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Abstract

Event tracing and monitoring of parallel applications
are difficult if each processor has its own unsynchronized
clock. A survey is given on several strategies to generate a
global time, and their limits are discussed.

The controlled logical clock is a new method based on
Lamport’s logical clock and provides a method to modify
inexact timestamps of tracefiles. The new timestamps guar-
antee the clock condition, i.e. that the receive event of a
message has a later timestamp than the send event. The cor-
rected timestamps can also be used for performance mea-
surements with pairs of events in different processes.

The controlled logical clock is motivated and it is ana-
lyzed in detail by computer simulations. No additional pro-
tocol overhead is needed for the new method while tracing
an application. It can be implemented as a filter for trace-
files or it can be integrated into monitor tools for parallel
applications.

Keywords: Logical time, global time, clock, monitor-
ing, clock synchronization, causality, distributed comput-
ing, parallel computing.

1. Introduction

With global time a correct representation of the time se-
quence of tracing information is possible. Parallel and dis-
tributed applications can be analyzed to obtain an insight
into their behavior and their performance. On systems with-
out global time there are different strategies of approximat-
ing a global time. This paper presents a new algorithm –
the controlled logical clock. It was developed especially
for workstation clusters or comparable systems and can be
used as a filter for tracefiles. The processors’ clocks used
for generating timestamps are synchronized subsequently if
the tracefile contains backward references. Backward ref-
erences are messages with a timestamp of the send event

that is later than the timestamp of the receive event. The
controlled logical clock modifies the timestamps to fulfill
the clock condition [18], i. e. the send event always has an
earlier timestamp than the corresponding receive event. Be-
sides the generation of the timestamps and their collection
in the monitor tool there is no additional protocol effort. An
exchange of the timestamps along with the messages is not
necessary because those tools have complete insight into the
trace information of the application.

The controlled logical clock requires clock differences
to be limited to about 2 ms by a previous synchronization.
This can be achieved by an explicit synchronization before
and after the run of the application [20] and a linear interpo-
lation – as done by several monitor tools –, or it can be done
by a resources saving continuous synchronization, e. g. with
xntp [22].

The controlled logical clock does not modify the time-
stamps of the original clocksCi as long as the timestamp of
a receive event is later than the timestamp of the correspond-
ing send event plus the minimum message delay. The con-
trolled logical clock is a modification of Lamport’s piece-
wise differentiable logical clockLCi with dLCi(t)=dt :=
dCi(t)=dt as described also in [16]. Hence as opposed to
this clock, the time differenceLC � C of the controlled
logical clock is limited. It is well suited for visualizing
the causal order. It can also be used for averaged time
difference measurements between events in different pro-
cesses. For such measurements within one process the orig-
inal clock is more appropriate. But the timestamps of the
controlled logical clock can be used also because, in gen-
eral, its deviation is less than 5 %. The small deviation is
evident because most monitor tools do not support more
than one time scale.

2. Related Works

For monitoring and performance analysis of parallel
and distributed applications there are different approaches
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to synchronizing local clocks. Lamport’s discrete logical
clock [18] can be used directly for monitoring [4, 31]. In
addition to this Raynal [27] proposes an algorithm to pre-
vent the drift between the logical clocks. The vector clock
– an enhancement from Fidge [11, 12] and Mattern [21] –
allows an equivalent representation of the causal order given
by the send/receive event pairs. It is used in some monitor
tools [5, 10, 19]. In [13] global events are introduced and in
[25] spontaneous events (e.g. collisions on a network) are
taken into account. In the summary in [29] the limits of the
logical clock and the vector clock are illustrated.
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Figure 1. Global waits visualized in real time
and in discrete logical time

A further limit of the usability of the logical clock is
shown in Fig. 1. The example has two global waits. Pro-
cess C waits until a message can be received from A or B.
The time axis is dotted during periods of waiting. In the
left picture the example is visualized by using a real time
axis. In the right picture the logical time is used as time
scale. This representation is only of limited value because
it seems that process A has sent its message att = 1, but
this message is not taken into account in the global wait of
process C also started att = 1. The wait is not finished
until process B sends its message att = 3. This example
shows that the logical clock is not sufficient for visualizing
monitor information.

