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GAIN CHANGE CONTROL CIRCUIT FOR TIME
‘SYNCHRONIZAT_ION

CROSS-REFERENCES

Perkinson et al U.S. Pat. No. 3,250,896 entitled Syn-
chronizing Means For Remotely Positioned Timing De-
vices discloses a construction wherein corrections are
introduced to place the unit being synchronized into
exact synchronism with the unit to which it is being syn-
chronized. This reference patent is incorporated into
the subject specification by reference.

Watson and Mohr U.S. patent application, Ser. No.
272,472, filed July 17, 1972 discloses means for mak-
ing partial corrections of out-of synchronism condi-
tions but does not disclose means for producing differ-
ent percentage partial corrections for different
amounts of out-of-synchronism conditions that are
sensed. '

The need to to provide collision avoidance protec-
tion and particularly such protection that is based on a
cooperative universal time index or base as well as for
other purposes has long been recognized, and consider-
able development work to this end has taken place. The
above referenced Perkinson et al. United States Letters
Patent teaches the construction and operation of
means for achieving precise time synchronization be-
tween two or more cooperating units such as between
aircraft and/or between aircraft and a master station.
To provide universal synchronization using the teach-
ings of the Perkinson et al construction, however, has
presented certain practical difficulties, not the least of
which is to maintain all of the master or ground stations
located at different places around the world exactly
synchronized to each other. The practical difficulties of
achieving this ideal condition have been recognized,
and various means and methods have been devised to
overcome it including the means disclosed in Appli-
cants” above referenced copending application which
discloses a form of convergent synchronization system
in which aircraft and/or master stations make only par-
tial corrections of their timing means when an out-of-
synchronism condition is detected so that all cooperat-
ing units will gradually continuously and repeatedly
converge toward a common synchronized condition
without necessarily ever being able to actually achieve
the idealized condition in which all units are exactly
synchronized to each other. _

The present gain change means represent a further
improvement to the systems disclosed in the aforemen-
tioned patent and application by which it is possible to
provide multiple gain change factors that are functions
of the amount of time error or out-of-synchronism that
exists between cooperating units. The present improve-
ments have special advantage in controlling group syn-
chronization and in improving convergence of the
group members to a common time base. Furthermore,
when synchronizing a group of cooperating units which
previously have arrived at a common time base or in-
dex, it is often desirable to restrict the relative timing
errors between adjacent cooperating members or units
as they change from one time reference or base to an-
other different time reference or base. The present in-
vention teaches means for achieving this by limiting the
maximum magnitude of the gain change that can be ap-
plied for any one exchange of synchronizing data there-
between. :
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It is therefore a principal object of the present inven-
tion to provide multiple gain change factors for use in
a cooperative time synchronization system, which fac-
tors are functions of the amount of time error that is
present.

Another object is to provide synchronizing means
which make use of error correction factors of less than
one.

Another object is to provide improved means for
group synchronizing and convergent synchronizing.

Another object is to limit the relative timing error
that can occur between cooperating units.

Another object is to limit the maximum amount of
correction that can be applied during any one exchange
of information between cooperating units.

Another object is to provide relatively simple gain
change means for use with time synchronization sys-
tems. _

Another object is to provide means capable of pro-
viding a variety of gain.change curves or schedules se-
lectable for use with time synchronizing systems.

Another object is to increase the versatility and flexi-
bility of a time synchronizing system.

Another object is to provide a time synchronizing
system wherein the gain change factors employed can
be made to be symmetrical or asymmetrical relative to
the zero error condition. ' -

Another: object ‘is to devise synchronizing means
which can be made to make use of a number.of count-
ing or time keeping rates. :

These and other objects and advantages of the pres-
ent invention will become apparent after considering
the following detailed specification which describes a
preferred embodiment in conjunction with the accom-
panying drawings wherein:

FIG. 1 is a graph of time correction plotted as'a func-
tion of time error;

FIG. 2 is a graph of count values as a function of time
during a finite length time interval or message slot;

FIG. 3 is a block diagram of a gain change control
circuit constructed according to the present invention;
and

FIG. 4 is a block diagram similar to FIG. 9 of the
drawings in U.S. Pat. No. 3,250,896 but with the ele-
ments of the subject improvements as disclosed in FIG.
3 connected therein.

