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(54) Title: METHOD FOR ESTIMATING A ROUND TRIP TIME OF A PACKET FLOW

(57) Abstract: A method for estimat-
2 ing a round trip time, RTT, of a pack-
et tflow, comprising the steps of : -
computing a periodogram Py based
on N samples hi, hy..hx of an inter-ar-
rival time signal X between adjacent
X Py Wo packets, X(tx) = hx = tx - try, Using a
Lomb-Scargle method; - extracting a

fundamental pulsation o out of said
periodogram Py using a pattern

A 4

matching technique; - determining
the RTT out of said fundamental pul-
sation.
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Method for estimating a round trip time of a packet flow

The technical domain of the invention is the domain of
communication networks, and particularly the transmission
packet stream between a given pair of addresses and ports.

The increasing demand on quality of service in packet
transport networks have motivated the introduction of
techniques for traffic control by flows. Among these, the
elastic flows for 1large data transfers compete for the
bandwidth on bottleneck links, increasing their rates until
there is a negative feedback from congestion, where packets
are then marked or dropped. Conventional routers that are not
flow-aware have a difficult task to insure fairness under
high traffic loads.

Flows that pass through a zrouter are nowadays treated
agnostically, i.e. without knowing their characteristics such
ag the rate and its growth. Knowing the growth rate of flows
means being able to design novel queue management schemes,
where a router can predict future congestion events and act
in advance. The growth rate of a connection depends on the
value of its round trip time, RTT, i.e. the time between the
issue of a packet and the arrival of its acknowledgement.
Therefore the estimation of the RTT represents an important
building block for routers.

The present document addresses the following issue:
evaluation of an RTIT of a flow by passively monitoring in
real-time only one direction of the flow. The estimation has
to be passive, since the router cannot inject packets into an
existing flow. The estimation has to be real-time since the
growth rate of a flow must be available at the router
instantaneously. Finally the estimation has to use the
packets of one direction only, either the packets sent or

their acknowledgements, since the router has not access to
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both directions.

The capability to track in real-time the round-trip time
of high-volume packet flows is a valuable building block for
an optimal fair congestion control in a router.

Among the prior art existing solutions some are active
solutions.

Most of the prior art solutions are based on the
observation of the two-way traffic, which is infeasible in a
core router.

To the best of our knowledge, there are only two papers
which propose a general framework for the passive estimation
of the RTT, but they are not focused on real-time estimation.

Y.zhang, L.Breslau, V.Paxson, and S.Shenker in "On the
Characteristics and Origins of Internet Flow Rates," in Proc.
of ACM SIGCOMM, Pittsburgh, PA, USA, Aug. 2002, propose a
method based on time correlation of samples. But the retained
approach lacks of robustness: the zresults are strongly

affected by the noise, which impacts the accuracy of the RTT

estimation.
R.Lance, I.Frommer, B.Hunt, E.Ott, J.A.Yorke, and
E.Harder in "Round-trip time inference via  passive

monitoring," in ACM Sigmetrics Performance Evaluation Review,
Vol. 33, Issue 3, Dec. 2005, pp 32-38, make use of a spectral
analysis as one of the possible steps for off-line estimation
of the RTT. In particular, the authors apply a spectral
analysis to a set of samples, but they do not consider the
continuous real-time update of the spectrum as a new sample
arrives. Moreover, the details of the extraction of the RTT
from the spectrum are not specified.

The present invention addresses and solves these problems
and defines methods and computing devices that monitor packet
flows in real time, in order to continuously estimate, among

other useful metrics, a round-trip time, RTT, of an observed
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flow. In particular, the invention applies to flow-aware
routers that use these RTT measurements 1in congestion
control, for optimal fair packet mark and drop policies, and
for active gqueue management purposes.

5 The object of the invention is a method, in a packet flow
communication system, for estimating a round trip time, RTT,
of an observed packet flow, that is the time between the
issue of a packet and the arrival of its acknowledgement,
comprising the steps of:

10 - collecting an inter-arrival time signal X between
adjacent packets, where the amplitude hy of said
signal X at instant tx of arrival of a packet is
equal to the elapsed duration since the arrival
time tk-1 of a previous packet, that is X(tyx) = hy =

15 Ex — Ck-1s

- computing a periodogram Py based on N samples h,,
h,..hy of said signal X, wusing a Lomb-Scargle
method,

- extracting a fundamental pulsation w, out of said

20 periodogram Py using a pattern matching technique,

- determining the RTT out of said fundamental
pulsation.