A representation without backward references can be
achieved alternatively with a sufficiently exact synchroniza-
tion of the local clocks [15, 18, 20]. Often used methods are
an exact synchronization and drift estimation before the be-
ginning of the application [8, 9] or better before and after
the application [20] with a linear interpolation while the ap-
plication is running. The exact synchronization can be done
by deterministic [28] or probabilistic [2, 3] methods.

Continuous synchronization with little resource usage
(e. g. xntp [22]) is normally not sufficiently exact due to
the large jitter of the message delays in local area networks.

The trace based synchronization is another alternative.
The differences between the clocks are computed by the
rule that a receive event must not arrive before the send

event plus the minimum transfer time. Duda [7] has devel-
oped two algorithms, one with a regression analysis, and an-
other with a convex hull. Using a minimal spanning tree al-
gorithm Jezequel [16] has adopted Duda’s algorithm for any
processor topologies. Hofmann [14] has improved Duda’s
algorithm by using a simple minimum/maximum strategy,
and he has proposed dividing the execution time into sev-
eral intervals to compensate different clock drifts in long
running applications. Babaoˇglu and Drummond [1, 6] show
that an almost no cost clock synchronization is possible if
the application makes a full message exchange between all
processors in sufficient short intervals. A survey of further
work can be found in [30]. The limits of these methods are
given by the message delay jitter, by the non linear relation
of message delay and message length, and by a one-sided
communication topology in some applications (e. g. pro-
ducer/consumer scenarios).

The controlled logical clock is a novel development
based on both Lamport’s logical clocks, the discrete case
and that withdLCi(t)=dt := dCi(t)=dt. It also contains
components of the trace based synchronization because it
does not need any further protocol overhead if it is used in
monitor and debug tools. It implements a subsequent syn-
chronization based on existing timestamps and their com-
munication relations.

In contrary to the trace based synchronization, the con-
trolled logical clock can also be used in systems with clock
ticks longer than the minimum message delay. But the
controlled logical clock needs a preceding synchronization
that limits the differences between the original clocks to the
fourfold of the minimum message delay.

3. The Clock Condition

For monitoring, clocks are needed which are sufficiently
exact for performance measurements and which hold the
clock condition defined below [18]. The clock condition
must be held to enable the visualization of a program in a
spacetime diagram.

Definition 1 n is the number of processes,eji is the jth

event in the processi,
E = feji ji = 1::n; j = 0::jmax(i)g is the set of events,
andM = f(elk; e

j
i )je

l
k is a send event, andeji is its corre-

sponding receive eventg is the set of send/receive pairs.eji
is a internal event if it is not a send event and not a receive
event.
For two eventselk, eji the relationelk happened directly be-
foreeji , shortened byelk ~!e

j
i , is held, if and only if

(a) (elk; e
j
i ) 2M , or (1)

(b) the events are in the same process and they succeed one
another, i. e.k = i ^ l = j � 1. (2)
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The relationhappened before, shortened by!, is the tran-
sitive hull of the relation~!, i. e. the smallest relation that
additionally satisfies
(c) elk ! e

j
i ^ e

j
i ! emn =) elk ! emn (3)

Definition 2 A clock C : E 7! IR satisfies theClock Con-
dition if and only if

el
k
2E;e

j

i
2E

8 elk ! eji =) C(elk) < C(eji ) (4)

Neglecting different clock drifts the following theorem can
be simply shown:

Theorem 1 If the differences between the processors’
clocks are constantly less than the minimum message delay
then the clock condition is held by the processors’ clocks.

A more precise theorem for theoretical continuous
clocks with limited drifts can be found in [17, 20]. In [15]
real clocks with discrete clock ticks are analyzed. This
paper examines the case that the clock differences are in
general longer than the minimum message delay, but lim-
ited by about the fourfold of the minimum message delay.
This limit can be achived with low cpu and network costs
by usual software synchronization tools. In this case the
premise of Theorem 1 is not held.

4. The Simple Logical Clock

The simple logical clock is an enhancement of Lamport’s
logical clock. The namesimple is chosen to distinguish
clearly between it and thecontrolled logical clock that is
itself based on the simple one.

First aweak synchronizationmust be done. There are
different methods to achive clock errors less than about the
fourfold of the minimum message delay, e.g. SBA – sam-
pling before and after the application’s run with a linear
balancing in the meantime [20] or a low cost clock syn-
chronization by software (timeslave, timed, xntp). Because
these methods must not synchronize with the wall clock
time (UTC), the synchronization is modeled with:

Definition 3 t is the wall clock time,T (t) is the global time
to which the process clocksCi(t) (i = 1::n) are synchro-
nized with limited errors, i.e. constantse�i and e+i exist
with �e�i � Ci(t)� T (t) � e+i .