The subject invention is an improvement over known
time synchronizing means such as those disclosed in
Perkinson et al U.S. Letters Pat. No. 3,250,896, issued
May 10, 1966 and entitled Synchronizing Means For
Remotely Positioned Timing Devices and in copending
Watson et al. U.S. application, Ser. No. 272,472, filed
July 17, 1972 and entitled Means For Synchronizing
Remote Positioned Timing Devices. The subject im-
provements are important because they provide for the
possibility of multiple gain change or correction factors

-and combinations thereof, which factors are or may be

made to be functions of the out-of-synchronization
time error ATc. The present means are important be-
cause they add versatility and flexibility to the known
synchronizing means by making it possible to use less
than a full correction of a synchronizing error under
certain circumstances. Furthermore, when the present
means are used to resynchronize a group of units that
have previously arrived at a common index or time
base, it is often desirable to restrict the relative timing
error between these units as they are changed to a new
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time base. This is achieved by limiting the maximum
amount of change that can take place for any one ex-
change of data. The present invention therefore pro-
vides means for selecting different values of gain, usu-
ally less than unity, so that a change factor will reach
a saturation value that will limit the maximum real time
change that can be applied at any one time.

FIG. 1 shows two different change fators G, and G,
that are applied under different situations, namely, for
different amounts of time error ATg. The center of the
graph of FIG. 1 at the “G™ axis represents the condition
where there is no synchronizing error, and on both
sides of the center for a predetermined amount of error
the correction factor G, is used. This portion of the
gain curve is relatively steep and hence, when the
amount of error is in this range, each correction that is
made will be relatively large in relation to the error.
This means that a unit being synchronized which has a
synchronizing error which is relatively small will be
synchronized _ relatively rapidly. As the error gets
larger, the gain factor curve becomes relatively more
flat which means that for large errors relatively smaller
gain will be made in relation to the size of the error dur-
ing each synchronizing operation. This also means that
the resulting value of the time correction AT, will be
a saturation value that limits the maximum gain change
that can be applied at any time. This is especially desir-
able in a convergent type synchronizing system where
reciprocal corrections are made in cooperating units.
However, when the error is so small that the device op-
erates in the G, portion of the curve the reciprocity fac-
tor has less effect and larger proportional corrections
toward the common time base can be safely made. In
some cases, such as where a group of synchronized
units enter the region of another unit having a different
time base, the present type system will minimize the
change in the said different base which otherwise might
be excessively changed toward the base of the group.
In fact, the G, portions of the curve can be made to

have almost any slope including a slope to represent a
zero correction factor, if desired. As will be explained,
the values of G, and G, can be varied substantially from
those shown as desired to meet specific situations, and
it is also possible to have different slopes for the two G,
portions of the curve.

