Estimation of clock offset from one-way delay measurement on asymmetric paths
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Abstract

As the Internet is shifting towards a reliable QoS-aware
network, accurately synchronized clocks distributed in the
Internet become more significant. Network Time Protocol
(NTP) isbroadly deployed in the Internet for clock synchro-
nization among distributed hosts, but it is weak in asym-
metric paths, i.e., it cannot accurately estimate the clock
offset between two hosts when the forward and backward
paths between them have different one-way delays. In this
paper, we focus on estimating the offset and the skew of a
clock from one-way delay measurement between two hosts,
and propose an idea for improvement of such estimations,
which reduces estimation errors in case that the forward
and backward paths have different bandwidths that is one
of main factors of the asymmetric delays.

1. Introduction

end-user computer.

Network Time Protocol (NTP) is broadly deployed in the
Internet to synchronize distributed clocks to each other or to
the time server having an accurate clock [6], [7]. Since it es-
timates the clock offset and skew based on one-way delay
measurement across the network, the accuracy of synchro-
nization depends on the network (the paths) between two
hosts, although it can keep time within millisecond-order in
various networks.

Special devices for clock synchronization, such as the
Global Positioning System (GPS), are also available and
can synchronize a local clock to the standard time very pre-
cisely. However, it is not ubiquitous because it requires a
special environment like an antenna. Especially in the new
era of “Everything on IP”, since “everything” has its clock,
distributed clock synchronization based on network proto-
cols is still significant.

One of main factors increasing errors in estimate the
clock offset between two hosts is the asymmetric paths
problem. Since existing methods (like NTP) do not take

Accurate time (clock) synchronization among dis- the asymmetric paths into account, the larger difference be-

tributed hosts is essential to realizing both the well- tween the one-way delay of the forward path and that of
managed, QoS-aware Internet and advanced distributed apthe backward path causes the more inaccuracy in the clock
plications on it. Accurately synchronized clocks on dis- Offset estimation.

tributed hosts can play an important role in network man-  The asymmetric paths problem arises in two typical
agement and research, especially in one-way packet delagases. One is asymmetric bandwidths of links, and the other
measurement ([1]) that gives us valuable information on is asymmetric propagation delays coming from asymmet-
network internal states as well as end-to-end network per-ric routes (especially in distance). For a long-fat pipe (e.g.,
formance. Furthermore, synchronized clocks provide notan inter-continental line), the former is negligible, but, for
only accurate time or time-interval information but also in- a short-thin pipe (e.g., an access line), the former can be
formation on the order in which distributed events occur, dominant. Unfortunately, in the recent Internet, asymmetric
and thus future distributed applications will require clock bandwidths become more popular than before, such as high-
synchronization in the order below milliseconds on each speed modems, ADSLs, and cable modems. Since these



lines are usually used as an access line, the end-user cannot

avoid using the line. One of promising scenarios to achieve Cy
accurate (sub-millisecond) clock synchronization on end-

user computers is that each ISP provides a time server near

each access point. In such cases, while asymmetric dis-

tances of routes may be negligible, the problem of asym- c,

metric bandwidths still remains.

In this paper, therefore, we focus on estimating the off-
set and the skew of the clock from one-way delay measure-
ment over paths with asymmetric bandwidths. First we ex-
plain existing techniques briefly and point out the problem
(Section 2), then propose an idea for improvement to reduce
estimation errors in case for asymmetric bandwidths (Sec-

Figure 1. Timestamps of packets along the
forward path (a to b)

tion 3). We also show a case study that indicates potential G,
of our improvement (Section 4).
2. Basic model and problem with asymmetric
bandwidths o
2.1. Terminology Figure 2. Timestamps of packets along the

backward path (b to a)
First we introduce a basic model and terminology based
on [8] for describing the distributed clock synchronization
problem.