Now for each process the logical clockLCi will be defined:
it nearly stops whileLCi > Ci and else it equalsCi; at
each receive event it is set on the maximum of its current
value and of the sender’s clock at the time of sending plus
the minimum transfer delay�. The minimum transfer delay
should be estimated as a byproduct of the synchronization

at the beginning or at the end. This logical clock is a mod-
ification of Lamport’s logical clock. In the following it is
named thesimple logical clock. In the next section it will
be enhanced to the controlled logical clock.

Algorithm 1. The simple logical clockLC is exactly de-
fined with

LCi(e
j
i ) :=

8>>>>>>><
>>>>>>>:

max(LCk(e
l
k) + �k;i; LCi(e

j�1
i ) + �i;

Ci(t(e
j
i ))) if

el
k

9 (elk; e
j
i ) 2M (5)

max(LCi(e
j�1
i ) + �i; Ci(t(e

j
i )))

otherwise (6)
and if j = 0 then the terms

LCi(e
j�1
i ) + �i must be omitted

with
�i = minimal difference between two events in processi,
i.e. �i are constants with

�i > 0 ^
i;j
8 T (t(eji ))� T (t(ej�1i )) � �i (7)

�k;i = minimum message delay of messages from process
k to processi, i.e.�k;i are constants with

�k;i > 0 ^
(el

k
;e

j

i
)2M
8 T (t(eji ))�T (t(elk)) � �k;i (8)

The global simple logical clock is then defined as

LC(eji ) := LCi(e
j
i ) (9)

Theorem 2 The simple logical clockLC satisfies theclock
condition.

Proof. The algorithm 1 satisfies Lamport’s rules IR1 and IR2 in
[18] and therefore holds the clock condition. 2

In the following the error will be modeled based onCi:

e
j

i

8 t0 < t(eji ) < te ^

t : t0<t<te
8 � e� � �e�i � Ci(t)� T (t) � e+i � e+ (10)

i.e. the corrected clocksCi are at maximume+i fast and at
minimume�i slow in comparison with the global time T.

Theorem 3 If all clocksCi are not more thane+ fast then
the simple logical clockLC is also not more thane+ fast,
i.e.

e
j

i

8 Ci(t(e
j
i ))�T (t(e

j
i ))�e+ =)

e
j

i

8 LC(eji )�T (t(e
j
i ))�e+

Proof. Assuming there is a(i; j) with

LC(e
j
i )� T (t(e

j
i )) > e

+ (11)

and without loss of generalityeji may be the earliest event satisfy-
ing (11) (12)
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Case a)LC(eji ) = LCi(e
j
i ) is defined with (5). Then

LC(e
j
i )� T (t(e

j
i))

(9)
= LCi(e

j
i )� T (t(e

j
i))

(5)
= max(LCk(e

l
k) + �k;i;

LCi(e
j�1
i ) + �i;

Ci(t(e
j
i ))) � T (t(e

j
i))

and (�) if in the maximum in (5) the first term is valid:

(5;1st term)
= LCk(e

l
k) + �k;i � T (t(e

j
i))

(8)

� LCk(e
l
k)� T (t(e

l
k))

(12)

� e
+

and (�) if in the maximum in (5) the second term is valid:

(5;2nd term)
= LCi(e

j�1
i ) + �i � T (t(e

j
i ))

(7)

� LCi(e
j�1
i )� T (t(e

j�1
i ))

(12)

� e
+

and (
) if in the maximum in (5) the third term is valid:

(5;3rd term)
= Ci(t(e

j
i ))� T (t(eji))

premise

� e+

Therefore in all three cases (�� 
) there is a contradiction to the
assumption (11).

Case b)LC(eji ) = LCi(e
j
i ) is defined with (6). Then analog to

the cases a) (�) and a) (
) the contradiction can be shown.