FIG. 2 depicts what takes place in a typical message
slot assigned to a particular unit that is to be synchro-
nized timewise to some remote unit.. Synchronized in
the sense used means that the two units, the one to be
synchronized (syncee) and the one to which it is to be
synchronized (syncor), are to have time periods subdi-
vided into message slots, each of which occur simulta-
neously at both units. The particular message slot
shown in FIG. 2 is the message slot at the syncee. This
message slot starts at time ¢, and ends at time ¢, for the
next succeeding message slot. At exactly time ¢, in the
syncee’s message slot, the syncee commences transmit-
ting a signal which is received at the other cooperating
stations including a station which is the syncor. At the
same time, t, at the syncee, other means start counting
preferably at a uniform rate designated in the drawing
as rate R,. Various means are known and can be used
to produce this uniform counting rate including various
pulse counting means, capacitor charging means, and
other similar means. If the syncee transmits its signal at
time ¢, but does not receive a reply signal at a later time
in the same message slot for synchronizing purposes, it
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will simply continue to count at the intiial counting rate
R, until the count reaches some arbitrary final count
which is designated as occurring at time T, and at count
C,. At this particular time and under these circum-
stances, the counting rate automatically changes from
counting rate R, to counting rate R, which is shown as
being a slower counting rate. The counting means con-
tinue to count at rate R, until a still later time desig-
nated as time T, where there will have been accumu-
lated in the counting means a count represented as
count C,. When the counter reaches count C,, the
counting rate again changes this time changing back to
the original rate R,. Thereafter, the counting rate R, is
maintained until a final count designated as the count
C, is reached which causes the counting means to reset
to “‘zero” count when the process repeats itself for the
next succeeding message slot. The situation described
as indicated is for the condition wherein no reply syn-
chronizing signal is received at the syncee from the syn-
cor, and the entire operation takes place only during
the particular message slot assigned to the syricee.
The second situation is the situation when a response
is transmitted by the syncor under conditions where the
syncor and syncee are in exact synchronism with each
other. This 'means that the time error ATy is zero. For
this situation, there will be a reply signal transmitted by
the syncor, and this replay signal will be transmitted at
a time such that it will arrive at the syncee at the time
designated in FIG. 2 as time t,,. For this condition, the
operation of the subject means may be substantially the
same as described in Perkinson et al U.S. Letters Pat.
No. 3,250,896 except that in the present case the syn-
cee will have its counting rate changed to a third possi-
bly still different counting rate designated as rate R,
and will continue to count at this new rate Ry until a
final count designated as count C, is achieved. Refer-
ring again to FIG. 2, it can be seen that the count C,
occurs when the syncor and syncee are exactly syn-
chronized so that the times t, and C, occur simulta-
neously as if no return signal was transmitted and re-
ceived. However, the count C,, like counts C,, C, and
C, is an arbitrary count which is selected depending
upon the counting rates employed, the length of the
message slots and other convenience factors. Where a
reply signal is received at the time t, the counting
means will reset at the same time as if no reply has been
received. This is true even though the count C, is sub-
stantially larger than the C, in the above example, be-
cause the counting rate R; is selected to be a faster rate
than either of the rates R; or R,. The value of C, is
therefore selected so that no shift or change in the time
index, and hence, no synchronizing change occurs
when a reply from the syncor is received at the syncee
at time f,, Therefore, the counting means will reset
when it reaches count C, which is the same reset time
as time C, under circumstances where no reply signal
is received. The mathematical relationship between the
counts C, and C, under the above circumstances can be
expressed by the following equation:
C=C— Ry (t,— 1)) = Ry(Te — t,p) + Ralt, — 1) 1.

where,
C, is the final count required for reset when a re-
sponse signal from the syncor is received from the
~ syncor,
C, is the final count when no response signal is re-
ceived.
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R, is the initial counting rate at the syncee.

(t, — T,) refers to the time interval between time T,
and the end of the message slot. In FIG. 2 this is the
second counting interval at the initial counting rate
R, and represents the difference between the
counts C, and C,.

R; is the second counting rate of the syncee.

(T2 — 1) is the time period between times t,, and T,
or the interval between the time when the synchro-
nizing reply is received at time 1,, and the end of
the period of counting at rate R,. For the synchro-
nized condition the time t,, is the time when the
counting rate R; is begun.

R, is the counting rate initiated by receipt of a reply
signal from the syncor.

(1o — 14) is the time interval between the time ¢,, and
the end of the message slot, during which the
counting rate Ry is used. -

It can be seen that equation 1 satisfies the synchro-
nized situation where the initial counting rate R,
commences at the beginning of the message slot and
continues until time T, when the counting rate changes
to rate R, and continues so until time t,, when the re-
play signal from the syncor- is received. At time t,; the
counting rate changes from rate R, to rate R,, unlike
the situation where no response is received, and contin-
ues at rate R; until the final count C; is reached. This
will occur at time.1, when the syncor and syncee are
synchronized.