_ Each host h:;s its(;)wn C('joc(le_“ (t) as st{‘n;:ftioqf_romh ignore packet losses so thgtandc; represent a departure
true” time ¢ to host-depended time. The “offset” is the 4,0 214 an arrival time of the same packet (ttie packet).
dlffer(.encia between the time reported by the clock and the gjmijay, for the measurement in the opposite direction (the
true time: C'y (t) — t. The *frequency” is the rate at which 5 \vard path), les! be the timestamp of thath packet
the clock progressesiC,(t)/dt. The "skew” is the dif-  |65ying} according to clockC), &@; be the timestamp of
ference between the frequencies of the clock and the truepa i th packet arriving at: according to clockC,, and¢
clock: dC,(t)/dt -1 The “Adrift” is the rate at which the | 116 true time corresponding & (i.e., C.(c)) = gi)’,
frequency variesd?C,, (t)/dt>. respectively !

) We consfuzier two ,hOStS’ clieatand sc;rverb. Fo'r con—k In what follows, we focus on techniques for estimating
ciseness of descriptions, we assume the server's dck g oitset and the skew of the client's clock from timestamp
keeps “true” time (i.e.Cy(t) = t), although we can evolve data{(c;, )|l < i < N} and{(sl,@)|1 < i < N'}

. . « . " o4t . 1y 91 = = e = = ’

t_he almost same d|scuss_|on for “relative” time synchro_mza— which are obtained from one-way delay measurements be-
tion without this assumption. On the other hand, the client’s tween the client and the server
clock C', may have a non-zero offset and a non-zero skew. '

We also assume that conditions (e.g., temperature) of the
environment in which a clock runs dose not change in a
measurement term, and thus the drift is negligible so that
the frequency is constant that depends on the clock. Fur- We sh basic techni ¢ fimate the offset of
thermore, errors in reading a clock are negligible and the _ ''¢ ShOW a basic technique 1o estimate the ofiset o

clock resolution is precise enough to make our argumentClient’s clock. o
meaningful. First, we ignore the skew of the client’s clock so that the

. . . def _ —
Suppose the client and the server exchange packets i®ffset is constand = C,(t) —t = & — ¢; = ¢} — .

both directions (Fig. 1 and Fig. 2). For the one-way de- Suppose the client and the serveli exchange a number of
lay measurement in the direction from cliento serverb packets with a constant size in both directions. Detand
(the forward path), le; be the timestamp of theth packet ~ D; be the one-way delays of theth packet along the for-
leaving a according to clockC,, ¢; be the true time cor-  ward and backward paths, respectively (Fig. 1 and Fig. 2).
responding t@; (i.e., C.(c;) = ¢;), ands; be the times-

tamp of thei-th packet arriving ab according to cloclC, Di = si—ci—e+te

(the true clock), respectively. Without loss of generality, we = s;—c+o—e+e¢g; (1)

2.2. A basic offset estimation and asymmetric
paths



D, = ¢ —s;,—¢€+¢ Suppose the client sends a number of packets with a con-

di—s—o—¢ +¢ ) stant size to the server (Fig. 1). LBt be the one-way delay
of thei-th packet along the forward path. From the above
where both of ande’ represent constant errors ¢ > 0) expression of;, we have:
due to the difference between the timing of the clock be-
ing read for the timestamp and that of the packet leaving a D; = si—ci—e+eg;
sender/arriving at a receiver; both ofande] are random = s;—¢ —al¢;—¢)+to—e+¢ (4)
errors with a zero average.
Then we assume the basic assumptions: wheree represents a constant errer¥ 0) due to the differ-

ence between the time of the clock being read for the times-

1 1 X tamp and that of the packet leaving a sender or arriving at a
_ Z D, ~ — Z D' (3) R . .
N N i receiver;g; is a random error with a zero average.
=1 =1 On the other handD; consists of a constant portiah
eme, Y eim) ¢ (> 0), and two variable portiong; (> 0) andd;. g; is the
i i sum of queueing delays experienced by itk packet on
N each link along the path, ardd is the other random (error)

From the abgye_assumptlons, we haye;_, (si o portion with a zero average. Note thais constant because
Gi)/N +o0 =~ 3 ;L,(ci — sj)/N' — o, and thus the esti-  all packets have the same size.
mated value of o can be obtained as follows:

) D, = d+q+9; )
. det 1 N , , a _
o = 5(2(0% —s})/N'"=> (si —@)/N) For conciseness of arguments, we assume the random
=1 =1 (error) portions{e;} and{J;} are small enough to be ig-

