices the two-sided
inter-arrival spread information in the distribution. It also nakes
the eval uation using percentiles nore confusing, because a single

| ate packet that exceeds the variation threshold will cause two pairs
of singletons to fail the criteria (one positive, the other negative
converted to positive). The single-sided PDV distribution is an
advantage in this category.

6.6. Jitter in RTCP Reports

Section 6.4.1 of [RFC3550] gives the calculation of the "inter-
arrival jitter" field for the RTP Control Protocol (RTCP) report,
with a sanple inplenentation in an Appendi x.

The RTCP "interarrival jitter" value can be cal cul ated using | PDV
singletons. |If there is packet reordering, as defined in [ RFC4737],
then estimates of Jitter based on IPDV may vary slightly, because

[ RFC3550] specifies the use of receive-packet order

Just as there is no sinple way to convert PDV singletons to | PDV
singletons without returning to the original sanple of delay
singletons, there is no clear relationship between PDV and [ RFC3550]
"interarrival jitter".

6.7. MAPDV2

MAPDV2 stands for Mean Absol ute Packet Delay Variation (version) 2,
and is specified in [G 1020]. The MAPDV2 al gorithm conputes a

snoot hed running estimate of the mean del ay using the one-way del ays
of 16 previous packets. It conpares the current one-way delay to the
estimated nean, separately conputes the neans of positive and
negative deviations, and sunms these deviation neans to produce
MAPVDV2. | n effect, there is a MAPDV2 singleton for every arriving
packet, so further summarization is usually warranted.

Neither 1 PDV or PDV forns assist in the conputation of MAPDV2.
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6.8. Load Bal ancing

Network traffic | oad balancing is a process to divide packet traffic
in order to provide a nore even distribution over two or nore equally
vi abl e paths. The paths chosen are based on the | GP cost netrics,
whil e the delay depends on the path’'s physical layout. Usually, the
bal anci ng process is performed on a per-flow basis to avoid del ay
vari ation experienced when packets traverse different physical paths.

If the sanple includes test packets with different characteristics
such as | P addresses/ports, there could be nmulti-nodal del ay
distributions present. The PDV form makes the identification of
mul ti pl e nodes possible. |PDV may also reveal that multiple paths
are in use with a mxed-fl ow sanple, but the different delay nodes
are not easily divided and anal yzed separately.

Shoul d the del ay singletons using nultiple addresses/ports be
conbi ned in the sanme sanple? Should we characterize each node
separately? (This question also applies to the Path Change case.)
It depends on the task to be addressed by the neasurenent.

For the task of de-jitter buffer sizing or assessing queue
occupation, the nodes should be characterized separately because
flows will experience only one nbde on a stable path. Use of a
single flow description (address/port conbination) in each sanple
simplifies this analysis. Miltiple nodes may be identified by
collecting sanples with different flow attributes, and
characterization of multiple paths can proceed with conparison of the
del ay distributions fromeach sanple.

For the task of capacity planning and routing optim zation,
characterizing the nodes separately could offer an advant age.

Net wor k-wi de capacity planning (as opposed to |link capacity planning)
takes as input the core traffic matrix, which corresponds to a matrix
of traffic transferred fromevery source to every destination in the
network. Applying the core traffic matrix along with the routing
information (typically the link state database of a routing protocol)
in a capacity planning tool offers the possibility to visualize the
pat hs where the traffic flows and to optinize the routing based on
the link utilization. |In the case where equal cost multiple paths
(ECWPs) are used, the traffic will be |oad balanced onto nultiple
paths. |f each node of the IP delay multi-nodal distribution can be
associated with a specific path, the delay perfornmance offers an
extra optim zation parameter, i.e., the routing optimzation based on
the IP delay variation netric. As an exanple, the | oad bal anci ng
across ECMPs coul d be suppressed so that the Voice over |IP (VolP)
calls would only be routed via the path with the | ower |P delay
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variation. Cearly, any nodifications can result in new del ay
performance neasurenments, so there nmust be a verification step to
ensure the desired outcone.