For the more generalized situation where the reply
synchronizing signal is recieved at any time between
the times T, and T, the following mathematical rela-
tionships as expressed by the equations 2-8 apply.

AT(' = lom T Io

(2)
Cx=RlTl + RZ(r:m.— T|)+R.'!(tmn_‘tml) (3)
tom = [Cu_ RlTl _Rz('ull_T|)+R:K t;m]/R.') (4)
Cx=RlTl+R2('I:m_Tl)+R:S(’u—Tm) (5)
1= [Cx_'RlTl ~R2(’m"T|)+R:| ’m]/R.’i : (6)
AT = Lom = 1y = [R.'x(’.w = tw) = Ra(tyy — Im)]/R:l (]
AT = (Ry — Ry/R3) (tys — 14p) ' (%)
In these equations:

Te represents the time correction or synchronizing
correction factor necessary to produce:synchro-
nism. ,

tom 18 the generalized time when the accumulator
redches the count C, and may occur at different

“times than ¢, if a synchronizing correction is re-
quired.

I is any time in the period from time T, to time T,
when the response from the syncor is received.

It is apparent from the above equations that if the
reset count C, is reached at a different time at the syn-
cee than at the syncor some correction is required. The
correction under these circumstances is represented by
the time difference between the time of occurrence of
the count C, and the time of occurrence of the count
Co, or by the expression t,, —¢,. In equation 8 this time
difference is multiplied by a factor based on the count-
ing rates Ry and R,. In the Perkinson et al. U.S. Pat. No.
3,250,896, in which R, = R, and R, =2 R,, this is ex-
pressed by equations 9 and 10 as follows:

- Te= (2R, — R/2R)) (tey = tuy) = Y2 (g — 110) (9}

or
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ATC == Gy (tyg — fy) with G = (Ry— RZ/R3) (10)

In equation 10, G, is a gain factor and is a constant
term that'is based on the selected counting rates.

It is also possible for a replay signal to be received at
the syncee at or before the time T, in which case the
following equations apply:

ATC = Tom P
(11 )
from FIG. 2
Cs = Rl Lse + R3 (tom - tsu)

which is reorganized

tlml=[C)l+(R3~Rl) Lal/(R3) (13)

from FIG. 2

CR=RIT1+R2 (’xo;Tl)+R3 (to'_’.w) (14)
which is reorganized .
t0=[Cs_RlTl—R2 (to—T)+ Ry tiol/Ry (15)

subtracting equation (15) from equation (13) yields
AT( = lom _,_to = (R3 toq — Rl tea + RlTl + R2 tyo — R2Tl
= Ry 15,)/(Ry) ) (16)
=(R3 tyy — Ri tsq + Ryt — R tso)/(Ra) +(RT,—
R,T1)/(R3) . (17
ATC = lom ™l = (R3 - RI/Rs) tsa — (R'l - R2/R'S) e +
[(RI_RZ) Tl]/Ra - (1)

- Depending on the operation of the sycnor the follow-
ing equations also apply:
L — tyy=—2 - ATy
(19)
L ==2" ATy + 1y
(20)
substituting equation (20) into equation (18) yields

ATe=-2(Ry— Ri/Ry) - AT + (R — R\/Ry) t,o — (R
— Ry/R3) 1o+ (Ry— Ry/Ry) T, : ‘ (21)

which reduces to :
= —2(Ry = Ry/R3) - ATy — (R, — Ry/R3) to, +(R, —

Ro/R;) T, (22)
which kis rewritten as
ATC = Gg ATE + K‘
(23)
where
G, =2 (R;— R\/Ry)
(24)
and
K| = (RI - Rz/Rn) (71 - ’«o)
(25)

In the above equations the time error AT is a nega-
tive term when the time at the syncee is early relative
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to the time at the syncor, and is positive when the syn-
cee is late relative to the syncor. Also, in the above
equations the correction factor AT, is negative for a
change early (advance time) and positive for a change
late (retard time).