Therefore in all possible cases a contradiction to the assumption
(11) can be shown and therefore the theorem is proved. 2

Theorem 4 If in a processi the clockCi is never more than
e�i slow then the simple logical clockLCi in this process is
also never more thane�i slow, i.e.

i
8
�
j
8 T (t(eji ))�C(eji ) � e�i =)

j
8 T (t(eji ))�LC(eji ) � e�i

�

Proof.T (t(eji))� LC(e
j
i )

(9)
= T (t(e

j
i)� LCi(e

j
i ))

(5;6)
= T (t(e

j
i))�

8<
:
max(LCk(e

l
k) + �k;i; LCi(e

j�1
i ) + �i;

Ci(t(e
j
i ))) if :::

max(LCi(e
j�1
i ) + �i; Ci(t(e

j
i ))) otherwise

9=
;

�max(:::last term)

� T (t(eji ))�

�
Ci(t(e

j
i ))

Ci(t(e
j
i ))

�
premise

� e�i 2

Observation 1 There is no symmetry between Theorem 3
and Theorem 4: The being fast of the simple logical clock
LC is limited only globally by the maximum of the being
fast of all involved clocks, whereas the being slow ofLC is
limited in each process independently by the minimal being
slow of the correspondingCi.

A modeling of the errorse�i ande+ for continuous and
discrete clocks can be seen in [26].

5. The Controlled Logical Clock

In the Algorithm 1 the termLCk(e
l
k) + �k;i in (5) can

cause the logical clockLC(eji ) to be set forward compared
to Ci(t(e

j
i )). At subsequent events in the same process the

termLCi(e
j�1
i )+�i in (6) causes that in principleLC stops

(i.e. it advances only the small ticks�i) until it hasfallen
back to the value ofCi(t(e

j
i )) that is the last term in (5) and

(6)).
Now the simple logical clock from Alg. 1 will be en-

hanced in two steps to the controlled logical clock in or-
der to run more continuously and to prevent the alternate
advancing and stopping.

Algorithm 2. LC 0 is the basis of the controlled logical
clock:

LC 0

i(e
j
i ) :=

8>>>>>>>>>>>><
>>>>>>>>>>>>:

max(LC 0

k(e
l
k) + �k;i; LC

0

i(e
j�1
i ) + �i;

LC 0

i(e
j�1
i ) + 


j
i (Ci(t(e

j
i ))�Ci(t(e

j�1
i )));

Ci(t(e
j
i ))) if

el
k

9 (elk; e
j
i ) 2M (13)

max(LC 0

i(e
j�1
i ) + �i;

LC 0

i(e
j�1
i ) + 


j
i (Ci(t(e

j
i ))�Ci(t(e

j�1
i )));

Ci(t(e
j
i ))) otherwise (14)

and if j = 0 then the terms
LCi(e

j�1
i ) + �i must be omitted

with �i and�k;i defined as in Alg. 1 and with freely se-
lectable
ji 2 [0; 1]. This algorithm will be completed later
by the control unit in Alg. 3. The global logical clock is
based on the logical clock of the individual processes

LC 0(eji ) := LC 0

i(e
j
i ) (15)

ObviouslyLCAlg:1 = LC 0

Alg:2 for 
ji � 0. For
ji � 1
the definition ofLC 0 is identical with Lamport’s piecewise
differentiable logical clockLC with dLCi=dt = dCi=dt

for the time between receive events.
Theorem 4 – the limitation of being slow – is also valid

for LC 0. The proof is the same. However Theorem 3 – the
limitation of being fast – isnot valid for LC 0. It is pos-
sible to construct examples for any largee and any pos-
itive lower limit 
min that has for each choice of
ji �


min an eventeji with LC 0(eji ) being fast more thane, i.e.
LC 0(eji ) � T (t(eji )) > e. The technical report [26] shows
two examples with unlimited error increase.

In most cases – related to the distribution of the clock er-
rors – and with normal applications, that not only commu-
nicate but also compute – one can assume that
min > 0:5,
i.e. that for
 values less than 0.5 the logical clockLC 0 is
limited in its being fast.

To limit the being fast ofLC 0 it makes sense to control


j
i 2 [ 0; 1] by a control loop because normally
 values

nearby 1 are desirable and also possible. Fig. 2 shows its
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Out: LCi(ei
j)

In: γi
j

Logical clock,γ= 0

Logical clock,γ= var.

