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(57) ABSTRACT

A method for achieving zero latency timed pyrotechnic
events by utilizing distributed processing 1s presented. A list
of timed events may be used to synchronize a pyrotechnic
firing sequence with music or other external events. This list
1s distributed over a series of embedded microprocessors.
Each microprocessor 1s then synchronized to a master con-
troller clock, and enabled such that each processor may then
fire independently as required by the master list. This distrib-
uted process removes the split-second timing requirement
from the main controller enabling the achuevement of zero
latency and providing significantly more timing events to be
processed simultaneously while alleviating problems such as
wireless radio interference delays. Each module 1s capable of
forwarding information to other modules, which may be 1n a
position that prevents wireless communication directly with
the master controller. A wireless pyrotechnics 1gnition device
which utilizes this distributed processing technique 1s also

presented.
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SYSTEM AND METHOD FOR ZERO
LATENCY DISTRIBUTED PROCESSING OF
TIMED PYROTECHNIC EVENTS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation-in-part of U.S.
patent application Ser. No. 11/212,829, filed Aug. 25, 2005,
which claims priority to U.S. provisional patent application

Ser. No. 60/605,422, filed Aug. 30, 2004, the contents of
which 1s herein incorporated by reference.

FIELD OF THE INVENTION

[0002] The present invention relates generally to pyrotech-
nic and explosive control systems in fireworks displays, spe-
cial effects, and blasting industries.

BACKGROUND

[0003] It can be appreciated that pyrotechnic controls have
been 1n use for years. Typically, pyrotechnic controls are
comprised of electrical firing systems that rely on switches or
contact closure thrown by the operator or contact closures
iitiated by computer control, and systems which are either
wired directly from the main controller to the pyrotechnic
devices or connected via wireless link or wireless local area
network from a main controller to a slave device which 1s, 1n
turn, wired directly to the pyrotechnic devices.

[0004] A problem with existing pyrotechnic controls 1s that
most pyrotechnic controllers operate 1n a master-slave archi-
tecture. Pyrotechnic devices are prepared with electric
matches for 1ignition, and the electric match 1s wired through
a series of field modules and cables to a master control switch-
board. The exact nature of the wiring boxes, cables, and
switchboard varies and 1s not significant. At a predetermined
point of time, either the operator or a timing control device
activates a switching circuit to allow current to flow through
one or more electric matches or effectors.

[0005] Some current systems provide techniques for gen-
erating an event list that references an audio/video data struc-
ture. In such known techniques, once the event 1s associated,
the audio stream structure provides the timing reference to
initiate the event. Unfortunately, this only works 1n a master-
slave environment or when all devices that must interpret
events have access to the timing stream or signal. This same
problem occurs when an explicit timing signal such as
SMPTE timing track 1s used to initiate the events.

[0006] Two examples of current decentralized systems are
next briefly described. The first example teaches an array of
“intelligent” effectors linked by a 2- 3- or 4-wire communi-
cations bus, where the master controller does not have com-
plete control over the effector’s firing, but the effector may be
equipped with sensors whose condition 1s checked before
functioning 1s permitted to occur. The second example
teaches an array of intelligent sensors with two interlinked
processors, one for real-time processing and another for non-
real time processing.

[0007] In known systems, activation control may be hard-
wired directly from the battery to the ignition device, or
through a coded electrical signal. In either of these cases, the
master {iring panel initiates the communication burst or event
that causes 1gnition. If more than one match or sets of matches
(cues) must be fired simultaneously, there 1s often a delay as
the master firing panel must imitiate separate communication
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or electrical events. This results in delays and latency as each
initiator 1s fired sequentially. In addition, if wireless commu-
nication 1s employed between the master controller and slave
devices, which perform the switching function, radio inter-
ference can cause significant delays i each transmitted
packet further delaying the timing of the operation. These
delays seriously disrupt the critical synchronicity of the
music and pyrotechnic effect reducing the enjoyment of the
audience. In pyrotechnic displays, it 1s not unusual to try to
simultaneously launch hundreds of devices at the same
moment across a wide area facing the audience or “front”.
These delays seriously degrade this effect producing uneven
firing patterns. In blasting operations, resonance eflfects
require precise timing between initiator events, which would
be critically destabilized by these delays and rendered 1net-
fective. Similarly, in special effects work, the pyrotechnic
event 1s often synchronized to sound or visual effects, and any
delay 1n the finnng would detract from the realism the operator
1s trying to achieve.

[0008] Another problem with conventional pyrotechnic
controls 1s that existing controllers operate on a fixed voltage,
current, and time specification. For example, a controller
might apply to the electric match(es) when connected 12 volts
at a maximum of 5 Amperes of current, for a period of 12.5
milliseconds. While this specification might be fine for most
series wired electric matches, more time might be required 11
the matches are wired in parallel or inferior match production
causes them to require more than 12.5 mS for ignition. In
addition, 11 the operator wishes to control something other
than a pyrotechnic device, a mechanical actuator for example,
then a different voltage, current, and time pulse might be
desired. Existing systems do not have the capability to auto-
matically vary all of these parameters.

[0009] Yet another problem with the existing art 1s when
wireless links are employed, a phenomenon known as shad-
owing occurs. When an object larger than the wavelength of
the radio signal exists between the line-of-sight path of the
transmitter and receiver, the signal may be seriously dimin-
ished or blocked completely. If the operator 1s holding the
transmitter and changes position, different receivers may
become shadowed, and other receivers may regain direct
connections to the transmitter. Existing systems do not have
the ability to maintain contact with a diverse array of receivers
when the transmitter moves. Some current systems provide
techniques for utilizing a local queue manager to deliver
messages to diverse recipients; however, 1n the pyrotechnic
field there 1s a need for the ability to instantly adapt to chang-
ing configurations.

[0010] While the foregoing devices may be suitable for the
particular purpose to which they address, they are generally
not as suitable for creating a firing system where zero latency,
accurate timing, flexible output, and operator movement must
be achieved.

[0011] In view of the foregoing disadvantages inherent 1n
the known types of pyrotechnic controls now present in the
prior art, there 1s a need for a new method for zero latency
distributed processing of timed pyrotechnic events.

[0012] Flectric igmition devices often called E-Matches are
in common usage 1 modern pyrotechnic displays. These
matches consist of a light nichrome wire coated with a pyro-
gen. These 1gniters are single use, costly, and the inclusion of
the pyrogen makes them a restricted pyrotechnic item. Other
ignition techniques have been taught 1n the prior art. In some
instances the 1gniter 1s controlled by an integrated circuit via
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induction or wired communications link, as the communica-
tions link must also provide the power for the 1gniter and
integrated circuit. This circuit includes the burst charge to
provide high accuracy for the deployment of the pyrotechnic
device. This circuit 1s still single use, and must be built as part
of the shell bypassing the normal fusing mechanism of most
shells. Similarly some systems provide a local control unit at
the connection to the fuse and E-match, but use a 2-wire
communications method to transmit signals and power from
the centralized controller.