7. Applicability of the Delay Variation Forns and Recommendati ons

Based on the conparisons of |PDV and PDV presented above, this
section matches the attributes of each formw th the tasks described
earlier. W discuss the nore general circunstances first.

7.1. Uses
7.1.1. Inferring Queue Cccupancy

The PDV distribution is anchored at the m ni nrum del ay observed in the
measurenent interval. Wen the sanple mnimum coincides with the
true mnimum delay of the path, then the PDV distribution is

equi valent to the queuing time distribution experienced by the test
stream If the minimumdelay is not the true mninmm then the PDV
distribution captures the variation in queuing time and sone
addi ti onal ampbunt of queuing time is experienced, but unknown. One
can summarize the PDV distribution with the nmean, nedian, and other
statistics.

| PDV can capture the difference in queuing time fromone packet to
the next, but this is a different distribution fromthe queue
occupancy reveal ed by PDV

7.1.2. Determining De-Jitter Buffer Size (and FEC Desi gn)

This task is complinentary to the problemof inferring queue
occupancy through nmeasurenent. Again, use of the sanple mninumas
the reference delay for PDV yields a distribution that is very
relevant to de-jitter buffer size. This is because the m ni mrum del ay
is an alignnment point for the snmoothing operation of de-jitter
buffers. A de-jitter buffer that is ideally aligned with the del ay
variation adds zero buffer tine to packets with the | ongest
acconmodat ed network delay (any packets with | onger del ays are

di scarded). Thus, a packet experiencing m ninum network del ay shoul d
be aligned to wait the maxi mumlength of the de-jitter buffer. Wth
this alignment, the streamis snoothed with no unnecessary del ay
added. Figure 5 of [G 1020] illustrates the ideal relationship

bet ween network delay variation and buffer tine.

The PDV distribution is also useful for this task, but different
statistics are preferred. The range (nax-mn) or the 99.9th
percentil e of PDV (pseudo-range) are closely related to the buffer
size needed to accommopdate the observed network delay variation
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The PDV distribution directly addresses the FEC waiting tinme
question. \When the PDV distribution has a 99th percentile of 10 ms,
then waiting 10 ns | onger than the FEC protection interval will allow
99% of | ate packets to arrive and be used in the FEC bl ock

In sone cases, the positive excursions (or series of positive
excursions) of IPDV may help to approximate the de-jitter buffer
size, but there is no guarantee that a good buffer estimate wl|l
energe, especially when the delay varies as a positive trend over
several test packets.

7.1.3. Spatial Conposition

PDV has a clear advantage at this tine, since there is no validated
met hod to conpose an | PDV netric.

7.1.4. Service-Level Specification: Reporting a Single Number

The one-sided PDV distribution can be constrained with a single
statistic, such as an upper percentile, so it is preferred. The |PDV
distribution is tws-sided, usually has zero nmean, and no universa
sunmary statistic that relates to a physical quantity has enmerged in
years of experience

7.2. Challenging G rcunstances

Not e that neasurenent of delay variation may not be the primary
concern under unstable and unreliable circunstances.

7.2.1. dock and Storage |ssues

VWhen appreci abl e skew i s present between neasurenent system cl ocks,
| PDV has an advant age because PDV woul d require processing over the
entire sanple to renove the skew error. However, significant skew
can invalidate | PDV anal ysis assunptions, such as the zero-nean and
symretric-distribution characteristics. Small skew may well be
within the error tol erance, and both PDV and I PDV results will be
usable. There nmay be a portion of the skew, mneasurenent interval,
and required accuracy 3-D space where | PDV has an advant age,
dependi ng on the specific neasurenent specifications.