In:
Ci(t(ei

j
))

In :
LC’

i(ei
j)

In: LCi(ei
j) Controller

In:
Ci(t(ei

j
))

In:
Ci(t(ei

j
))

Out :
LC’

i(ei
j)

Out: γi
j

Figure 2. Control loop for 

j
i

structure. The controller tries to limit the differences be-
tweenLC 0 andT , i.e. it limits the output errorLC 0 � T .
The controller must estimate the output error indirectly be-
causeT (t(eji )) is unknown. The input errorC � T can not
be determined for the same reason. Provided that the errors
of Ci are limited

e
j

i

8 � e� � �e�i � Ci(t(e
j
i ))� T (t(eji )) � e+i � e+(10)

the Theorem 3 imply

LCi � Ci| {z }
measurable

� e+ + e�i

and the error ofLC 0 � T is limited by

(LC 0

i � T )| {z }
to be limited

by the controller

� e+i + (LC 0

i � Ci)| {z }
measurable

This is the motivation for the following controller algo-
rithm:

Algorithm 3. For this algorithm the logical clocks in the
Alg. 1 and 2 are calculated stepwise. In each steps new
values forLCi(e

j
i ) andLC 0

i(e
j
i ) are computed1 for those

processesi 2 Ps for which the input values are already
determined (i.e.i 62 Ps, if

el
k

9 (elk; e
j
i ) 2 M andLCk(e

l
k)

andLC 0

k(e
l
k) are not computed in a former step). After each

step the control variables
j
i are calculated again for each

i 2 Ps by the following algorithm:

Di;0 := qinit (16)

D0

i;0 := qinit (17)

1j is an abbreviation ofji;s andji;s is the index of that event, of which
the logical clock is computed in processi in steps.

Di;s := max(LCi(e
j
i )� Ci(t(e

j
i ));

qfactor(Di;s�1 � qmin) + qmin) (18)

D0

i;s := max(LC 0

i(e
j
i )� Ci(t(e

j
i ));

qfactor(D
0

i;s�1 � qmin) + qmin) (19)


1i := 
max (20)



j+1
i :=

8>>>><
>>>>:



j
i � 
degress

if D0

i;s > lupper �Di;s (21)

min(
ji =
degress; 
max)
if D0

i;s < llower �Di;s (22)



j
i otherwise (23)

Explanations:
In each step, new logical clock values are computed for

as many processes as possible. The proposed control mech-
anism computes
j+1

i only on the basis of data belonging
to processi. Therefore the computation of the logical clock
values can be partially parallelized and the computation of
the controller can be fully parallelized.

With qinit; qmin; qfactor; 
max; 
degress; lupper and
llower the controller must be adjusted. Based on the
results in Section 6 the following values are recommended
for Ethernet or FDDI based clusters:qinit = 250�s,
qmin = 250�s, qfactor = 0:9, 
max = 0:95,

degress = 0:9, lupper = 2:0, llower = 1:8.

Di;s is a measurement for the deviation of the simple
logical clocksLCi from the system clocksCi. Di;s com-
putes the maximum ofLC�C underforgettingolder values
after some time.qfactor 2 (0; 1) is the forget-factor, see
(18). qmin in (18) is a lower limit forDi;s. It says which
clock errors should be tolerated.qmin should also be used
as start value inqinit in (16).D0

i;s is defined in the same way
asDi;s. It measures the deviation of the controlled logical
clocksLC 0

i from the system clocksCi. D0

i;s computes the
maximum ofLC 0 � C (see (17) and (19)).

With (21) the controller tries to limit the deviationD0

i;s

as soon as it exceeds the upper limit(lupper � Di;s). By
the reduction of
ji the behavior of the controlled logical
clock becomes stepwise more alike the behavior of the sim-
ple logical clock.
ji in (22) is stepwise increased as soon as
D0

i;s comes below the lower limit(llower �Di;s). The upper
boundary for this increase is
max. 1 � 
max determines
how much the controlled logical clock is slowed down to
compensate for being fast.

6. Simulation of the Controlled Logical Clock

The efficiency of the controlled logical clock defined by
Alg. 2 and 3 was examined by computer simulations. The
components of this computer simulation are the following:
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(a) the simulated run of a parallel FE-computation on a reg-
ular grid produces the set of eventsE = fejig with the wall
clock timestampst(eji ), (b) simulated system clocks with
a given error behavior are used to generate differences be-
tweenC(t(eji )) andt(eji ), (c) the controlled logical clock
computes the values ofLC 0(eji ) andLC(eji ), and (d) an
analysis module evaluates the controlled logical clock. This
section summarizes the most important results. Details can
be found in the technical report [26].