[0013] Other detonator strategies 1n both the pyrotechnics
and blasting industries include optical transmission lines used
with a laser to provide the energy for 1igmition. This strategy
while very fast 1s also very expensive, and still requires a
single use pyrotechnic igniter. Other examples use a shock
tube to transmit the firing pulse from an 1gniter at the display
controller source directly to the fuse of the pyrotechnic
device, but replacing wire with shock tubing solves few of the
routing and distance problems inherent with current wiring
strategies. Others recommend the use of a piezoelectric and
laser combination to 1gnite a pyrotechnic device. These sys-
tems provide an alternative 1ignition method, but not a solution
to the entire 1gnition, timing, and control structure which can
be optimized by utilizing distributed processing.

[0014] One alternative system does provide an alternative
ignition method where replaceable low voltage 1gnition ele-
ments are held 1n contact with the pyrotechnic fuse to imitiate
ignition. This system falls short, however, of discussing the
distributed processing requirements and integrated control
necessary to mnitiate the pulse with zero latency over an unre-
liable communications link. In addition, this system requires
that the sleeve covering the fuse be removed so that the
compression clips can make contact with the fuse material,
where the system described herein can be inserted into the
sleeve removing the time consuming, error-prone, and poten-
tially dangerous task of inserting an E-Match or stripping the
protective cover. Once the protective sleeve 1s removed the
pyrotechnic material in the sleeve 1s then exposed to external
sources of 1gnition such as burning fallout and debris during
the fireworks display. Once the shell leaves the tube, 1t may
exert significant stress on the fuse, sufficient to pull the com-
pression holder loose from 1ts connecting wires and poten-
tially launch 1t some distance.

[0015] Other systems describe triggering units for pyro-
technics, but their use 1s intended for standard pyrotechnics
1gniters or E-matches, and a single microprocessor for control
does not have the capacity for distributed processing and zero
latency control at the 1gnition point. All of these methods fail
to provide an independent control system and integrated reus-
able 1gnition probe that can cause 1gnition of a pyrotechnic
device with no wiring or other physical connection to a cen-
tral controller, and can be loaded with its firing information
prior to the event such that only synchronization information
needs to be transmitted during the firing of the devices or
display. This allows for zero latency firing of all independent
control units that 1s tolerant of communication delays, drop-

outs, and location dependent effects. No additional 1gnition
materials or e-matches are consumed 1n the operation of the
device, and it 1s self-contained and powered.

[0016] In view of the foregoing disadvantages inherent 1n
the known types of pyrotechnic 1gnition devices now present
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in the prior art, there 1s a need for a new wireless pyrotechnics
ignition device utilizing distributed processing.

SUMMARY OF ONE EMBODIMENT OF TH.
INVENTION

T

[0017] To achieve the forgoing and other objects and 1n
accordance with the purpose of the ivention, a variety of
techniques for zero latency distributed processing of timed
pyrotechnic events and a wireless 1gmition device utilizing
distributed processing are described.

[0018] In one embodiment, a method 1s provided that
begins with a processor system whereby a list of timed events
that synchronize a pyrotechnic firing sequence with music or
other external events 1s distributed over a series of embedded
microprocessors. Each microprocessor 1s then synchronized
to a master controller clock, and enabled such that each pro-
cessor may then fire independently as required by the master
list. This distributed process greatly reduces, 11 not removes,
the split-second timing requirement from the main controller
ecnabling significantly more timing events to be processed
simultaneously while alleviating problems such as, without
limitation, wireless radio interference delays, range limita-
tions, and shadowing. This allows each event to be marked
with zero latency from the synchronized clock. Each module
1s capable of acting as a command transmitter or receiver. In
a command transmit mode of one embodiment of the present
invention, any module may automatically forward data or
timing information to another module with which it has con-
tact. The timing and voltage of the output signal may be varied
to interface to different types of devices and to optimize the
amount of energy delivered to the effector.

[0019] In another embodiment of the present invention, a
system for the distributed processing of timed pyrotechnic
events 1s provided, which system includes a plurality of Firing
Modules, where at least some of the plurality of Firing Mod-
ules being configured with computing units that act as a
Master controller, and are further configured to output signals
suitable for the firing of a pyrotechnic device; and, a Com-
mand Module that includes a master clock. The Command
Module being configured with a user interface to the system
and configured to transmit commands to at least some of the
plurality of Firing Modules, and at least some of the plurality
of Firing Modules being configured to synchromize with the
master clock and to recerve and execute the commands rela-
tive to the master clock.

[0020] The connecting device between the firing fuse of a
pyrotechnic device and an electric 1gniter may comprise an
adjustable hanger connected to a support structure or mortar
with a wireless device that uses distributed processing so that
the firing time of the i1gniter can be downloaded to the device
prior to the firing event, and through a synchronized clocking
mechanism independently fire the 1gniter at the precise timed
event even through unreliable RF or other communications
media. The hanger may contain a pivot point mechanism at
the join between the hanger and the module, such that the
module can remain perpendicular to the ground even when
the mortar or hanger are angled with respect to the ground.
The Ignition Probe comprises a replaceable high temperature
substrate wound with nichrome or other high resistance wire
suitable for the production of high temperatures that can be
inserted into the sleeve of the pyrotechnic fuse and held 1n
place by a spring cover. Even when a wireless link exists
between a central controller and a field firing module, signifi-
cant wiring 1s required between the E-matches connected to
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the pyrotechnic device and the firing module’s distribution
panel or slat. The wireless intelligent match obviates the need
for any wiring in the system and the need for consumable
E-matches or other ignition devices.

[0021] The ntelligent 1ignition module 1s first secured to
cither the launch tube (mortar) assigned to the pyrotechnic
device or to a structure near it. This attachment may be
through, without limitation, an adjustable hanger or by screw,
strap, tie-wrap, or any other means. Once the module 1s
secured, to physically connect the pyrotechnic device to the
intelligent 1gnition module, the cover 1s opened exposing the
ignition probe. The standard pyrotechnic device fuse (often
called QuickMatch) 1s cut to an appropriate length such that
an open end of the fuse sleeve exists, but the pyrotechnic fuse
matenal 1tself 1s still covered and protected by the sleeve. The
open end of the fuse 1s then placed over the 1gnition probe and
the cover allowed to spring back into place, securing the fuse
sleeve so that wind or casual disruption will not dislodge it
from the probe, but the force of the shell leaving the mortar
can still pull the fuse away from the module without damage.
The cover also protects the open end of the sleeve from falling
debris and external 1ignition sources.