Neither form of delay variation is nore suited than the other to
on-the-fly sumari zation w thout nenory, and this may be one of the
reasons that [RFC3550] RTCP Jitter and MAPDV2 in [ G 1020] have
attai ned deploynment in | ow cost systens.
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7.2.2. Frequent Path Changes

If the network under test exhibits frequent path changes, on the
order of several new routes per minute, then |PDV appears to isolate
the delay variation on each path fromthe transient effect of path
change (especially if there is packet loss at the tinme of path
change). However, if one intends to use IPDV to indicate path
changes, it cannot do this when the change is acconpanied by | oss.

It is possible to make neani ngful PDV neasurenents when paths are
unstabl e, but great inportance would be placed on the al gorithns that
i nfer path change and attenpt to divide the sanple on path change
boundari es.

When path changes are frequent and cause packet | oss, delay variation
is probably less inportant than the | oss epi sodes and attention
shoul d be turned to the loss netric instead.

7.2.3. Frequent Loss

If the network under test exhibits frequent |oss, then PDV may
produce a larger set of singletons for the sanple than IPDV. This is
due to IPDV requiring consecutive packet arrivals to assess del ay
vari ation, conpared to PDV where any packet arrival is useful. The
wor st case i s when no consecutive packets arrive and the entire | PDV
sampl e woul d be undefined, yet PDV woul d successfully produce a
sampl e based on the arriving packets.

7.2.4. Load Bal ancing

PDV distributions offer the nost straightforward way to identify that
a sanpl e of packets have traversed nultiple paths. The tasks of
de-jitter buffer sizing or assessing queue occupation with PDV shoul d
be use a sanple with a single flow because flows will experience only
one node on a stable path, and it sinplifies the analysis.
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8. Measurenent Considerations

This section discusses the practical aspects of delay variation
measurenent, with special attention to the two fornul ati ons conpared
in this meno.

8.1. Measurenent Stream Characteristics

As stated in Section 1.2, there is a strong dependency between the
active measurenent stream characteristics and the results. The | PPM
literature includes two primary nethods for collecting sanples:

Poi sson sanpling described in [ RFC2330], and Periodic sanpling in

[ RFC3432]. The Poisson nethod was intended to collect an unbi ased
sampl e of performance, while the Periodic nmethod addresses a "known
bias of interest”. Periodic streanms are required to have random
start tinmes and limted streamduration, in order to avoid unwanted
synchroni zati on with sone other periodic process, or cause

congesti on-aware senders to synchroni ze with the stream and produce
atypical results. The randomstart tinme should be different for each
new stream

It is worth noting that [RFC3393] was developed in parallel wth
[ RFC3432]. As a result, all the streamnetrics defined in [ RFC3393]
speci fy the Poisson sanpling nethod.

Periodic sampling is frequently used in measurenents of del ay
variation. Several factors foster this choice

1. Many application streans that are sensitive to delay variation
al so exhibit periodicity, and so exenplify the bias of interest.
If the application has a constant packet spacing, this constant
spaci ng can be the inter-packet gap for the test stream VolP
streans often use 20 nms spacing, so this is an obvious choice for
an Active stream This applies to both |PDV and PDV forns.

2. The spaci ng between packets in the streamw |l influence whether
the stream experiences short-range dependency, or only |ong-range
dependency, as investigated in [Li.MIIs]. The packet spacing

al so influences the IPDV distribution and the streanis
sensitivity to reordering. For exanple, with a 20 ns spacing the
I PDV di stribution cannot go bel ow -20 ns without packet
reordering.

3. The measurement process may nmake several sinplifying assunptions
when the send spacing and send rate are constant. For exanpl e,
the inter-arrival tinmes at the destination can be conpared with
an ideal sending schedule, and allowi ng a one-point neasurenent
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of delay variation (described in [Y.1540]) that approximtes the
IPDV form Sinplified nethods that approximate PDV are possible
as well (sone are discussed in Appendix Il of [Y.1541]).