6.1. The Set of Events

The base is a fictitious FE-computation withn1 � n2
processes. Each iteration in each process consists of

1. computation of finite el-
ements at the borders to
the neighbors,

2. sending the new results
to the neighbors,

3. computing the remaining
finite elements,

4. and receiving the new
values from the neigh-
bors.

Execution times and message
delays were defined randomly
between given limits. These
limits were varied in different
simulations.

1.

2.

2.

3.

4.
4.

Figure 3. A ficti-
tious parallel com-
putation

6.2. Simulated Clock Errors

T (t) := t can be chosen because the difference between
T andt does not influence the outcome of the algorithms.
The different clock errors used in the simulations are de-
noted bypictograms. They plotCi(t)� t againstt.

Most types are continuous clocks with varying drift
rates. The default maximum clock error is� = 1000�s.
And one type is a discrete clock with the tick length default
�l = 1000�s.

6.3. The Logical Clock Module

The logical clock module is an implementation of the Al-
gorithms 1, 2 and 3. It needed approximately sizeof(void�)�
n2 + 100 � n bytes of memory for its variables and about
max(6:2=n0:0726; 2:85n0:1911)�s execution time for each
event on a R8000 processor, i.e. between 5 and 11�s
for each event if up to 1000 processors are producing the
events.

6.4. The Analysis

Many observables were examined but only a few main
results will be presented here. One advantage of computer
simulations is that observables can be analyzed that are not
usually accessible in real experiments. In our experiments
this is the global timet and all derived observables asLC 0�
T .

For the evaluation the following observables of the con-
trolled logical clock are used:FLC0 the averaged being fast
of LC 0, SLC0 the averaged being slow ofLC 0, andALC0

the averaged absolute deviation ofLC 0. ALC0 is the aver-
age over all processes of the sum ofj�LC 0 � �T j for all
the time intervals of two succeeding events and related to
the whole execution time. All these observables were also
examined for the simple logical clock:FLC, SLC , andALC .
Then criteria for the evaluation were defined as:

� FLC0=FLC should be less than 2, i.e. the controller
should limit the being fast to the double of the being
fast of the simple logical clock;

� SLC0=SLC should be clearly less than 1, i.e. the con-
trolled logical clock should clearly improve any being
slow;

� ALC0 is a measurement for the usefulness of the con-
trolled logical clock for performance measurements. It
should be less than 5 %.

6.5. The Results

Experiments with 6 and ���HHH6 show
that the results are fairly independent of the duration�all
but strictly dependent on the clock error�. Experiments
with different drift changing profiles like ���HHH6 ,
��
XXXXX6 , and ���

��
AA6show that the results are

independent of these curves. Therefore the following ex-
periment is representative of a lot of other experiments: One
clock from 20 clocks is constantly 1000�s fast.

0 µs
1 2 3 4

5 6 7 8

9 10 11 12

13 14 15 16

17 18 19 20

1 2 3 4

5 6 7 8

9 10 11 12

13 14 15 16

17 18 19 20

1 − 10 µs

11 − 50 µs

51 − 150µs

151 − 300µs

301 − 700µs

701−1000µs

controlled logical clock simple logical clock

Av.=147µs σ=263µs Av.=78µs σ=224µs

Figure 4. Average of being fast FLC0 and FLC
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Fig. 4 and Fig. 5 represent the absolute results for each
process and the averagesF andA for both logical clocks
LC 0 andLC. Process No. 8 is fast by 1000�s all the time.
Fig. 4 shows that the controlled logical clock is not really
more fast than the simple logical clock, however the con-
trolled logical clock is fast in a wider neighborhood of pro-
cess No. 8. This is a good sign because the controlled log-
ical clock tries to bring all clocks to the fastest one. Fig. 5
shows that the absolute deviation of the controlled logical
clock is clearly better than that of the simple logical clock.
In the protocol of the experiment it can be seen that only in
six processesALC0 is greater than 5 % and that the maxi-
mum is 13 % whereas the simple logical clock has values of
40 - 82 % in three processes.

The criteria defined in the last section are fulfilled by the
controlled logical clock in this experiment.