[0022] The hanger 1s specialized for a quick and secure
connection to the firng tube wall, which may be of various
materials and thicknesses. A ratchet mechanism allows the
hanger to move horizontally on the clip, but when the hanger
1s angled due to tension created by a threaded screw, the
hanger becomes immobile and the screw creates significant
tension holding the hanger to the tube wall. Releasing the
screw tension quickly releases the hanger from the wall after
the display. In many cases, the hangers may be left on the tube
walls permanently. The mating clip connection on the module
can also be used for hanging the module via tie-wrap, strap, or
simple screw attachment. The connection point between the
module and the hanger may also provide a pivot mechanism
which allows the module to be rotated with respect to the
mortar and hanger. This 1s useful as the antenna of most RF
devices work most efficiently when positioned so that all
antennae of the system have the same angle and orientation.

[0023] The igmition probe 1s constructed of a high tempera-
ture material such as, without limitation, borosilicate glass,
ceramic, or Bakelite. A slight groove 1s embedded around the
circumierence of the probe, such that nichrome wire can be
run 1nto and up the probe, exiting at the tip, and then winding,
down the length of the probe back to the base. This provides
a large surface area for contact between the wire and the fuse,
without damaging the substrate material with the extreme
heat generated during i1gmition. The groove 1s just deep
enough to provide structural support for the nichrome wire so
that 1t 1s not dislodged during insertion into the fuse sleeve,
while leaving some of the wire exposed above the level of the
substrate. This provides a small amount of abrasion between
the wire, the sleeve material of the fuse, and the fuse 1tself as
the probe 1s being mnserted into the fuse sleeve. This has two
beneficial effects. First, the abrasion has a seli-cleaning
action, removing any dirt, debris, or chemicals that may have
been deposited on the wire from previous use. Second, the
abrasion can dislodge small particles of pyrogen or black
powder from the fuse itself, making the 1gnition of the fuse
faster and more efficient. Under normal circumstances,
achieving a temperature of about 500 degrees Fahrenheit 1s
suificient to reach 1gnition of the pyrotechnic fuse. This 1gni-
tion, however, almost always leaves behind residue which
degrades the performance of the nichrome wire over subse-
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quent uses. In this module, because 1t 1s sell powered and
employs a capacitive discharge current pulse, significant
energy can be delivered to the ignition probe from a relatively
small battery. This high current pulse 1s designed to push the
nichrome wire to almost 1500 degrees Fahrenheit, which has
the effect of burning away the deposits before they can form,
making the device reusable over a significantly longer life-
time. Depending on the type of fuse material, time of 1ignition
pulse, and environmental factors other temperature levels
may be used by those skilled 1n the art.

[0024] Within the 1gnition module 1s a computer processor
which has combined functionality of a wireless communica-
tions transcerver and a timing control system. It 1s also pos-
sible that two or more processing elements could be utilized
to perform the same tasks. Circuitry within the module per-
forms, without limitation, the following tasks: A) detect that
the nichrome wire 1s continuous, 1.e. 1t has not broken and
therefore would not generate heat. B) If the 1gnition probe 1s
made of glass, and a light 1s focused 1nto the probe, an optical
sensor can determine that a fuse sleeve has been placed over
the probe. Other means of detecting the presence of the fuse
are also possible. C) battery strength 1s estimated. D) a charge
pump produces a high voltage from the relative low battery
voltage, and feeds that voltage into E) a capacitor bank to hold
that voltage for rapid discharge through the nichrome wire. F)
a solid state imtelligent switch conducts the high voltage
charge from the capacitor bank through the nichrome wire.

[0025] In practice, once the 1gnition module has been
secured to the mortar and the assigned shell has been attached
to the 1gnition probe, the operator presses the activation but-
ton on the front of the module. The module then proceeds to
construct a communications path to the central processor
(Command Module). Because of the use of distributed pro-
cessing, 1i the module cannot reach the Command Module
directly, a path may be constructed through other modules 1n
the vicinity. Once the communications path 1s established, the
Command Module may perform a number of functions
including interrogating the 1gnition module for status infor-
mation, without limitation, regarding nichrome wire continu-
ity, probe/Tuse status, battery status, temperature, etc. It will
establish the correspondence between a given module and the
pyrotechnic device or devices 1t will ignite, and that ID will be
shown on the 1ignition module display. More than one device
may be 1gnited by mechamically splicing the fuses together,
also known as “chaining.” The Command Module will also
download to the module the time for 1t to 1nitiate firing. The
Command Module will give explicit commands for the 1gni-
tion module to arm and prepare to fire. Once firing com-
mences, only timing synchronization information is neces-
sary within the network. Sporadic communications dropouts
or interference can cause short term delays or gaps 1n the
synchronization information, but the module 1s always firing
based on 1ts own nternal clock, and the synchromization
information 1s only used to compensate for drift or user ini-
tiated discontinuities 1 the show timing. Therefore any
delays or gaps 1n the timing information do not interfere with
the execution of the firing at the time specified.

[0026] Once the specified time 1s reached, the nichrome
wire may be energized to a very high temperature causing
ignition of the fuse. Most of the fuse material burns, but often
not all of 1t, and the fuse sleeve may still be jerked out of the

module and off of the 1gnition probe as the shell leaves the
tube. It 1s therefore preferred that the fuse not be held so tight
as to jerk the 1ignition system loose.
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[0027] Manual firing may also be mnitiated by a direct com-
mand from the Command Module to the 1gnition module.

[0028] These and other advantages may be realized by ret-
crence to the remaining portions of the specification, claims,
and abstract.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] The present invention is 1illustrated by way of
example, and not by way of limitation, 1n the figures of the
accompanying drawings and 1n which like reference numer-
als refer to similar elements and 1n which:

[0030] FIG. 1 illustrates the architecture of an exemplary
distributed pyrotechnic firing system, in accordance with an
embodiment of the present invention;

[0031] FIG. 2 illustrates an exemplary clock synchroniza-
tion tlow chart detailing the methodology for synchronizing,
multiple independent devices, 1n accordance with an embodi-
ment of the present invention;

[0032] FIG. 3 1s a flowchart illustrating an exemplary
method of how the Command Module 1s enabled to perform
the Field Mapping function, 1n accordance with an embodi-
ment of the present invention;

[0033] FIG. 4 illustrates an exemplary Field Mapping
Routing Path showing how the field map 1s utilized to deter-
mine the shortest routing path to a shadowed module, in
accordance with an embodiment of the present invention;
[0034] FIG. 51llustrates an exemplary architecture of a dual
processor showing the relationship between the RF (radio)
processor and the event processor, 1n accordance with an
embodiment of the present invention;

[0035] FIG. 6 illustrates a typical computer system that,
when appropriately configured or designed, can serve as a
computer system in which the invention may be embodied.