4. Analysis of truncated, or non-symmetrical |IPDV distributions is
sinplified. Delay variations in excess of the periodic sending
interval can cause multiple singleton values at the negative
limt of the packet spacing (see Section 5.2 and [Ci a03]). Only
packet reordering can cause the negative spacing limt to be
exceeded.

Despite the enphasis on inter-packet delay differences with |PDV,
bot h Poi sson [Demnichelis] and Periodic [Li.MIIls] streans have been
used, and these references illustrate the different analyses that are
possi bl e.

The advant ages of using a Poisson distribution are discussed in

[ RFC2330]. The mmin properties are to avoid predicting the sanple
times, avoid synchronization with periodic events that are present in
net wor ks, and avoi d i nduci ng synchroni zati on with congesti on-aware
senders. \Wen a Poisson streamis used with IPDV, the distribution
will reflect inter-packet delay variation on many different tine
scal es (or packet spacings). The unbiased Poi sson sanpling brings a
new | ayer of conplexity in the analysis of |IPDV distributions.

8. 2. Measur enent Devi ces

One key aspect of measurenent devices is their ability to store
singl etons (or individual neasurenents). This feature usually is
closely related to |ocal calculation capabilities. For exanple, an
enbedded neasurenment device with [imted storage will Iike provide
only a few statistics on the delay variation distribution, while
dedi cat ed measurenent systens store all the singletons and all ow
detailed analysis (later calculation of either form of delay
variation is possible with the original singletons).

Therefore, systenms with limted storage nust choose their netrics and
summary statistics in advance. |If both IPDV and PDV statistics are
desired, the supporting information must be collected as packets
arrive. For exanple, the PDV range and hi gh percentiles can be
determined later if the mninmum and several of the |argest delays are
stored while the nmeasurenent is in-progress.
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8.3. Units of Measurenent
Both I PDV and PDV can be summarized as a range in nmilliseconds.

Wth IPDV, it is interesting to report on a positive percentile, and
an inter-quantile range is appropriate to reflect both positive and
negative tails (e.g., 5%to 95%. |If the IPDV distribution is
symretric around a nean of zero, then it is sufficient to report on
the positive side of the distribution.

Wth PDV, it is sufficient to specify the upper percentile (e.g.,
99.9% .

8.4. Test Duration

At several points in this neno, we have recomended use of test
intervals on the order of mnutes. 1In their paper exam ning the
stability of Internet path properties [Zhang.Duff], Zhang et al
concl uded that consistency was present on the order of mnutes for
the performance netrics considered (loss, delay, and throughput) for
the pat hs they measured.

The topic of tenporal aggregation of perfornmance neasured in snall
intervals to estimte sone larger interval is described in the Metric
Conposi ti on Franmework [| PPM Franmewor K] .

The primary recomendati on here is to test using durations that are
simlar inlength to the session tine of interest. This applies to
both I PDV and PDV, but is possibly nore rel evant for PDV since the
duration determ nes how often the Dmn will be determ ned, and the
size of the associated sanpl e.

8.5. dock Sync Options

As wi th one-way-del ay nmeasurenents, |ocal clock synchronization is an
important matter for delay variation nmeasurenents.

There are several options avail abl e:

1. dobal Positioning Systemreceivers

2. In sone parts of the world, Cellular Code Division Miltiple
Access (CDVA) systens distribute timng signals that are derived

from GPS and traceable to UTC

3. Network Tinme Protocol [RFCL305] is a convenient choice in many
cases, but usually offers |ower accuracy than the options above.
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8.

8.

When cl ock synchronization is inconvenient or subject to appreciable
errors, then round-trip neasurenents may give a cunul ative indication
of the delay variation present on both directions of the path.
However, delay distributions are rarely symetrical, so it is
difficult to infer nuch about the one-way-delay variation fromround-
trip measurenents. Al so, neasurenents on asynmetrical paths add
conplications for the one-way-delay netric.