Itis likely thate ~ ¢’ andY",e; ~ Y, &}. The prob- ~ nored. Then we havd (< i < N):
lem is, however, assumption (3) is sometimes violated, and

. . i = D;,—d = s;—¢ —ac; —¢ —e—d
then the above estimation cannot work accurately. Al- ¢ T sima alei—a)+o-e
though several improvements reduce the estimation errors = si—a—aE—a)-p (6)
due to the variation of one-way delays (e.g., queueing de- def

; ; hereg = e+ d —o.
lays), they still assume the difference between the constant” . ; i
The goal is to estimate the valuescofind from times-

portion of the one-way delay in each direction is negligi- ’ ¢
ble. However, in the current Internet, asymmetric band- &MP data{(¢;, s;)|1 <@ < N}, _

widths become more popular than before, such as high- H€re we show a method presented n [8]. tala, B)
speed modems, ADSLs, and cable modems, and they mayi€note the right-hand side of (6), that is:

violate the above assumption and increase the estimation

errors. In fact, since the bandwidth of an ADSL line is typ- Qi(z,y)
ically 512 Kbps for up-link andl.5 Mbps for down-link, Because of the nature of queueing delay, we can assume
the difference between the delay time in each direction dueihat1) ¢, > 0 (1 <i < N),2) many ofg; are likely to fall

to the asymmetric bandwidths of the line is more tioath near0, and3) ¢; is equal ta for at least oné. Therefore,

msec even for a smafl4 bytes packet, which causes un- e estimatea, 3) so that it minimizes™, Q;(a, 8) under
acceptable errors (at lea8t3 msec in this case) for sub-  the constraing); («, 8) > 0 for each.

millisecond clock synchronization.

def —_ — _
= si—c—z(¢G—70)—y

~ A def .
. . &,3) = arg min Qi(z,y
2.3. A skew estimation (@5) (z,y)ew Z; (@)

Next, we consider the skew (frequency) estimation. Sev- where¥ def Ni{(z,)|Qi(z,y) > 0,2 > 0}.
eral researches have studied the skew estimation (e.g., [6], In case that the above solution is not unique, we choose
[9], [10], [8], [11]), which are, fortunately, free from the an appropriate candidate (e.g., the median(ic*, y*) €
asymmetric paths problem. We briefly show how we can ¥| %, Q;(z*,y*) = min, ,ecw )_; Qi(7,y)} as the esti-

estimate the skew as follows. et mated valuéd, (). It can be shown that the estimated value
Leta = 1/(dC./dt) and the initial offseb = ¢, —c;. (&, B) satisfies thatnin; Q;(&, 3) = 0, so that at least one
Then we have: Qi(&, B) is equal ta.
G- = —(ci—a) Although more sophisticated estimations can be consid-
! a ' ered (e.g., minimizing the weighted-sum@f or using ad-
¢i = a¢;—C)+c¢ —o ditional assumptions on the distribution of queueing delay),



it was reported in [8] that the above method performs well where
both in an experiment in the Internet and in a simulation. An
improvement for eliminating the influence of unexpected
large delays due to congestion is also proposed in [11].

pE et frp—o p E e+ f+pto

If we can estimate(\, ) and (X, ') from {(s; —
¢,Li)|1 < i < N}and{(c; —s,L})|1 <i < N'},
we haveii ~ e+ f+p—o, ;;’ ~ e + f'+p' +owhere
v andy’ are the estimated values pfandy/, respectively.

Moreover, if we assumei =~ p', f ~ f',e ~ €', then
we can estimate the offsetas follows, which is our goal:

3. An improved offset estimation
3.1. Preparation

We propose an idea for improvement to reduce estima-
tion errors in case for asymmetric bandwidths. Although o = 5
statistical filters for measured data are necessary for elimi-
nating exceptional errors, detecting changes of status (e.g., An estimation of the above unknown parametessd
route alternation), and estimating unavoidable random er-from measured datf(s; — ¢;, L;)|1 < ¢ < N} originally
rors, we are not concerned with them here. Suppose theappeared in a bandwidth estimation tpathcher, and this
client and the server exchange a number of packets withestimation problem has been extensively studied in several
various sizes in both directions (Fig. 1 and Fig. 2). We seeresearches (e.g., [2], [5], [3]). They have applied several sta-