[0036] FIG. 7 illustrates a wireless pyrotechnic i1gnition
device with distributed processing, a hanger methodology
and 1gnition probe;

[0037] FIG. 8 details the 1gnition probe of the wireless
ignition device in accordance with an embodiment of the
present invention;

[0038] FIG. 9 illustrates a clamp and hanger mechanism to
ailix the wireless 1gnition device to a mortar or support struc-
ture 1n accordance with an embodiment of the present inven-
tion;

[0039] FIG. 101llustrates the packaging design of the wire-
less 1gnition device with the cover opened 1n accordance with
an embodiment of the present invention; Unless otherwise

indicated illustrations 1n the figures are not necessarily drawn
to scale.

DESCRIPTION OF CERTAIN EMBODIMENTS
OF THE PRESENT INVENTION

[0040] In the following detailed description of the various
embodiments, reference 1s made to the accompanying draw-
ings, which form a part of this application. The drawings
show, by way of 1llustration, specific embodiments 1n which
the mvention may be practiced. It 1s to be understood that
other embodiments may be utilized and structural changes
may be made without departing from the scope of the present
invention.

[0041] One aspect of the present mvention 1s to provide a
new method for distributed processing of timed pyrotechnic
events that has many of the advantages of the pyrotechnic
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controls mentioned heretofore and many novel features that
result in a new method for distributed processing of timed
pyrotechnic events.

[0042] In the description below the term “zero latency™ 1s
used, and should be understood to mean that in various appli-
cations or embodiments of the present invention an exactly
Zero or near zero or relatively low (compared to the current
art) latency are achievable depending on the particular imple-
mentation.

[0043] A method for zero latency distributed processing of
timed pyrotechnic events, which comprises a Firing Module,
a Command Module, and an optional Synchronization Mod-
ule 1s presented. In the present embodiment, a distributed
processing approach 1s used instead of the master-slave archi-
tecture. Each pyrotechnic device may be wired to one of a
number of independent master firing controllers. In principle,
there are no slave devices. A Command Module serves as a
user interface to allow the operator to interact with and 1ssue
commands to the community of independent controllers. In
the present embodiment, once the individual controllers are
given their list of events and are synchronized to a master
clock maintained by the Command Module, each Firing
Module becomes a part of a distributed processing system
capable of executing all commands simultaneously and
removing the bottleneck created by having only one master
controller.

[0044] The architecture of the preferred embodiment also
greatly reduces, 11 not, removes the problematic wireless con-
nection from the critical path, so that no delays (zero latency)
will be experienced due to interference or other wireless
processing. In the present embodiment, the Firing Module 1s
the equivalent of a Master controller, wired directly to the
pyrotechnic devices.

[0045] FIG. 1 illustrates the architecture of an exemplary
distributed pyrotechnic firing system, 1n accordance with an
embodiment of the present invention. In the present embodi-
ment, the distributed processing system 1s comprised of a
Command Module 10 that acts as the hub for all communi-
cations between the independent elements and maintains the
master clock. Command Module 10 initiates all communica-
tions, even though the other modules act independently. A
Sync Module 20 1s optionally connected to an audio playback
system 30 or other mechanism that provides timing informa-
tion to enable the system to be synchronized to music or other
events, such as, but not limited to, a computer parallel, senal,
inirared, or USB communications port, an audio signal, a
SMPTE timing track, an FSK (Frequency Shift Key) timing
signal, an external manual switch, a radio (RF) time signal
such as an AM, FM, cellular telephone, shortwave, or GPS
signal, an optical sensor, or a current or voltage pulse. The
Sync Module 20 may also source the music, audio, and/or
timing signals from an internal memory or storage system
while simultaneously providing timing imnformation relevant
to the playback to the network.

[0046] Command Module 10 most often communicates
wirelessly to a Wireless Firing Module 40 that contains the
power and switching circuitry 60 to fire pyrotechnic devices
at a programmed time. In the present embodiment, if Wireless
Firing Module 40 1s unable to communicate via the wireless
link with Command Module 10, one or more alternate Firing
Modules 70 may be connected via a wired connection to an
additional Firing Module 75 that does have an active wireless
link. Additionally, Command Transmit permission may be
passed to one Firing Module with instructions to retransmit
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the data, command, or timing information to another unit not
reachable directly by Command Module 10. Because the
Firing Modules 90 have the ability to vary the timing and
voltage of their switched outputs, they may also be attached to
other electronic devices 100 including, but not limited to,
relays, computer I/O or parallel ports, stepper motors, intel-
ligent or simple efiectors, actuators, lights, sound ematters,
timers, data recorders, motor controllers, spark emuitters,
other controllers, etc. In the event that a wireless connection
to the Firing Modules 1s not possible or not desired, Com-
mand Module 10 may also be directly wired to wired Firing

Modules 80.

[0047] The Command Module 10 may also be 1n contact
with one or more intelligent 1gnition modules 102 either
directly or through another module acting as a repeater. This
module 1s attached to the mortar or launch tube of the pyro-
technic device or to a nearby support structure. The fuse of the
pyrotechnic device 104 1s connected directly to the 1gnition
probe of the module.

[0048] In the present embodiment, Command Module 10
maintains the master clock and allows communication with
Firing Modules. Command Module 10 serves primarily as the
master synchronization clock and as a user interface to allow
the operator to communicate with the aggregate community
of mdependent Firing Modules. Command Module 10 also
receives the total list of timed events that represents the pyro-
technic show or event, and prior to the start of the show
transmits either wirelessly or by wire the appropriate subset
of the total list to each Firing Module. Command Module 10
may hold more than one list of events or displays 1n memory,
selectable by the user. In the present embodiment, only the
events to be processed by a particular controller are transmiut-
ted to that module. Other command functions such as, but not
limited to, seli-test, continuity testing of the electric matches,
actuator or motor movement or positioning, voltage, current,
and time settings, reading external voltage or resistance,
abort, pause, enable/disable module or outputs, encryption
key exchange, attention required by device, battery status,
output on/ofl, heartbeat enable/disable, operator security
code, capacitor voltage status, enable/disable sleep mode,
manual/automatic firing, set module 1D, recerve/transmit to
external device, external trigger enable/disable, get number
of cues on device, get device capabilities, set device mode,
fire manual cue, set timing step, etc. may be performed either
independently or upon user command, and results may be
reported to Command Module 10 for display to the operator.