Another type of experiment is the usage of clocks that
are slow. Here the controlled logical clock can compensate
up to 65 % of the being slow. The absolute deviation of that
process is reduced fromALC = 96.1 % toALC0 = 13,2 %
(ALC0 = 0.7 %) and the critical observables are clearly less
than the defined criteria.

Experiments with different height� of the clock error
show that� should be limited by about the fourfold of the
minimum message delay if local time differences in the area
of the tenth of the minimum message delay should be mea-
sured with an error of less than 5 % in the average over all
processes.

The variation of the controller parameters shows that the
controller is very stable.

In the last experiment clocks with a clock tick of 1 ms are
used. In this case the simple logical clock already provides
all benefits. The controlled logical clock does not really
improve the results but also does not make them worse.

7. Usage of the Controlled Logical Clock

The controlled logical clock is designed formonitoring
distributed and parallel applications. The controlled logi-
cal clock can be used as a filter. A tracefile with backward

references, i.e. with timestamps not fulfilling the clock con-
dition, will be modified subsequently. Then the clock con-
dition is guaranteed and in general performance measure-
ments are possible with the new timestamps.

The controlled logical clock is designed primarily to
work on events sequentially from the beginning. If it should
be used inside of a monitor tool then there is a problem
if the tool allows interactive repositioning with subsequent
scrolling forward and backward. To solve this, the Algo-
rithms 1, 2 and 3 can be started at each position in a trace-
file. For scrolling backward one can use these algorithms
but the sign of the timestamps must be changed and the role
of the send and receive events must be exchanged. There
is one disadvantage: the values of the modified timestamps
depend on the choice of the start event, i.e. the user sees the
same event with (slightly) different timestamp values.

By assigning two timestamps to each event the monitor
can compensate for this disadvantage. The two values are
� the time of the system clocks, normally corrected by

algorithms fulfilling Def. 3; it can be used for measure-
ments of time differences inside a process or used to
refer to an event;

� the time of the controlled logical clock; it can be used
to visualize the events in spacetime diagrams and to
measure time differences between two processes; the
values depend on the start event chosen after the last
repositioning.

It is recommended that an estimate of the minimum
transfer delay is obtained as a byproduct of the used syn-
chronization algorithm. The variance of the message delays
has a significant region below the most frequent delay val-
ues. Our measurements in an Ethernet and an FDDI ring in-
dicate that in general the minimum message delay is larger
than a quarter of the most frequent round trip time of an
empty remote procedure call.

Additional application areas are possible because the
Alg. 1, 2 and 3 can be integrated into parallel applica-
tions in the same way as Lamport’s logical clock. For
this, only the already computed timestampsLCk(e

l
k) and

LC 0

k(e
l
k) must be additionally transferred inside the mes-

sages(elk; e
j
i ) 2M . In this way all necessary data required

to compute Alg. 1 and 2 is available in each process. The
control operation can also be done locally, in which case the
step indexs must be substituted by the event indexj.

8. Summary

The controlled logical clock is a method of correcting
timestamps of a parallel application. It guarantees that the
corrected timestamps fulfill the clock condition. Also the
being fast of the new timestamps is bounded and the being
slow is reduced. The new timestamps are suited for per-
formance measuring and for event visualization in space-
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time diagrams. Previously synchronized clocks with a max-
imum difference of about two milliseconds are necessary.
Usually in workstation clusters such synchronization meth-
ods are already installed for other purposes. The controlled
logical clock is insensitive to a drift jitter of a few percent
sometimes used for synchronizing the system clocks. In
combination with such synchronization methods an addi-
tional synchronization before and after the sampling can be
dropped.

Mainly in the case of long execution times the controlled
logical clock is better than other methods because these
ones assume a little variance of the system clocks’ speed.

9. Future Work

First tests of the controlled logical clock in practice as a
filter for VAMPIR/PARvis [24] monitor tracefiles are done.
They show that the
 reduction rule (21) can be weakened.

The principle of the current controller limits the value of

 to below 1, in the practice to 0.95. For this reason the
controlled logical clock often falls back to the value of the
system clockCi. It is planed to allow
 = 1 or at least

 = 1 � 10�5 with a modified controller. It is planned to
modify the controller to achieve by the controlled logical
clock LC 0 a better approximation of the maximum of all
system clocksCi.

The simulation has also shown that the clock errors
should be limited to about the fourfold of the message pass-
ing delay. Reasons and more precise rules for that limitation
must be examined.