. def ﬂ’—ﬂ

correlation between one-way delays of packets with differ-

ent sizes. FoK &' {1,2,...,K}, let{l;|k € K} be a set

of packet sizes (we assume that< l;11), L; be the size

of i-th packet, and;, def {i|L; =1} fork € K.
Furthermore, let us decompodén (5) into some por-

tions. J be the number of directed-links along the path,

b; be the bandwidth of thg-th link (1 < 7 < J), and

A €032 1/b;. Sinced = p + f + AL; wherep (> 0) is

the sum of signal propagation delays on each likk; is
the sum of transmission delays on each link, gnig the

other constant portion (mainly consists of router processing

delays independent of the packet sizg, we have:

Di = p+f+ALi+q+6 (7)
whereg; is the sum of queueing delays experienced by the
i-th packet on each link, anij is the other random (error)
portion with a zero average.

Similarly, the one-way delayp; of thei-th packet along

the backward path can be decomposed as follows.

(8)

D, p+f+NL+ 4+

3.2. Anideato improve offset estimation

First we ignore the skew of the client’s clock so that the
offset is constant C—c = c_; —c}. ThenD, and D]
can be expressed as (1) and (2), respectively.

By ignoring the random (error) portiods; } in (1), {e}}
in (2),{6;} in (7), and{¢;} in (8), we have [ < i < N):

G = S8 —¢G—AL;—p—f+o—e
= 5 —C—ALi—p )
i = TN 10)

tistical way to this kind of estimations and have discussed
statistical properties such as accuracy, efficiency and robust-
ness.

Furthermore, the same idea of the combining the clock
offset estimation with the bandwidth estimation can be
found in [4]. However, it does not include further details
because the intention of the authors of [4] is to propose mea-
surement methods that need to a collaboration with routers.

Here we show how we can estimatandy in (9). From
(9), we havek € K):

min g; (12)

i€dy,

in(s; —¢;) — Ay —
min(s; — %) — Al — pt

We define functionQy (z,y) < minser, (s; — ) —
zl; — y. Because of the nature of queueing delay, we can
assume thal) min;cy, ¢; = Qr(\, p) > 0 for eachk,
2) Qr(\ p) is likely to fall near0 for eachk, and3)
Qr(\, ) = 0 for at least oné:. Therefore, we estimate
(A, p) so that it minimizesz,{(:1 Qr(\, 1) under the con-
straintQy (\, 1) > 0 for eachk.

def

= min

N «©
(A, i2) uin

arg

j{: é?k(aa y)
k

where® < N {(z,)|Qx(z,y) > 0,2 > 0}.

In case that the above solution is not unique, we choose
an appropriate candidate (e.g., the median(in*, y*) €
Q> Qulz*,y*) = min(, ,)ce >k Qr(z,y)} asthe esti-
mated valug), /i). It can be shown that the estimated value
(A, 1) satisfies thatnin, Q (A, i) = 0.

3.3. Animproved offset and skew estimation

Next, we take the existence of skew into consideration.
For accurate estimations, since a relative long measurement



term is necessary, the skew estimation is not negligible inof (o, \', u'). If these two independent measurements (and

general. Note that we can apply the skew estimation in theestimations) of each direction are sound (consistent), it is

previous section using a part of data (for one direction and expectedy’ andé are very close. Thus’ — &| can indicate

one size of packets) first, and then apply the previous off- the soundness.

set estimation using the estimated skew and the whole data. Consequently, we can estimate the offsetsing i and

However, we can show a more consistent and efficient es—;l’, under the assumptiops= p’, f ~ f', ande ~ ¢':

timation that integrates the skew estimation and the band- .