According to another feature of the invention, the step

of computing the periodogram Py comprises the steps of:

25 - computing a mean h and a variance o’ for the N

samples h;, h,..hy using the formulas:

Z—lih and GZ—LZN:(}: Z)z
NG N-1F7
- computing for 2N values of pulsation @ taken in a
range o, o,]:

30 o a value 7 for the N samples h;, h:..hy using the

formula:
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N
Zsin 2a)tj
tan207)= L,
Zcos 2a)tj
j=1

o the periocdogram Py using the formula:

2 2
ﬁ(hj —Z)cos a)(tj —z‘)} l:zN: (hj —Z)sin a)(tj —r)
- +

j=1 Jj=1

ZN:cos2 a)(tj ~r) ﬁ:sin2 a)(tj —z')
= j=

1
PN((‘))Z 202

According to another feature of the invention, said
5 method, further comprises, in real time, at each arrival of a
new packet, the steps of:
- collecting a new sample h, of signal X,
- shifting the set of samples h;, h;..hy by:
o discarding the oldest sample h;, and
10 o for k=1..N-1, hyx = hyg.q,
o replacing hy by the new sample hy,
in order said set of samples still comprises the N most
recent samples,
- updating the periodogram Py based on the N most
15 recent samples h;, h,..hy of signal X,
- updating the RTT.
According to another feature of the invention, the step

of updating the periodogram Py comprises the steps of:

- updating the mean h and variance o> for the N

20 samples h;, hy..hy using the formulas:
_ 1 N N —
h=—2hi and o’ - z ——N——h2 ,
N i=1 N_l i=1 N_l

- updating for 2N values of pulsation o taken in a
range (o, ,]:
o the value 7 for the N samples h;, h;..hy using

25 the formula:
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N
Z sin 2wt ;

tan(2an') = j;l———— ’

Zcos 2a)tj

j=
o the values O®,[,0,,I, using the formulas:
N _ N N _
CD=Z(hj —h)cosa)tj :Zhj cosax; —thoscotj
< p=

j= j=1

—_—

N _ N N _
I = (hj—h)sma)tj =Zhj sma)tj—Zhsma)tj
Jj=1 Jj=1 Jj=1
N
5 D, =Zc052a)tj

j=1
N

r,= Z sin 2wt
j=l

o and then the periodogram Py using the formula:

P.(0)= 1 [d)cosa)r+l"sinan']2 [Fcosa)r—q)sina)r]2
V=0T N 1 N 1 1

—+—-®,co820r +-I',sin2w7 — ——®,cos2wr ——I, sin2wr
2 2 2 2

10 According to another feature of the invention, N 1is
greater than 200.

According to another feature of the invention the values

of o, and o, are determined using the formulas:

. 27 N
T:]\{ax(tk)—]l{m(tk), o, =7 and o, =
15 According to another feature of the invention the

extracting step comprises:

- populating a list comprising the first W pulsation
peaks corresponding to the W highest spectral
powers Py of said periodogram and

20 - searching interactively for a pulsation, among the
W pulsations, that is the least common divisor for
the others pulsations, said pulsation being the

fundamental pulsation wg.
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According to another feature of the invention a peak is
determined at a pulsation wx, 1f Py{wk)> Pyx(wk-1) and Py(wk) >
Py (0x41) -
According to another feature of the invention the
5 searching step comprises:
- ordering said list of W pulsations peaks,
- iterating, starting from the lowest pulsation:
o checking if said pulsation has at 1least two
multiples in the 1list, then stop iterating and
10 return said pulsation as the fundamental
pulsation wo,
o 1f not, steps to the next pulsation in the list.
According to another feature of the invention the method
further comprises, before the extracting step, a step of
15 smoothing the periodogram by applying a low pass filter.
According to another feature of the invention the method
further comprises, after the extracting step, a step of
filtering the extracted fundamental pulsation ws with respect
to the history of previously extracted fundamental
20 pulsations.