[0049] In the present embodiment, the Firing Modules are
the equivalent of individual Master controllers, wired directly
to pyrotechnic devices 50. The electric matches that 1gnite
pyrotechnic devices 50 or other effectors such as, but not
limited to, computer controls, blasting detonators, squibs,
clectric matches, lights, actuators, stepper motors, motor con-
trollers, intelligent effectors, counters, plasma generators for
detonator cord, sound generators, or relays, are wired to 1nde-
pendent intelligent Firing Modules. In the present embodi-
ment, each Firing Module has a set number of cues 1t can fire
via 1ts internal processes, but when used as a Master firing
module additional slave devices may be attached via wired
connection to increase the total number of effectors con-
trolled by the Firing Module. Not all cues must be connected.
Each connected cue may fire one or more electric matches
wired 1n series or parallel, up to a limit calculated by the
voltage and current specification of the Firing Module and the
aggregate resistance of the electric matches.
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[0050] In the present embodiment, each module contains
all of the electrical power and programming to act as a com-
plete master firing controller, plus wireless and/or hard-wired
communications interfaces to link with Command Module 10
for instructions and cue/event information. The Firing Mod-
ules may also be connected to other Firing Modules to act as
a wireless bridge to Command Module 10. The Firing Mod-
ule includes all necessary command event processing logic,
power, switching logic, and communications systems. Other
modules may include but are not limited to high voltage
output modules, computer 1nterface modules, timing nter-
face modules, motor control modules, actuator modules,
stepper motor positioning modules, light, sound, or pressure
sensor modules, high speed detonator modules, camera con-
trol modules, high current modules, spark emitter modules,
sound or lighting control modules, external relay modules,
intelligent effector modules, embedded computer modules,
ultra-lightweight modules for aeronautics applications,
rehearsal modules, simulation modules, communications
modules to transmit or recetve data on other frequencies or
protocols such as LAN, WAN, Wi-F1, Ethemet, Pager, Cell
Phone, GPS, or other RF frequencies, opto-interruptor mod-
ules, laser projector modules, audio control modules, video or
multimedia control modules, etc. In the present embodiment,
the processing logic may be a single CPU, multiple proces-
sors, or a hard-wired logic control system that performs the
same functionality. Power may be supplied by internal bat-
teries, external power connections, or both. The power pro-
vided for electric match 1gnition or external device control
may be converted to a higher voltage from a lower voltage
such as the battery via a boost regulator, or reduced via a
voltage regulator from a higher voltage, or both. In some
cases battery power might be sufficient, and 1n other cases a
capacitive-discharge (CD) circuit may need to be used to
provide adequate power to the 1gnition devices or effectors. In
the present embodiment, wireless communications may be at
any allowed frequency or utilizing any standard or non-stan-
dard communications protocol. Wired communication may
similarly be via any transmission protocol such as RS232,
RS485, HDLC, SDLC, HTTP, TCP/IP, Zigbee, 802 stan-
dards, USB, Ethernet, LAN, WAN, FSK, closed caption,
Bluetooth, cellular network protocol, and be serial or parallel
in nature. The units may have conventional display means to
indicate current status to the user such as, but not limited to,
LCD displays, Light Emitting Diodes (LEDs), or no 1ndica-
tors at all in some alternate embodiments. Physical packaging
of the units could range from an integrated case with connec-
tors for wiring the electric matches to the module to a stand-
alone module 1n a hardened protective case or epoxy encap-
sulated covering with a connector to an external wiring
harness to connect the electric matches or other devices.

[0051] In the present embodiment, since each Firing Mod-
ule functions as a complete master firing controller, it 1s
impractical for the user to try to communicate directly with
each individual module. Therefore, Command Module 10
serves primarily as master clock and user interface to allow
the operator to communicate with the array of Firing Modules
or to any applicable subset. To that end, Command Module 10
must have or be connected to some display and user input
device to facilitate communication with the user, and contain
the processing power necessary to maintain the master clock
and the communications load of dealing with potentially hun-
dreds or thousands of Firing Modules. In the present embodi-
ment, the user interface may include, but 1s not limited to, an
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LCD display and touch screen, separate visual display and
keyboard, plasma display, video device, printer, plotter, serial
or parallel terminal device, proximity switches, membrane
switches, joystick, game controller, Bluetooth or other wire-
less device, infra-red printer or display, or a display and
mouse or other pointing device. In some embodiments, Com-
mand Module 10 may be connected to another external device
that contains the user interface, such as, but not limited to, a
laptop, tablet computer, or palm-based computer, either via
wired connection or wireless link such as, but not limited to,
WLAN, Bluetooth, cell phone, radio, optical, laser, or IrDA.
In the present embodiment, to maintain the clock and provide
fast communications, 1t 1s possible a multiprocessor configu-
ration would be used, but a single processor or hard-wired
logic performing the equivalent function may also be used.
Additional processors may also be included as fail-over
backup devices, so that any single failure of the main proces-
sor or communications processor would not cause the show to
be cancelled or delayed. Because wireless communications 1s
not always available or desirable, all inputs and outputs in the

present embodiment of Command Module 10 are also dupli-
cated via wired connections.

[0052] In the present embodiment, Sync Module 20
attaches to external synchronization signals and interfaces
these to Command Module 10. Sync Module 20 acts as a
wireless interface between Command Module 10 and any
external signals that communicate synchronization informa-
tion. For example, pyrotechnics are often synchronized to
music. To accomplish this, the music 1s studied, and exact
times for shell launch and burst are calculated relative to
musical cues. In order to fire the shells at the appropriate time
to the music both must be synchronized. In many cases, a
timecode signal 1s embedded 1n or on an additional track to
the music, so that the timecode information i1s an accurate
depiction of time relative to the music. In the present embodi-
ment, this timecode information 1s fed into Sync Module 20,
and converted to an accurate internal timing clock, which can
be interrogated by Command Module 10. Sync Module 20
uses the same radio technology and communication protocol
as the Firing Modules, and requires suilicient processing
power to maintain an internal clock and deal with anumber of
different synchronization protocols. The mput time code
might be one or more of a number of standard SMPTE pro-
tocols, for example, without limitation, a custom protocol
developed specifically for this system, an FSK time code, or
a timecode from another system for compatibility. In some
embodiments, Sync Module 20 may be housed as a small
separate unit, a personal computer plug-in module such as,
but not limited to, PCI, PCI express, or ISA card or PCMCIA
card. Power could be supplied by internal battery or external
source such as, without limitation, USB connection or power
supply. If Sync module 20 1s housed as part of another device
such as a PC, laptop or palm computer, the external device
could perform some of the tasks of interface and clock main-
tenance and leave only communications to Sync module 20.
In the preferred embodiment the Sync Module 20 can also
source one or more tracks of music or audio in addition to
FSK, SMPTE, or other timecode information that might be
used to synchronize the system to other external systems or
networks. By sourcing the music, a much more robust timing,
signal can be produced by the Sync Module 20 for the system.
Music or audio tracks as well as timecode information may be
stored internally within the Sync Module in memory or other
storage media, or 1t could be provided via removable storage
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media such as but not limited to USB memory devices,
memory cards, MP3 players, AM/FM/HD radio transmis-
sion, Internet access, or external disk drives.