width estimation (thus the offset estimation) as follows. 5 def W= p (14)
Suppose the client and the server exchange a number of 2

packets with various sizes in both directions like the above

no-skew case. We consider the forward direction. From (4) 4. A case study

and (7),
4.1. An expected accuracy of the estimation
D; = s;—-¢ —a¢G;—¢)+o—e+e¢;
= p+f+ALi+q+9; We try to analyze the accuracy of the above estimation
def def def
By ignoring the random (error) portions;} and{4;}, (143'f Lete, = e —e ey = f'—f.ep = P —p,and
we have { < i < N): ey = W — fu — (p' — ), then we have:
- e — s —F) = AL — 1 — _ 1
ql Si C1 a(cl Cl) ALZ p f_'_o € 6_02_(6e+€f+8p+8u)
= Si—El—a(Ei—E1)—)\Li—u (12) 2
def €. depends on performance of two hosts, and is negligi-
wherep = e+ f+p—o. o ble because of its symmetry. On the other hande, and
We define functionQ;(z,y,2) = (s; — ¢ — (¢ — ¢, depend on the network (and its internal state) between

¢1)) — yL; — 2. Because of the nature of queueing de- two hosts. Thus, we only show a case study (an example)
lay, we can assume thdf) Q;(a, A\, u) > 0 for each in which our technique is expected to be usable and useful.

i, 2) many of Qi(a,)\,u)i are likely to fall near0, 3) Suppose a client is connected to an ISP via an access
min;er, Q;(a, A, p) is likely to fall near0 for eachk, and line with asymmetric bandwidths (e.g., ADSL), and syn-
4) Q;(a,\, ) = 0 for at least ong. Therefore, we esti-  chronize its clock to the nearest time server providing by the
mate(a, A, 1) so that it minimizeszilil Qi(a, A, ) under ISP. We assume a moderate environment in which the phys-
the constrain@i(a, A, 11) > 0 for eachi. ical condit_ions of t_h_e line are stable (e.g., no interfere_nce
by ISDN line activities), so that the bandwidth of the line
(6, \, i) def arg min Z Qi(z,y,2) (13) is constant. We consider whether we can estimate the clock
(z,y,2)el = offseto in the order below milliseconds. As mentioned in
Section 2.2, existing methods not taking asymmetric band-
wherel & N:{(z,v, z)|Qi(x,y, z) >0,z >0,y > 0}. widths into account lead to unacceptable estimation errors.

In case that the above solution is not unique, Let us investigate the magnitude of, ¢, ande, in this
we choose an appropriate candidate (e.g., the me-case.

dian) in {(z*,y*,2z*) € T[>, Qi(z*,y*,2*) = ey Is typically affected by the difference between per-

min , ser Y; Qi(x, y,z)} as the estimated value formance of routers along the forward and backward paths.
(&, A, f1). It can be shown that the estimated vaﬂaeﬂ, 1) In our case, high performance routers in the ISP back-born
satisfies thamin; Qi(@, A, i) = 0. are negligible. Moreover, an (maybe slow) access/gateway

Similarly, we consider the backward direction. For con- router affectg ; little because it is common to paths in both

venience, we assume = 7, so thate; = ¢, and dlrect_lons._Thus, we can ignoeg.
0= ¢ —ci = &, —¢. This can be realized if the €plis t)_/plcally a}ffect_ed by the dlﬁerencg betwee'n lengths
server sends the first packet in the backward direction ang®f Paths in both directions. In our case, since the time server
the client sends the first packet in the forward direction just 'S Placed very near the access point, we also '999“?
after it has received the packet from the server. Then, we NOW let us estimate the magnitude of = p' — /i —
have (| <i < N): (W' —p) =p — ' — (i — p). For convenience, let

q; = a(gi_gl)_sg_gl_AlL;’_ul S; d:efsi—El, C; d:efEi—El
wherey/ def o 4 f'+ 9 + o. Inthe same manner as the wheres; is the receiving time of théth packet that ranges

case of the forward path, we obta('uﬁ', X’, ﬂ’) as estimation  froms; —¢; to sy —¢; andg¢; is the sending timestamp of the



i-th packet that ranges fromto ¢y — ¢;, both are relative

to the sending timestamp of the first packet. The measured

data can be expressed & < {(:,6,L;)]1 <i < N}

LetD & {(c,1)]0 < ¢ < én,l1 <1 < Ik}, arectangle

region in which the projection oM into (¢, 1)-plane falls.

Sincee,, is strongly affected by the behavior of queue-
ing delays and how to remove the queueing delays from the
measured delays, we assume the following conditions and

properties.