According to another feature of the invention the

filtering step compares an average o, ©of the previous

fundamental pulsations to the 1last extracted fundamental

pulsation o, returning the fundamental pulsation o, if it

25 does not differ from the average 2; from a given percentage,

returning the average w, either.

Others features, details and advantages of the invention
will become more apparent from the detailed illustrating
description given hereafter with respect to the drawing on

30 which:

- figure 1 is a schema block of a method according to

the invention.

According to  figure 1, is presented the global
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architecture of a method, 1in a packet flow communication
system, for estimating a round trip time, RTT, of an observed
packet flow. Said RTT is defined as the time between the
igsue of a packet and the arrival of its acknowledgement.

Said estimating method, or a corresponding device
implementing it, comprises two main steps/blocks. A first
block 1 computes a periodogram Py out of a sampled signal X.
A second block 2 then extracts out of said periodogram a
fundamental pulsation ®¢ from which the searched RTT can be
calculated.

The signal X represents an inter-arrival time between
adjacent packets. Said signal can be collected as packets
arrive. Said signal is sampled at instant tx when the k™
packet arrives. The amplitude hxy of said signal X at instant
ty of arrival of a packet 1is equal to the elapsed duration
since the arrival time tg.;, of a previous packet. X is then
defined by the following formula X(ty) = hx = tx — tk1.

A periodogram Py can be computed out of said signal X. A
periodogram 1is a spectral analysis adapted to a sampled
signal, giving for a given pulsation ® the corresponding
value of spectral power Py(w). A common method to compute
such a periodogram is the known Lomb-Scargle method.

Out of said periodogram, a fundamental pulsation o, can
then be extracted. The period T, corresponding to said

fundamental pulsation wy is a time duration and is equal to

: 1 2z
the searched RTT, according to the formula RIT=T,=—=—.
o D
According to the invention, said fundamental pulsation is
extracted using a pattern matching technique.
Typically the periodogram Py is computed out of N samples

h;, h,..hy of signal X and comprises a first step of:

- computing the mean %4 and variance o’ for the N

samples h;, h; .. hy using the formulas:
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N

N , I —\2
Zhi (1) and G“ZWZ(hi—h) (2) .

- 1
h = —
N3 P

According to a feature of the invention, the periodogram
is computed over a given range of pulsation [w,, ®,]. Since
the periodogram is discrete, said range [w,, ,] is parted
into a number P of sampling values. It has been observed that
a good balance between accuracy and processing effort may be
obtained, to compute a periodogram Py from N samples, with a
number P of pulsation sampling values equal to 2N.

Then for each value of w, the Py computation comprises:

o a computation of a value 7 for the N samples

using the formula:

o a computation of the periodogram Py using the

formula:

.

| [z (1, - Feosolt, )} {i(hj Fsinale, )|

j=1 j=1

+ (4) .

20° T i“cos2 a)(tj —r) isin2 a)(tj —r)
j=l Jj=1

PN(a)):

It has to be noted that N samples hy are necessary to
apply the method. The method must then wait, during an
initialisation phase, until the N first packets arrive, 1in
order to provide an RTT result.

After that, the RTT may be re-estimated in real time, and
a re-computation may occur each time a new packet arrives.
Alternately a new computation may occur at every 2, 3 or n
arrivals. At each arrival of a new packet, a new sample h, of
signal X is collected. The set of samples hi, hy .. hy is then
shifted. The first sample h; which is the oldest sample 1is

digcarded. 2ll former samples h,..hy are shifted, that 1is
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their index is decreased by one. Former h, becomes the new
h,, and wmore generally former hy,; becomes the new hy, for
k=1..N-1. hy is replaced by the new sample h, so doing the
get of samples h;, h,..hy at any time always comprises the N
most recent samples.

Based on a set comprising the N most recent samples h;,
h,..hy of signal X, the periodogram Py may be updated and then
also the RTT.

The update of the periodogram may be done by applying the
previous formulas (1) - (4) to the new set of samples h,,
h,. .hy.

However a great saving in computing load may be expected
in taking into account the fact, that from one computation to
the next, only one sample h, differs, the N-1 other samples
remaining the same. This can be profitably used in order not
to compute again all of the sums from the scratch. Such
computing are named "sliding" updates.