In a similar manner the equation for the correction
that is required when t, is greater than (occurs after)
T, can be expressed:

AT(‘ = _Gz ’ AT[-" + K2

with
G =2 (R;— Ry/Ry)
and,
K> = (Ry = Ry/Ry) (T — 1,,)
To summarize the above equations, when:
ATy = (4, — T)/2) ’

(a})

The correction factor is represented by the expression:

AT(' = _Gg ATL + Kl

where,
Gz =2 (R:s - RI/R3)
and,
Ky = (R, — Ry/Ry) .(Tl — t)
And when,

>

=

(tyo — Tl/z) = ATE (’so_ T2/2)
AT(-=—'Gl : AT;;

and

G1=2(R3~ RJ/Ry)
And when,

ATy = (4, — To/2)

(c)
ATe=—Gy - AT, + K,

and

Gy=2 '(R:; = Ri/Ry)
and

K; = (Ry — Ry/Ry) (T, — Ty)

Thus it can be seen that where a synchronizing error
is greater than a certain amount one correction factor,
namely G,, is used, and where the correction factor is
less than a certain amount but greater than zero, a dif-
ferent gain factor, namely G,, is used. This is clearly il-
lustrated by the graph in FIG. 1 which shows the gain
factor G, used on either side of the center synchronized
condition, and the gain factor G, being used when the
error is greater than some predetermined amount.
Thus, it is possible with the present device to provide
a variety of different gain change or error correction
curves or schedules similar to that shown in FIG. 1 and
the particular ones shown are for illustrative purposes
only.
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A special case which is of some interest is the situa-
tion where the rate R, is the same as rate R;. In this case
the gain factor G is zero thereby substantially limiting
the amount of correction that can be provided for syn-
chronizing errors. As a general rule this situation is not
desired because it is usually desired to have some even
small amount of correction for each occurrence of an
out of synchronization condition. It is also usually de-
sired to provide a larger correction factor when the
synchronizing error is relatively small. The graph of
FIG. 1 illustrates this fact and is taken about the error
condition which corresponds to the reply signal arriv-
ing at the syncee at time ¢, in FIG. 2. The situation
shown in FIGS. I and 2 is also shown as being symmet-
rical about the zero error condition so that the G gain
regions extends an equal distance on each opposite side
thereof. It is not necessary to have symmetry in this
sense and sometimes it may not even be desirable. If it
is desired to make the system asymmetrical, this can be
achieved relatively simply by changing the count values
C, and C, and the complementary values of counts C,
and C,. Many variations and extensions of the asym-
metrical configuration are possible including situations
where the counting rate used between the times T, and
the end of the message slot ¢, is other than R, and
where the count rate between the time tyw and T, is
other than the rate R,. Other variations are also possi-
ble and contemplated.

FIG. 3 shows a possible physical embodiment of the
subject gain change means. The device includes a local
reference oscillator or frequency standard 10 which
has its outputs connected to three different counting
rate generating multiplier circuits 12, 14 and 16. The
reference- oscillator 10 and the multiplier circuits 12,
14 and 16 can be of conventional construction includ-
ing being similar to those disclosed in Perkinson et al.
U.S. Pat. No. 3,250,896. The output of the multiplier
12 is a signal that represents or corresponds to the
counting rate Ry, the output of the multiplier 14 is a sig-
nal that represents or corresponds to the counting rate
R, and the output of the multiplier 16 is a signal that
represents or corresponds to the counting rate R;. The
three different count rate signals are fed to a switch ma-
trix device 18 which controls which counting rate will
be fed on its output 20 to counter or time keeping cir-
cuit 22. The switch circuit 18, which may be in the na-
ture of a gate circuit, is in turn controlled by various in-
puts it receives under control of other gate circuits 24,
26, 28 and 30. The switch 18 and the gates 24, 26 and
28 also receive signals which are from the syncor and
appear on input lead 32, labeled lead T,, Pulse Input.