1. The number of packetsV(), the varieties of packet
sizes () and the range of packet sizes(l,) are

large enough to ensure the following properties. For

example,N = 40000, K = 40, andl; = 30k where
Ik /11 = 40 and the largest packet sizE2(0) does not
exceed the MTU size of ADSL.

2. No correlation among (unmeasurable) queueing de-

lays{q; }, measured timestamgs; }, and packet sizes

{Li}.

3. Concerning the behavior of small queueing delays, let

g be an appropriate small value, and

def

Ismall (g) é
lef

Msman (g) =

{iles < g1 <i< N}

{(gi: Ci, Lz)|l € Ismall(‘])}

’ﬁl(C, l)
ot Msmall(g) e c M

C D >

Figure 3. The ideal and estimated planes

s = P(c, 1) and the estimated plane= P(c, 1) in (s, ¢, [)-
space, respectively (Fig. 3).

Plc,l) = ac+A+p
Ple,l) ¥ ae+M+p
Note that1) Q;(a,\,pu) = 3§ — P(é,L;) and
Qi(&,\,p) = 8 —P(é,L;) ; 2) the unmeasurable data

M mau Must place between the ideal plaffé(c,!)) and
its parallel displacemer(tP(c,l) + g) ; 3) the estimated

plane(P(c, 1)) must place belowM ;.. ; and4) the pro-

where the number of packets which experience queueJections of M and M into (¢, [)-plane are distributed

ing delays less than or equaldgas likely to be greater

than0.001 (i.e.,0.1%) of all packets. Furthermore, the

projection of M g,,,41 (q) into (¢, 1)-plane is distributed

almost uniformly orD.

We assume we can take08 ms as the above for
N = 40000, i.e.,|I s11,41:(0.08 ms)| > 0.001 x 40000 = 40.

Later (Section 4.3) we show results of a preliminary exper-
iment, which indicates this assumption may be feasible in a

moderate environment.
Under the above assumptions, it is likely that

| —pl < (1+6)q

whered can be).2.

(15)

almost uniformly orD, respectively. R
From (13), i.e., the definition of&, A, /i), we have
SN Qila, \p) > SN Qi(a, A, 1), and thus,

N
Y (P, Li) = P&, Li) > 0 (16)
i=1

If two planes75 andP are parallel, then leD Lrp_

P = i — p. From (16), we havé > 0. On the other hand,
we haveD < q because oP < Mgy <P +¢q . Thus,

0<p—-p<gq

Otherwise,75 and P have an intersection line. Let us

Consequently, in our example, the accuracy of the esti- yefine/ as the projection of the intersection line irftg1)-

mation is expected to bad — o] ~ |e,]/2 < | — p| <
1.2 x 0.08 =~ 0.096 msec, which has a possibility of esti-
mating the clock offset in the order below milliseconds.

4.2. Analysis of inequality (15)

We explain inequality (15). Note thatdepends on how
uniformly (widely) M .q1(q¢) and M are distributed on
D, and thus the greateror N is chosen, the smallércan
be chosen. For the true valge, \, 1) in (12) and the es-

timated valuga, A, i1) in (13), we consider the ideal plane

plane: £ € (4 — a)e + (A = Nl + (2 — ) = 0. The
projection of the intersection line oP and P + ¢ into
(c,1)-plane is — ¢ = 0. We also definel, as the paral-
lel displacement of that passes through the origi@, 0):
Lo (@a—a)e+ (A= NI =0.

Defined; (1 < i < N), d*, d**, andh as follows (Fig. 4).

e d; be the distance betweéé;, L;) and L,
e d* be the distance betwedghand.,,
e d** be the distance betweéh— q and£,, and



Lo g

o€ /\/tsmall(g)
°cM

Figure 4. The projection into (¢,l)-plane

e h be the distance between the farthest point fyin
D andLy. In Fig. 4, the farthest point i€y, Ix).