[0053] Inthe present embodiment, Command Module 10 1s
the communications hub for the distributed processing sys-
tem. It mnitiates all communications to the Firing Modules and
Sync Module 20, except when Command Transmit permis-
s1on 15 passed to one of the Firing Modules for bridging to
another unit. Communication may be via wired or wireless
connection, or a combination. For example, some Firing
Modules may communicate via wireless link, while others are
connected to etther Command Module 10 or to another Firing
Module via wired connection. In the present embodiment,
Sync Module 20 may only connect to Command Module 10,
but one Firing Module may act as a bridge, transferring com-
munications from Command Module 10 to one or more Fir-
ing Modules connected to the bridge Firing Module via wired
or wireless connection. The handoil of transmit permission
may be through data transmitted between two modules or
through other means, without limitation, such as Time Divi-
sion Multiple Access (TDMA) time slices, position depen-
dent factors, or external timing control.

[0054] The distributed processing model may be taken to
two extremes for illustrative purpose, but can operate in any
combination of modes between the two extremes. First, one
Firing Module might provide all of the power, processing, and
signal switching to fire all of the events 1n a show. On the other
end of the spectrum, one Firing Module might only be con-
nected to one effector, simplitying wiring of the display.
Between these two extremes, one module might contain any
arbitrary number of outputs between one and the maximum
number of cues required for operation. The total number of
cues 1n the system may exceed the total number required. For
example, the user may only require 100 cues, but 1 each
module has 32 cues, the minimum 1mplementation that cov-
ers the requirement might be 128 cues. The user may also
implement with additional modules to simplify or improve
communications, simplily or minimize wiring, implement
additional functionality, or read external sensors. Other syn-
chronization models are possible such as, but not limited to,
direct reception of AM or FM radiobroadcasts, GPS or short-
wave reception, external sensors such as light, sound, or
pressure, cell phone reception or connection with a cellular
device, Wi-F1, LAN, WAN, Ethernet, fiber optic communica-
tions, external switches or current/voltage triggers, serial or
parallel ports, SMPTE or FSK information, audio, video,
closed caption information, telephony signals, pagers, or syn-
chronization to the standard atomic clock via shortwave
broadcast. In some alternate embodiments, suificient syn-
chronization might be accomplished simply by manually
pressing the fire button on Command Module 10.

[0055] During operation of the present embodiment, all
modules {irst perform a series of self-tests and safety checks
when power 1s first applied or they are awakened from sleep
mode by a button press. Firing Modules, for example, must
verily that the capacitors storing charge for the 1gnition of
clectric matches are fully discharged and the switching cir-
cuits disabled and rendered safe. It would then display a
message such as, without limitation, “001 SAFE” or other
indicator to inform the operator that it 1s safe to connect firing
circuits to the device. If the capacitors are not fully dis-
charged, the operator must be warned not to connect until
discharge has completed. Once sate, the Firing Module next
waits for a contact signal from Command Module 10. In the
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present embodiment, Command Module 10 periodically
attempts communication with all modules as identified by the
master event or cue list programmed by the user. Command
Module 10 sends an inquiry to each device 1n turn, and waits
for a response. It there 1s no response, 1t goes on to the next
module number and continues trying. If the Firing Module
has been activated and recerves the mquiry from Command
Module 10, 1t responds with its current status. This response
logs the Firing Module as connected with Command Module
10, and Command Module 10 will proceed by downloading
that particular module’s cue list. In the present embodiment,
cach Firing Module 1s uniquely 1dentified. This identification
may be a permanent internal value, set by the user as the unit
1s activated, or assigned via Command Module 10. For
example, 1n some embodiments, when the first unit 1s turned
on, 1t may not already have an ID assigned to 1it. In this case,
a default ID such as, without limitation, 000 or 1000 would be
iitialized, and Command Module 10 would be trying to
establish contact with this default value. In the present
embodiment, upon establishing communications, Command
Module 10 would notity the user that the next available ID 1s
001, and ask for confirmation or a change. If the user does not
respond (he might be the one 1n the field turning on the units)
this next available field i1s used after a timeout delay. If the
user does change the value, he can therefore set the modules
up 1n any order via the user interface. In the present embodi-
ment, there may be two levels of 1dentification that allow two
modules to act on the same finng event list, but still be
uniquely 1dentified. For example, an identification scheme
might consist of a three-digit number to i1dentity the set of
events to be loaded into the Firing Module, plus another
identifier to diflerentiate between two modules, which might
be required to execute the same list, such as, without limita-
tion, 001-A and 001-B. This allows two or more Firing Mod-
ules to execute the same effector and event list 1f desired. This
identification scheme may be required 1t a large number of
elfectors must be controlled by the same events, or 1f some
elfectors are widely separated by distance or obstructions.

[0056] In another embodiment, an external device such as
but not limited to an RFID reader, barcode reader, OneWire
button transponder, or keypad user interface device could
temporarily attach via wired or wireless connection to the
Firing Module to identify or otherwise indicate one or more of
the shells which are being attached to that module, and
thereby explicitly or implicitly establish the identity of the
module locally rather than at the Command Module.

[0057] Inthe present embodiment, the Firing Module must
check all methods of communication to determine 11 1t can
communicate with Command Module 10 via wireless or
wired means or both, and if wireless, are other modules con-
nected to this one via the wired connection making 1t a bridge
device. This 1s done by listeming for the inquiry from the
command via the wireless link, at the same time enabling the
wired link and waiting for an interrupt to indicate activity. I
the wireless link 1s enabled as the communications link to
Command Module 10, Wireless Firing Module 40 then
begins to periodically transmit an inquiry command on its
wired connection port to determine 1 any modules are con-
nected via that link. This inquiry cycle terminates when the
system 1s armed for operation or if Command Module 10
1ssues a command for all Firing Modules to enter standby or
sleep mode. In the present embodiment, Command Module
10 may 1ssue an instruction to a Firing Module to assume
Command Transmit permission and transier information to
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another Firing Module or to create a Field Map. The Field
Map 1s a list of all other Firing Module with which this
module can effect communications. In the present embodi-
ment, the Firing Modules, once placed, are not mobile as they
are wired to the effectors. The Field Map therefore remains
elfective throughout the firing process. When given Com-
mand Transmit permission, Command Module 10 enters a
listen-only mode and transmit permission 1s transterred to the
Firing Module. It can then attempt to communicate with all
other modules and log 1n the Field Map list which modules 1t
was able to reach. When the Field Map for the module 1s
complete, 1t 1s transferred to Command Module 10 and then
Command Transmit permission 1s returned to Command

Module 10 as well.