The gate circuit 24 is the C, count recognition gate

and responds to the occurrences of a C, count in the
counter 22 to control the switch 18 and the counting
rate fed thereby to the counter 22 (140 in FIG. 4). In
FIG. 2, the C, count occurs at time T; to change the
counting rate from rate R, to rate R,. -
" The gate 26 is the C, count recognition gate and re-
sponds to occurrences of a C, count in the counter 22,
which count occurs at time T, under circumstances
when no reply synchronizing signal is received. The
gate 26 controls the switch circuit 18 to cause a R,
count rate to again be applied to the counter 22.

The gate 28, labeled C, Count Recognition Gate, re-
sponds to occurrences of count C, in the counter 22 to
reset the counter to zero count when no input synchro-
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nizing signal is received. The gate 28 also restores the
counter 22 to its initial counting rate R, and may per-
form other functions necessary to set up the following
message slot.

The gate 30, labeled C, Count Recognition Gate, re-
sponds to the final count C, in the counter 22 during
message slots when a synchronizing reply signal is re-
ceived, and this is done regardless of when the synchro-
nizing signal is received. The gate 30, like the gate 28,
resets the counter 22 in readiness for the succeeding
message slot and reestablishes the initial counting rate
R; through a connection to the switch circuit 18.

- All of the gates 24, 26, 28 and 30 can be of conven-
tional gate circuit construction having input and output
connections as required. In the drawings, the synchro-
nizing reply signals received at the syncee are fed to the
switch matrix circuit 18 and also as inhibit inputs to the
gates 24, 26 and 28. These gates, as well as the gate 30,
also receive other inputs from the counter 22, as afore-
said.

FIG. 4 shows one way to mcorporate the subject gain
change control circuit means into a known prior art
embodiment such as into the embodiment shown in

FIG. 9 of Perkinson et al U.S. Pat. No. 3,250,896. The

circuit of FIG. 4 includes most of the elements shown
in FIG. 9 of the patent drawing and these elements are
numbered similar to the corresponding elements in the
patent and for the most part operate in the same way

as the patented construction: These elements are lo- -

cated to the right in FIG. 4. The elements added to the
patented circuit are similar and operate similarly to the
elements shown in FIG. 3. It is therefore not deemed
necessary to describe the construction and operation of
the elements taken from the patented device.

It should also be clear that it is contemplated to in-
corporate the present gain change means as part of an
existing synchronized system to provide added flexibil-
ity and variable gain change means. This becomes ever
more important as global synchronized systems are
used for collision avoidance protection and for other
purposes, and the present means also have applications
in space travel systems and any synchronized system
where time is shared and where distances and other in-
formation is calculated on time of arrival of signals and
so forth. ’

Thus there has been shown and described a novel
means for producing gain change to maintain two or
more cooperating units in extremely close real time
synchronization with each other, which gain change
means are particularly useful in group and global syn-
chronization systems and in synchronization on a con-
vergent basis such as to a common time base, which
means fulfill all of the objects and advantages sought
therefor. Many changes, modifications, alterations, and
other uses and applications for the subject gain change
means will, however, become apparent to those skilled
in the art after considering this specification and the ac-
companying drawings. All such changes, modifications,
variations and other uses and applications which do not
depart from the intention and scope of the invention
are deemed to be covered by the invention which is
limited only by the claims which follow.

What is claimed is:

1. In a synchronized system having a plurality of
spaced system units each including time keeping means
and means for subdividing the time being kept into re-
curring time periods each of which includes a plurality
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of distinct message slots assignable to respective ones
of the system units, said synchronized system including
means at selected ones of the units for transmitting sig-
nals commencing at the beginning of message slots as-
signed thereto, means at other of the system units for
receiving said transmitted signals from units within
communication range thereof and for transmitting

‘reply signals which are received at the aforesaid trans-

mitting units for synchronizing the time keeping means
thereat so that the time keeping means at the transmit-
ting and receiving units are maintained in synchronism,
the improvement comprising means for making se-
lected partial corrections of each detected out-of-
synchronized condition at a unit receiving a replay
resynchronizing signal, said last named means includ-
ing means for ‘selecting between at least two different
percentage error correction factors including making a
greater -percentage partial correction of an out-of-
synchromsm condition when the out- -of-synchronism
condition is less than a predetermmed amount than
when the out-of-synchronism condition i is greater than
said predetermined amount.