Thus the update of the periodogram Py may advantageously

comprise the step of updating the mean h and variance o’ for

the N samples h;, h..hy using the formulas:

N N -
l—}:hi (5) and ojzz—l—— %2——££—h2 (6) .
Ni=l N—1i=1 N_I

5=

The first formula (5) is the same as (1), but the sum of

h; can be computed, instead of summing all the h;, by taking
into account the previous remark. Then, the new sum is equal

to the former sum plug hy, minus h;. N-1 additionsg

(hi+hy+..+hy) are replaced by two additions, or more exactly

N
one addition and one subtraction (Zhl.—h] +h,) .
i=1

In the same way the new formula (6) for the wvariance
saves computing load. The sum of h;? can be computed instead
of summing all the h;?, from the old sum of h;j?, by adding hy?

and subtracting hi?.
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For 2N values of pulsation @ taken in a range (@, ®,]:

the update of 1 1is done the same way as previously, using

N
> sin2ax,

formula tan2wr)=-2——— (7), the same as (3).
cos2ax;

M

=
Then the periodogram is computed taking into account the

previous remark and some trigonometric properties. The values
o,ILd,,I, are first computed for each pulsation @ using the

formulas:

N
<D=Z(h —h)cosa)t —Zh COS @i —thoswt (8)

Jj=1 Jj= J=1

= ZN:(h —h)sma)t Zh sin @t , ~—Zhsma)t (9)
=1 Jj=1 J=t

N
D, = Zcos2a)tj (10)

j=1
N

I,= ZsinZa)tj (11)
j=1

and then the periodogram Py using the formula (12):

[@coswr +Tsinwr | [T coswr — dsinor]

iv—+‘CI)2cos2an'+ll“zsin2a)r N»—l®2cos2a)r—lfzsin2(or
2 2 2 2 2 2

PN((‘))Z 2;2

As is apparent from the description above, the algorithm
involves a certain number of sum terms that are updated in
the manner of a "sliding average". The equations imply the
use of a "box" envelope for summing exactly N samples,
necessitating the storage of all N summands to enable
incremental updates.

Using less storage, other "sliding" update techniques can
also be used, with varying degrees of approximation or of

averaging in time. For example, in formulae derived from
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"exponential” averaging, only the preceding sum 1is required
in memory.

More general kinds of digital filters (e.g, infinite-
impulse-response or auto-regressive-moving-average) only
require the memory of very few previous result and input
values. The one skilled in the art would take benefice of
analogically applying here all the enveloping techniques
called "apodization" in the practice of Fourier transforms.

The formulas and sliding techniques used for updating
provide an algorithm that only requires O(N) operations at
each sample arrival.

The preceding methods appear to function correctly with a
number of samples N greater than 200. Lower values of N would
lead to a noise too high. A value of N equal to 256 appears
to work fine.

In order to compute 1 and Py, a range [®,, ®,] must be
determined. This 1is done by examining the extreme values of
the time tyx. A total duration T is then computed using the

formula: 1"=A@w@k)—ﬁgnﬁk). The range 1limits are then

. 2
determined using the formulas: ah=*§?, and ab::ggz.

Alternately, @ and w, may be determined arbitrarily or
after the characteristics of the observed flow, its usual
highest and lowest values among ty being respectively taken
to determine @, and w, .

Another interesting mean to save computing load is by
tabulating the trigonometric functions sine and cosine, since
they are extensively used. A table may typically store pre
computed pairs of values [angle «, value of sina,
respectively cosa]. A value sina’, respectively cosa’ of a
given angle o’ being determined by taking the value sing,
respectively cosa, of the pair corresponding to the value «

closest to o' . Classical interpolation techniques may also be
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used, but taking the closest wvalue is the least consuming
method.

Starting from said periodogram, whatever the method used
to obtain 1it, the method according to the invention then
proceeds to the extraction of a fundamental pulsation .

Said extracting step may comprise:

- populating a list comprising the first W pulsation
peaks corresponding to the W highest spectral
powers Py of said periodogram and

- gsearching interactively for a pulsation, among the
W pulsations, that is a least common divisor for
the others pulsations, said pulsation being the
fundamental pulsation wg.

While populating said peak list, a pulsation « among the

2N values in the range [®,, ®,] 1s determined to be a peak

pulsation when its spectral power tops the spectral powers of
its neighbours. That is, pulsation wx is a pulsation peak if
Py(wx) > Pn(wx-1) and Py(wx)> Pyx(wka), the index k describing
1..2N.