[0058] Itisnotunusual for the Firing Modules and wiring to
be completed hours before a show. To conserve battery power
in the present embodiment, the modules may be directed to
enter standby or sleep mode. In standby mode, the unit goes
into power-down mode for two minutes at a time, where only
the 1nternal timer and memory 1s active. At the end of this
period, the unit powers up the radio and listens for a prede-
termined time, usually only a few seconds, for an activation
signal. If 1t 1s not recerved, the unit powers down for another
two-minute period. If the activation signal 1s received, the unit
resumes full power operation. Any time period can be used for
the standby mode.

[0059] When the user 1ssues the command to go to full
power again, Command Module 10 broadcasts a continuous
stream of activation messages for a time period larger than the
sleep mode setting of the Firing Module, in the present
embodiment, approximately three minutes, but other time
settings may also be suitable. This guarantees that all sleeping
modules would have heard the activation message at some
point. The modules 1gnore all further activation messages
after the first reception. Command Module 10 then sends
inquiry messages to all modules to verity that they are again
operational and repeats the process 1f necessary. If a module
does not resume activation after two attempts, the user 1s
warned of a possible problem. In sleep mode the unit turns off
completely, enters maximum power savings mode, and
awaits a key press to begin operations. It then begins opera-
tion from the 1nitial start point again. This allows the units to
be connected to their firing circuits, all systems checked,
communication and circuit continuity verified, and then the
entire system shut down for any period of time before it
begins operation again.

[0060] In the present embodiment, once all modules have
performed successtul seli-tests and received and validated
their cue lists, the community of independent controllers 1s
synchronized to a single master clock maintained by Com-
mand Module 10. Synchronization 1s necessary to allow the
community of mndependent processors to act as one distrib-
uted processing entity. Once the clocks are synchronized,
Command Module 10 may at any time i1ssue the {iring com-
mand to the Firing Modules. At that point each module inde-
pendently switches firing current to its electrical matches at
the designated time but the overall system acts in concert to
execute the entire show list independent of further commands
from Command Module 10.

[0061] Otherfactors such as, without limitation, the voltage
to be presented at the output, and the length of the firing pulse
may now also be variables optimized for the performance of
the event. For example, 1n a capacitive firing system low
battery voltages of perhaps six volts are increased via a charge
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pump circuit to perhaps 30 volts, and the charge 1s stored in
large capacitors. Each firing event reduces the voltage stored
in the capacitor bank. In the present embodiment, the capaci-
tor bank 1s designed such that all cue events firing simulta-
neously would have sullicient energy to meet worst-case
demands for a mimimum firing period; e.g., 1n some applica-
tions 12.5 milliseconds may be typical. I1 the system knows
from the cue list, however, that the cues are not being fired
simultaneously, it 1s possible to calculate how much addi-
tional charge may be delivered to the capacitor bank in the
period between cues. As a result of this calculation, the firing
period can be increased as needed (typically, for example, to
50 milliseconds or more) per firing cue, thereby greatly
increasing the reliability of the finng system, particularly
when the electric matches are wired in parallel and often
reach the maximum current limit of the firing circuit. When
wired 1n parallel, longer firing pulse widths significantly
increase the power delivered to the electric matches for 1gni-
tion.

[0062] FIG. 2 illustrates an exemplary clock synchroniza-
tion tflow chart detailing the methodology for synchromizing,
multiple independent devices, 1n accordance with an embodi-
ment of the present invention. At startup, each Firing Module
has its own 1ndependent clock that could have any random
value. The purpose of the first synchronization step 1s to set
the clock value of all units to the same value. To do this, 1t 1s
necessary to minimize the variability of communications
delays between modules. In the present embodiment the syn-
chronization process begins with Step 110 when the user
gives the command to Arm the system. This may be done
hours before the system 1s to be fired, but i1s usually done
approximately thirty minutes before firing so that there is
enough time for the operator to fix any additional problems
that might occur at this stage of the process. It may also be
done immediately before firing. After the system 1s armed, the
Command Module continues on to Step 120. At Step 120, the
Command Module tests for the existence of a Sync Module.
If communication with the Sync Module 1s established, 1t sets
a flag, and the internal clock 1s zeroed at Step 130 because the
internal clock may have been any value before Step 130. Then
in Step 140 the Command Module begins broadcasting a
message to all Firing Modules or to all unsynchronized mod-
ules to enter a defined synchronization state. This assures that
all other asynchronous processes within the module are sus-
pended for the duration of the synchronization event, the
radio 1s 1n recerve mode, and the least number of processing,
cycles are being expended. Synchronization 1s then accom-
plished 1n Step 150 by sending a series of broadcast messages
to all modules simultaneously. In each broadcast message, the
value of the current master clock 1s broadcast, followed by a
short delay, so that the value of the master clock 1s guaranteed
to have changed between broadcast messages. In the present
embodiment, at least eight synchromization messages are
broadcast. As the Firing Module recerves the first broadcast
packet, it immediately sets the value of 1ts internal clock to the
same value, plus a pre-calculated offset value to account for
all determinate delays 1n processing and transmission.
Because this synchronization state 1s well defined, the offset
time 1s constant. As subsequent broadcast packets are
received, the value of that clock, plus the delay offset, 1s
compared against the current value of the internal clock. In
the present embodiment, if five values are received that show
exact correlation between the master clock and the internal
clock, the system 1s considered synchronized. If three values

Jun. 11, 2009

are received that correlate, but do not correlate with the first
clock value received, the three correlated values are used to
set the internal clock value again, and we again look for a total
of five correlated values. This allows for the Firing Modules
to miss some of the transmitted packets and still correlate
enough values to determine a good synchronization. After
cight packets are received or a timeout period equivalent to
cight packets has expired, the system exits synchronization

mode and returns to processing normal commands from the
Command Module.

[0063] At the end of Step 150, the synchronization broad-
cast, the Command Module proceeds to Step 160. At Step 160
of the present embodiment, the Command Module sends a
status request to each Firing Module. The Firing Module will
report whether i1t had achueved synchronization or not. If any
modules have not been able to synchronize clocks, they are
given the command to return to Step 140 to enter synchroni-
zation mode again and the process 1s repeated, but only for
those modules not already synchronized. In the present
embodiment, 1f multiple attempts to synchronize are unsuc-
cessiul, the user 1s notified 1n Step 170 that the module may
not have adequate communications bandwidth for operation
and should be wired directly to the Command Module or to
another Firing Module. Once the first synchronization 1s com-
plete, all clocks on all modules are running at the same rate.
Some clock drift due to slight differences 1n voltage, compo-
nent values, and crystal tolerances 1s to be expected, so it may
be necessary for the system to periodically go mto timeout, as
indicated by Step 180, and repeat the synchronization process
starting at Step 140. If some Firing Modules are directly
wired to other Firing Modules (bridge units), the bridge unit
would then repeat the synchromization process with all mod-
ules wired to 1t, just as 1f 1t were the Command Module. It a
given Firing Module 1s unreachable by the Command Module
but can be reached as determined by the Field Map, the
Command Module will transfer Command Transmit permis-
sion to another Firing Module with instructions to synchro-
nize the unreachable unit. In some embodiments, when com-
plete independence 1s not desired, this capability may enable
the behavior of one module to, at least partially, functionally
depend on another module 1n the system.