6. Distinguishing Long Delay from Loss

Lost and del ayed packets are separated by a waiting tine threshold.
Packets that arrive at the measurenent destination within their
waiting time have finite delay and are not lost. Oherw se, packets
are designated | ost and their delay is undefined. Quidance on
setting the waiting tine threshold may be found in [ RFC2680] and

[ 1 PPM Reporting].

In essence, [|PPM Reporting] suggests to use a long waiting tine to
serve network characterization and revise results for specific
application delay threshol ds as needed.

7. Accounting for Packet Reordering

Packet reordering, defined in [RFC4737], is essentially an extrene
formof delay variation where the packet streamarrival order differs
fromthe sending order.

PDV results are not sensitive to packet arrival order, and are not
af fected by reordering other than to reflect the nore extrene
vari ation.

IPDV results will change if reordering is present because they are
sensitive to the sequence of delays of arriving packets. The main
exanple of this sensitivity is in the truncation of the negative tai
of the distribution

0 When there is no reordering, the negative tail is limted by the
sendi ng time spaci ng between packets.

o |If reordering occurs (and the reordered packets are not
di scarded), the negative tail can take on any value (in
principal).

I n general, measurement systens should have the capability to detect
when sequence has changed. |f |PDV neasurenments are nmade w t hout
regard to packet arrival order, the IPDV will be under-reported when
reordering occurs.
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8.8. Results Representation and Reporting

Al of the references that discuss or define delay variation suggest
ways to represent or report the results, and interested readers
shoul d review the various possibilities.

For exanple, [|PPM Reporting] suggests reporting a pseudo-range of
del ay variation based on cal culating the difference between a high
percentile of delay and the m nimum delay. The 99.9th percentile
mnus the mnimumw ||l give a value that can be conpared with

obj ectives in [VY.1541].

9. Security Considerations

The security considerations that apply to any active neasurenent of
live networks are relevant here as well. See the "Security

Consi derations" sections in [RFC2330], [RFC2679], [RFC3393],

[ RFC3432], and [ RFC4656].

Security considerations do not contribute to the selection of PDV or
I PDV forns of delay variation, because neasurenents using these
metrics involve exactly the sane security issues.
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11. Appendix on Calculating the D(mn) in PDV

Practitioners have raised several questions that this section intends
to answer:

- Howis this Dnin calculated? Is it DV(99% as nentioned in
[ Kr zanowski ] ?

- Do we need to keep all the values fromthe interval, then take the
m nimun? O do we keep the mnimum from previous interval s?

The value of D mn used as the reference delay for PDV cal cul ati ons
is sinmply the mninmumdelay of all packets in the current sanple.
The usual single value summary of the PDV distributionis D (99.9th
percentile) mnus D mn.
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12.

12.

It may be appropriate to segregate sub-sets and revise the m ni mum
val ue during a sample. For exanple, if it can be determ ned with
certainty that the path has changed by nonitoring the Tine to Live or
Hop Count of arriving packets, this may be sufficient justification
to reset the mnimum for packets on the new path. There is also a

si npl er approach to solving this problem use sanples collected over
short evaluation intervals (on the order of minutes). Intervals with
pat h changes may be nore interesting fromthe | oss or one-way-del ay
perspective (possibly failing to neet one or nore SLAs), and it may
not be necessary to conduct delay variation analysis. Short
evaluation intervals are preferred for neasurenments that serve as a
basis for troubl eshooting, since the results are available to report
soon after collection.

It is not necessary to store all delay values in a sanmple when
storage is a major concern. D mn can be found by conparing each new
singleton value with the current value and replacing it when
required. |In a sanple with 5000 packets, evaluation of the 99.9th
percentile can also be achieved with linited storage. One nethod
calls for storing the top 50 delay singletons and revising the top
value list each tinme 50 nore packets arrive.
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