Said peak list can also be pruned by discarding pulsation
peaks out of a range determined by a high boundary wmx and a
low boundary min. Salid boundaries are determined by the

27
®w=— formula to correspond to extreme RTT values

~ RIT

considered unreachable or not interesting. For example the
high boundary max may be chosen to correspond to a minimum
value of RTT of 2ms, and the low boundary wpin may be chosen
to correspond to a maximum value of RTT of 500ms.

Said peak list may advantageously be ordered by pulsation
value, for example smallest first, to ease the search.

The searching step comprises, for each pulsation taken
from the smallest to the highest, checking if said pulsation

has at least two multiples in the 1list, that is, two
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multiples that are also among the highest peak pulsations. If
yes, stop the search and return said pulsation as the
fundamental pulsation w,. That is, the fundamental pulsation
0o 1s the lowest of the W highest peak pulsations that has at
least two multiples in said peak list.

If said pulsation has not at Jleast two multiples, then
the next pulsation of the list is checked for at least two
multiples, and then until the end of the 1list or a
fundamental pulsation is found. It thus may happen cases
where the process does not find any fundamental pulsation.

As 1is apparent, said algorithm is a pattern-matching
algorithm that extracts a Dbest-fitting combination of
harmonics from a frequency spectrum. Many other pattern-
matching procedures, either derived from the above, or
available as prior art, can also be used.

Since the periodogram Py may generally be noisy, a
smoothing step is advantageously applied to the periodogram,
after 1its computation, and before the extracting. Said
smoothing step may be done by applying a low pass filter.

As a conservative measure, an additional filtering step,
as figured by block 3 1in figure 1, may be added. Said
filtering step may check the extracted fundamental pulsation
wo with respect to the history of previously extracted
fundamental pulsation.

This may for example take the form of a comparison

between an average @, of the previous fundamental pulsations

and the last extracted fundamental pulsation wy, returning

the fundamental pulsation we if it does not differ from the

average o, from a given percentage, returning the average a,

instead. Said average may be computed slidingly. A satisfying

)
percentage is 50%. If 0,5 < =X < 1,5, then w, is returned.
6{)0
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If not, ®, is returned instead.

The algorithm functions quite well with a number W of
pulsation peaks in the peak list equal to 10.

The estimation of the RTT with the previously described
techniques is fast enough for wire-speed on router ports.
Such an estimating method represents an enabler for the
design of novel technique of flow control. With such a real
time RTT information, routers have a better control on the
flows. They then can provide fairness, and, indirectly, an
improved user experience. Moreover, the flow control schemes
that can be designed starting from the estimation of the RTT
can be completely self-configurable: no management
intervention is required, since the estimation of the flow
adaptively adjusts the available bandwidth for the flow. The
new proposed schemes are fully compatible and inter-operable
with all existing routers and TCP-type end-to-end protocols.

No new protocols or signaling messages is needed.
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CLAIMS
1. A method, 1in a packet flow communication system, for

estimating a round trip time, RTT, of an observed packet

flow,

that is the time between the issue of a packet and the

arrival of its acknowledgement, comprising the steps of:

collecting an inter-arrival time signal X between
adjacent packets, where the amplitude hy of said
signal X at instant tx of arrival of a packet 1is
equal to the elapsed duration since the arrival
time tyx.1 of a previous packet, that is X(tyx) = hx =
tx — Cx-14

computing a periodogram Py based on N samples h,,
h,..hy of said signal X, wusing a Lomb-Scargle
method,

characterized in that it further comprises the steps of:

2.

extracting a fundamental pulsation w, out of said
periodogram Py using a pattern matching technique,
determining the RTT out of said fundamental

pulsation wg.