2. In the synchronized system defined in claim 1 each
system unit includes means for causing the counting of
time at at least two different time keeping rates, and
means for switching between said time keeping rates,
said switching means including means responsive to the
occurrence of predetermined counts to shift from one
counting rate to another, and other means for changing
from one time keeping rate to another upon receipt of
a reply signal from another cooperating unit.

3. In the synchronized system defined in claim 1 said
means for selecting between percentage error correc-
tion factors include time counting means, means for se-
lectively controlling the counting means so that the
counting means will count at different time keeping
rates, means responsive to the occurrence of different
predetermined counts in the time counting means to
effect a change in the time counting rate, and other
means to effect a change in the time counting rate in
response to receipt of reply signals from other cooper-
ating system units.

4. In the synchronized system defined in claim 3 fur-
ther including means to reset the time counting means
to an initial condition whenever the counting means
has a predetermined final count therein.

5. In the synchronized system defined in claim 4, said
reset means. respond to a first predetermined final
count when a reply signal is received from another co-
operating unit and to a second predetermined final
count to reset the counting means when no reply signal
is received.

6. Means for synchronizing a plurality of spaced units
each of which includes means capable of keeping time
in the same length repeating time periods, means for
assigning a different distinctive one of the time periods
to each cooperating unit as ‘its synchronizing time,
means included in each unit for establishing an initial
counting rate commencing at the beginning of each oc-
currence of its assigned time period, means at selected
ones of said units for transmitting a signal therefrom
beginning at the beginning of each occurrence of its as-
signed time period, means at other of said cooperating
units within range of said transmitting unit for receiving
said signal and for transmlttmg a synchromzmg reply
S|gnal at a later time in the same time period based at
least in part on the time of receipt of each such trans-
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mitted signal, means at each of said units for changing
the time counting rate thereat in response to the time
of receipt of the reply signal in a direction to correct
any synchronizing error that may exist between the
time keeping means at the cooperating units, the im-
provement comprising means for making a partial cor-
rection of each detected out-of-synchronism condition,
said last named means include first means capable of
making a first partial percentage correction of an out-
of-synchronism condition and second means capable of
making a second different partial percentage correc-
tion of an out-of-synchronism condition, and means for

_selecting between said first and said second percentage
error correction means depending on whether the de-
tected out-of-synchronism condition is greater than or
less than a predetermined amount.

7. Means for synchronizing two or more remotely po-
sitioned timing devices each of which includes means
for keeping time in preselected time periods, said peri-
ods having finite beginnings and endings; transmitting,
receiving and counting means operatively connected
respectively to each of said timing devices, the count-
ing means at each timing device counting time in incre-
ments from the beginning to the end of each time pe-
riod, means for changing the counting rate of said
counting means, means for assigning respective ones of
said time periods to selected ones of said cooperating
timing devices as their respective synchronizing time
periods, means at one of said selected timing devices
for energizing the transmitting means thereat to trans-
mit a signal at a predetermined time relative to the be-
ginning of its assigned time period, each of said trans-
mitting signals being received at other timing devices
within range thereof at a later time in the same time pe-
riod depending upon the distance between the devices,
means at a receiving device for transmitting a reply sig-
nal at a still later time in the same time period depend-
ing at least in part on the time of receipt thereat of each
such received signal for synchronizing purposes, each
of said selected timing devices including means to con-
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ing device to control the switch matrix and to select a
particular time keeping rate.

9. The means defined in claim 8 wherein said switch
matrix is responsive to the receipt of reply signals from
other cooperating timing devices to aid in the selection
of the time keeping rate.