First, suppos@(0,0) —P(0,0) < 0. Using the linearity
of planes, we hav®(¢;, L;) — P(é;, L;) = C(d; — d*) for
some constant’ > 0. From (16),C(>,d; — Nd*) > 0,

and thus,
N
> di/N >d*
i=1

For conciseness, we assufg|l < i < N} is dis-
tributed almost uniformly orf0, 4]. SinceE[Y ", d;/N] =
h/2,Var[y,d;/N] = h*/(12N),and}, d;/N is asymp-
totic normal, we havePr[d* < h/2+h/v/3N| = Pr[d* <
0.5003h] > Pr[y".d;/N < 0.5003h] > 0.95, i.e., 95%,
which impliesd* is likely to be less thaf.5003h.

On the other hand, for conciseness, we also assumse

{d;|i € Ismau(q)}isdistributed almost uniformly off), A].
Recall the assumptiod smqu (g)| > 0.001 x N = 40.

At least oned; falls in [0.93h, h] with the probability
of 1 — (0.93) ~ 0.95, i.e., 95%. For suchi, since
plane? must place belowM ., we haveP (¢, L;) <
P(é;, L;) + q. This impliesd** is likely to be greater than
0.93h. -

Since it is likely thatd* < 0.5003h andd** > 0.93h,
using the linearity of planes, we have:

—1.2¢ < P(0,0) = P(0,0) = i —

Next, suppose?(0,0) — P(0,0) > 0. Similar argu-
ments can be done. From uniformity of the distributions of
{dl|1 <1 < N} and {dz|Z S Ismall(g)} ,itis Ilkely that

d* > 0.4997h andd** < 0.07h, respectively. Hence, we
have:

fu—pn="P(0,0) = P(0,0) < 1.2

4.3. A preliminary experiment

We sent a number of pings over an ADSL line, and mea-
sured their RTT (round trip time) to a server or a router near
the access point. We performe&d000 pings in the rate of
10 packets per second each two hours in each week day. To
see the behavior of (small) one-way queueing delays, we
observed); © (RTT; —min; RTT;)/2 for 1 < i < 10000,
which can be regarded as an approximate queueing delay in
this preliminary experiment.

We selected the best (stable and sound) five measure-
ments from the twelve measurements in each day. Table. 1
shows the summary of such five measurements in a day
(and five days in a week) using the following notations. A:
min; RTT;/2 (ms), B: the number of packets that may expe-
rience queueing delays less than or equa, tice.,@; < g,
in all 10000 packets. Ag, we choos@.08 ms for the ADSL
line.

In such simple measurements, variations of the RTT
measured by the ping command may include much uncer-
tainty apart from queueing delays, due to the local system
or the responder system. However, we can see a rough ten-
dency of the behavior of small queueing delays, and we can
expect that the number of packets that experience queueing
delays less than or equal €008 ms is likely to be greater
than 10 (i.e., 0.1% of all packets) under moderate condi-
tions.

Table 1. The small delays over an ADSL line

day A(max/avg/min) B(max/avg/min)
Mon || 19.08 19.07 19.06| 17 132 9
Tue || 19.06 19.05 19.04| 14 11.0 9
Wed || 19.08 19.07 19.05]| 16 104 8
Thu || 19.07 19.06 19.05| 13 110 9
Fri || 19.07 19.06 19.05| 17 126 7
avg. || 19.072 19.062 19.05015.4 116 8.4

5. Concluding Remarks

In this paper, we have presented an idea for improvement
of the clock offset estimation, which reduces estimation er-
rors in case that the forward and backward paths have dif-
ferent bandwidths. For an ADSL line with5 Mbpsh12
Kbps bandwidths, for example, tlie3 msec error due to
asymmetric bandwidths is expected to be reduced to less
than0.1 msec.

To realize the accurate clock synchronization (sub-
millisecond) in the Internet, much work remains to be done.
More analysis, simulations or experiments are necessary in



various scenarios, which clarifies the reliability and limita-
tions of our idea. Furthermore, we have not been concerned
with important issues, e.g., statistical filtering / validations,
local clock adjustments, and scalable and robust protocols /
algorithms to be implemented (as an improvement of NTP),
which are essential to develop a practical method.

Another asymmetry with respect to propagation delays is
still a big issue for the accurate clock synchronization in the
Internet, especially in satellite links, for example. Methods
to detect whether asymmetric delays exist or not, and more-
over, to distinguish asymmetric bandwidths and asymmetric
propagation delays are also important.
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