The method of claim 1, where the step of computing the

periodogram Py comprises the steps of:

computing a mean k& and a variance o’ for the N

samples h;, h;..hy using the formulas:

computing for 2N values of pulsation @ taken in a
range [, o,]:
a value 7 for the N samples h;, h;..hy using the

formula:
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sin2et;
tan(2a)r) =,

cos 2wt ;
1

2 HM2

~.
Il

o the periodogram Py using the formula:

2 2
. i(hl —Z)cosa)(tj - 7)} {i(hl —i_l)sin a)(tj —r)
Py(0)= = + B
' 20° ZN:cos2 a)(tj —7) ﬁ:sin2 a)(tj —r)
Jj=1 j=1
5 3. The method of claim 2, further comprising, in real time,

at each arrival of a new packet, the steps of:
- collecting a new sample h, of signal X,
- shifting the set of samples h;, h,..hy by:
o discarding the oldest sample h;, and
10 o for k=1..N-1, hx = hy.,
o replacing hy by the new sample hj,
in order said set of samples sgtill comprises the N
most recent samples,
- updating the periocdogram Py based on the N most
15 recent samples h;, h,..hy of signal X,

- updating the RTT.

4, The method of claim 3, where the step of updating the

periocdogram Py comprises the steps of:

20 - updating the mean h  and variance o’ for the N

samples h;, h,..hy using the formulas:

- N N -
h:—l—zh,. and o’ _ 1 ; ——N—-hz
N i=1 N_l j=1 N—‘l

- updating for 2N wvalues of pulsation @ taken in a
range [o,, w,]:

25 o the value 7 for the N samples h;, h;..hy using

the formula:
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N
Zsin 20t
tan(2a)r) = ’—;l———— ,
Zcos 201,
=1

o the wvalues O,I,®,,I', using the formulas:
N

D= Z(hl —Z)coswtj = ihj CoS Wt —ZN:Zcosa)tj
j=1 j=1

—

“

I =

.MZ

|
—

_ N N _
(hj —h)sma)tj =Zhj sin ot —Zhsma)tj
j=1 j=I1

J

N
D, = ZcosZwtj

=1
N

I, = Z sin 20t ;
j=1

o and then the periodogram Py using the formula:

P, )= 1 [(I)coscoz'+1"sina)z']2 [l"cosan'—(I)sinan']2
NOIES NN 1 . N 1 1 .
—+—®, cos2wr +—-T,sin20r ——— D, cos2wr ——T, sin2wr
2 2 2 2 2 2

5. The method of claim 4, where N is greater than 200.

6. The method of any one of claims 2 to 5 where the wvalues

of o, and ®, are determined using the formulas:

T = Max(t,)- Minlz,). mliT?f_, and o, =2

7. The method of any one of claims 1 to 6 where the
trigonometric functions sine and cosine are tabulated storing
pre computed pairs [angle «, value of sina]; a value sina’ of
a given angle o' being determined by taking the value sina

corresponding to the value o closest to a’.

8. The method of any one of claims 1 to 7, where the

extracting step comprises:
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- populating a list comprising the first W pulsation
peaks corresponding to the W highest spectral
powers Py of said periodogram and
- searching interactively for a pulsation, among the
W pulsations, that is a least common divisor for
the others pulsations, said pulsation Dbeing the

fundamental pulsation w,.

9. The method of claim 8, where a peak 1is determined at a

pulsation ®x, if Py(wx)> Py(wk-1) and Py(wx) > Py (wxs1) .

10. The method of claim 8 or 9, where the populating step

discards pulsation peaks not comprised in a range [Omin, ®max) -

11. The method of claim 10, where the high boundary wmax
corresponds to a minimum value of RTIT of 2ms and the low

boundary wmin corresponds to a maximum value of RTT of 500ms.

12. The method of any one of claims 8 to 11, where the
searching step comprises:

- ordering said list of W pulsations peaks,

- iterating, starting from the lowest pulsation:

o checking if said pulsation has at least two
multiples in the 1list, then stop iterating and
return said pulsation as the fundamental
pulsation wo,

o if not, steps to the next pulsation in the list.
13. The method of any one of c¢laimg 8 to 12, further
comprising, before the extracting step, a step of smoothing

the periodogram by applying a low pass filter.

14. The method of any one of claims 8 to 13, further
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comprising, after the extracting step, a step of filtering
the extracted fundamental pulsation wy with respect to the

history of previously extracted fundamental pulsations.

15. The method of claim 14, where the filtering step compares

an average Eg_ of the previous fundamental pulsations to the

last extracted fundamental pulsation g, returning the

fundamental pulsation w, 1f it does not differ from the

average o, from a given percentage, returning the average o,

either.

16. The method of any one of claims 8 to 15, where W = 10.
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