Additional questions arise if one wants to use the con-
trolled logical clock in systems combing message passing
with one-sided communication, i.e. GET and PUT opera-
tions directly into the memory of a remote process. In [23]
an ATM adapter is described in which the PUTs are imple-
mented mainly in hardware. Besides the problem that nor-
mally it is not possible to record a trace event in the remote
process, one must study the effects of the different latencies
of the message passing and of the one-sided communica-
tion.

References

[1] O. Babaoǧlu and R. Drummond. (Almost) no cost clock synchronization. In
Proceedings of 7th International Symposium on Fault-Tolerant Computing,
pages 42–47. IEEE Computer Society Press, July 1987.

[2] F. Cristian and C. Fetzer. Probabilistic internal clock synchronization. InPro-
ceedings. 13th Symposium on Reliable Distributed Systems, Dana Point, CA,
USA, Oct. 25-27, 1994, pages 22–31. IEEE Computer Society Press, 1994.

[3] F. Cristian and C. Fetzer. Probabilistic internal clock synchronization. Tech-
nical Report CS94-367, University of California, San Diego, May 18 1995.
ftp://cs.ucsd.edu/pub/team/internalProbClockSync.ps.Z,
ftp://cs.ucsd.edu/pub/cfetzer/CS94-367.ps.Z.

[4] J. E. Cuny, A. A. Hough, and J. Kundu. Logical time in visualizations pro-
duced by parallel programs. InProceedings. Visualization ’92, Boston, MA,
USA, Oct. 19-23, 1992, pages 186–193. IEEE Computer Society Press, 1992.

[5] G. v. Dijk and A. v. d. Wal. Partial ordering of sychronization events for dis-
tributed debugging in tightly-coupled multiprocessor systems. In A. Bode, ed-
itor, Distributed Memory Computing, 2nd European Conference, EDMCC2,

Munich, FRG,LNCS 487, pages 100–109. Springer-Verlag, April 22-24
1991.

[6] R. Drummond and O. Babaoˇglu. Low-cost clock synchronization.Distributed
Computing, 6(4):193–203, July 1993.

[7] A. Duda, G. Harrus, Y. Haddad, and G. Bernard. Estimating global time in
distributed systems. InProceedings of the 7th International Conference on
Distributed Computing Systems, Berlin, September 21-25, 1987, pages 299–
306. IEEE Computer Society Press, 1987.

[8] T. H. Dunigan. Hypercube clock synchronization. Technical Report ORNL
TM-11744, Oak Ridge National Laboratory, TN, February 1991.

[9] T. H. Dunigan. Hypercube clock synchronization. ORNL TM-11744 (up-
dated), September 1994. http://www.epm.ornl.gov/�dunigan/clock.ps.

[10] D. Edwards and P. Kearns. DTVS: a distribute trace visualization system.
In Proceedings. Sixth IEEE Symposium on Parallel and Distributed Process-
ing, Dallas, Oct. 26-29, 1994, pages 281–288. IEEE Computer Society Press,
1994.

[11] C. J. Fidge. Timestamps in message-passing systems that preserve partial
ordering. InProceedings of 11th Australian Computer Science Conference,
pages 56–66, February 1988.

[12] C. J. Fidge. Partial orders for parallel debugging.ACM SIGPLAN Notices,
24(1):183–194, January 1989.

[13] D. Haban and W. Weigel. Global events and global breakpoints in distributed
systems. InProceedings of 21st Hawaii International Conference on System
Sciences, pages 166–175, vol. II, 1988.

[14] R. Hofmann. Gemeinsame Zeitskala f¨ur lokale Ereignisspuren. In
B. Walke and O. Spaniol, editors,Messung, Modellierung und Bewertung
von Rechen- und Kommunikationssystemen, 7. GI/ITG-Fachtagung, Aachen,
21.-23. September 1993. Springer-Verlag, Berlin, 1993.
ftp://faui79.informatik.uni-erlangen.de/pub/doc/mmb93globtime.ps.Z.

[15] R. Hofmann. Gesicherte Zeitbez¨uge für die Leistungsanalyse in parallelen
und verteilten Systemen. Dissertation, Universit¨at Erlangen-N¨urnberg, Tech-
nische Fakult¨at, 1993.
ftp://faui79.informatik.uni-erlangen.de/pub/doc/immd26#3.ps.Z.
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