10. Means for synchronizing a plurahty of remotely
positioned timing devices comprising a plurality of re-
motely positioned timing devices capable of keeping
time in equal duration succeeding time periods, trans-
mitting means, receiving means and counting means
capable of counting at different selectable counting
rates operatively connected respectively to each of said
timing devices, means for making each of said timing
devices effective in a different preselected one of said
time periods for synchronizing purposes, a plurality of
remotely positioned time standards capable of keeping
time in the same time periods, transmitting, receiving
and counting means operatively connected respectively
to each of said time standrads, said counting means at
the standards counting at a preselected counting rate
commencing at the beginning of each time period,
means associated with each timing device for transmit-
ting a signal at the beginning of each occurrence of its
assigned time period, said signals being received at time
standards within the range thereof at later times in the
same time periods depending on the propagation dis-
tances therebetween, means associated with said time

- standards for transmitting a return signal to the respec-
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trol the counting means thereat to count at a first pre-

determined counting rate commencing at the beginning

of each occurrence of its assigned time period, means.

responsive to the counting means reaching a predeter-
mined count to effect a change in the counting rate
from one counting rate to a diffe’rent counting rate, said
counting means continuing to count at said different
counting rate until a second predetermined count is
reached under conditions when no reply signal is re-
ceived from another cooperating timing device, the im-
provement comprising means for effecting a still differ-
ent change in the counting rate when said second pre-
determined count is reached, and means to reset the
timing device when a predetermined final count is
reached.

8. The synchronizing means defined in claim 7
wherein each of said timing devices include a precision
time standard capable of keeping time at a predeter-
mined rate, wherein the said means for effecting a still
different change in the counting rate includes means
for multiplying the time keeping rate of the time stan-
dard to produce higher order time keeping rates which
are multiples of the time keeping rate of the standard,
and means for selecting between the different time
keeping rates including switch matrix and associated
gate circuit means, said gate circuit means including
means responsive to predetermined counts in the tim-
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tive timing devices when the counting means thereat
reach a predetermined count based at least in part
upon the time of receipt of a signal from the respective
timing devies, said return signals being received at the
respective timing device at later times in the assigned
time periods depending upon the respective propaga-
tion distances thereto, the time of receipt of said return
signals at each respective timing device being an indi-
cation as to the extent of any out-of-synchronism con-
dition that exists thereat, the improvement comprising
meadns at the respective timing device for producing a
plurality of different counting rates, means for effecting
a change in the counting rate thereat when a return sig-
nal is received, said last named means including means
to select between the several different counting rates to
be effected based on the extent of the indicated out-of-
synchronism condition, and means for resetting the
counting means at the timing devices when the count-
ing means reaches a predetermined count.

-11. The means for synchronizing defined in claim 10
including other means for effecting a change in the
counting rate at each timing device when no return sig-
nal is received from a cooperating time standard, said
means including means responsive to the occurrence of
another preselected count in the counting means.

12. The means for synchronizing defined in claim 10
wherein said counting means at each of the timing de-
vices are caused to count at first, second, and third
counting rates, said first and second counting rates
being used when no return signal is received from a co-
operating time standard, and said third counting rate
being used when a return signal is received from a co-
operating time standard.

13. The means for synchronizing defined in claim 10
wherein said means responsive to the count in the
counting means at the time of receipt of a return signal
includes means to distinguish between out-of-
synchronized conditions that are greater than and less
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than a predetermined amount, said last named count
responsive means selecting between the different avail-
able counting rates to effect a first percentage correc-
tion factor.of an out-of-synchronism condition when
the synchronizing error is greater than said predeter-
mined amount and a different percentage correction
factor when the out-of-synchronism is less than said
predetermined amount.

14. The synchronizing means defined in claim 13
wherein the selected counting rate produces a greater
percentage correction factor when an indicated out-of-
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synchronism condition is less than said predetermined
amount. »

15. The means for synchronizing defined in claim 10
wherein the time keeping means at each of the timing
devices includes a reference oscillator having a prede-
termined frequency that represents one of the said
counting rates, and means for generating at least one
counting rate corresponding to an harmonic of said os-

cillator frequency to produce another counting rate.
* * * * *