[0064] The second stage of synchronization 1s to 1dentily
the starting time of the firing sequence. While all clocks 1n the
command and Firing Modules share the same value, 1t 1s 1n
itsell a random value that does not correspond to any fixed
time reference. The timing of the firing cues 1n the present
embodiment, however, are all retferenced to an initial fixed
time relative to the music, T=0. This second stage begins at
Step 190 when the user presses the Fire button. For manual
firing, the fire command 1s broadcast immediately. For con-
trolled firing of the present embodiment, the user pressing the
Fire button can be interpreted in two ways, depending on user
preferences set 1n the original cue list. In the first case, press-
ing the Fire button does not require any external synchroni-
zation, and indicates a set delay (user definable) from the
keypress to T=0. This 1s also used 1n blasting applications
when all of the events are synchronized to T=0 but not to
another external event or signal. In the second case, synchro-
nization with an external timecode 1s required, and when the
Fire key 1s pressed the system begins evaluating the incoming
timecode. In the present embodiment, the Command Module
begins evaluating the incoming timecode at Step 200 by que-
rying the Sync Module for status and 1ts internal clock or
directly mterpreting the timing signal coming into the Com-
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mand Module. The timecode may start at some negative
value, with cues referenced to T=0, or 1t may start at some
arbitrary positive time, with cues referenced at that time plus
some offset. I no timecode 1s yet available, the Command
Module proceeds to Step 210 and continues to query for the
start of timecode and continues to Step 220 by displaying an
override option that would allow the user to actuate the firing
sequence manually, 11 a problem has just developed with the
sync system. Once the sync signal 1s detected, at Step 210, or
the firing button has established the starting time for a non-
synchronized system, the Command Module proceeds to
Step 230 and uses this time information to calculate the value
of the existing synchronized master clock that will corre-
spond to T=0 1n Step 230.

[0065] In the present embodiment, once the Command
Module had calculated the offset, 1t proceeds to Step 240. At
Step 240, once the user has authorized the system to fire, and
as soon thereafter as T=0 has been established, the Command
Module transmits multiple broadcast messages to all Firing
Modules simultaneously. In the present embodiment, the con-
tent of this broadcast message 1s the time on the synchronized
clock that corresponds to T=0. Because the clocks are already
synchronized, the timing of the command, potential missed
packets, and other aggregate delays are inconsequential to the
process. Upon receipt, the Firing Module adds the value that
corresponds to T=0 to all of the internal stored cue event times
that are stored for this module. This produces firing event
times that correspond to the synchronized internal clock, and
when the clock reaches the combined time value the Firing
Module can perform the event specified. Because the event 1s
processed by the firing controller’s processor, 1t can be
defined either by a bit map specifying which cues are to be
fired, or by an operations code that specifies any other activity
to be performed. For example the event command may cause
a number of pulses to be output from the event controls to
move a stepper motor or activate another device.

[0066] In the present embodiment, the Command Module
transmits the broadcast message at Step 250 during the time
interval of active firing of the show, and the Command Mod-
ule proceeds to Step 260 to continue to query the Sync Mod-
ule. The time of the Sync clock 1s then compared to the time
of the Firing clock at Step 270. If the time reported by the
Sync Module deviates plus or minus from the firing clock
maintained by the Command Module, the Command Module
continues on to Step 280 where the timing interval of the
master clock can be shortened or lengthened slightly to chase
or try to catch up with the sync clock, or “nudged™, shown 1n
Step 280. In an alternate embodiment, it 1s also possible for
the operator to request that timing be “nudged” positively or
negatively by a small amount to compensate for inaccuracies
in the delay times in the shells. In the present embodiment, the
sync clock and all other clock adjustments are compared to
the master clock, and 1f necessary the master clock 1s adjusted
as well. At Step 290 the final clock value 1s broadcast to all
Firing Modules as the heartbeat signal. The heartbeat 1s trans-
mitted about every %2 second, and the Firing Modules will
cease operation 1 they see a sustained failure to receive the
heartbeat within two seconds. Intermittent failures to receive
the heartbeat are to be expected and will not cause shutdown.

[0067] In the present embodiment, 1f the Firing Modules
detect a discrepancy between their internal synchronized
clocks and the heartbeat clock, they too will compensate their
timing intervals to match the master clock. In addition to these
maintenance commands, as the operator no longer has to
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activate every cue manually, he can now exercise control over
the show 1tself, rather than over every individual cue. In most
cases, the pyrotechnician 1s attempting to synchronize the
burst of the shell to some point 1n the music or another event.
In practice, the Firing Module controls the launch of the shell,
not 1t’s burst time. While the time delay from launch to burst
1s relatively constant, 1t can vary from by shell type and
between manufacturing lots. Using the present embodiment,
il the operator sees that the shells are bursting slightly earlier
or later than was programmed 1nto the timing of the show, he
can instruct the Command Module to “nudge” the master
clock slightly faster or slower to compensate. Changes to the

master clock are communicated, 1n turn, to the firing control-
lers.

[0068] Adter the heartbeat has been broadcast at Step 290,
the Command Module returns to Step 250 to determine 11 the
show has ended. If the show has not ended, the Command
Module repeats Steps 260 through 290 and continues doing
so until the end of the show. When the show has ended, the
Command Module proceeds from Step 250 to Step 300 to
begin the shutdown sequence. At the end of the show, repre-
sented by Step 250, all Firing Modules automatically begin
discharging their capacitors and applying safety iterlocks to
prevent madvertent firing signals. It 1s possible that unex-
ploded pyrotechnic devices are present at the end of the show.
In the present embodiment, the Command Module begins
querying all of the Firing Modules at Step 300 to determine 1f
they have completed the shutdown and discharge sequence.
When all have reported safe, the Command Module informs
the operator that all Firing Modules are sate and discharged,
and he may now enter the area. The firing sequence 1s now
complete and the system returns to 1ts reset state to be shut
down or execute new operator commands at Step 310. In
another embodiment the user may 1ssue a command to pre-
vent the module from discharging the firing circuits until a
“fire all” command 1s 1ssued. For example, there may have
been some unexploded ordinance or shells that were skipped
in the sequence and are still 1n their mortar tubes. The fire all
command would cause all cues of the module to be fired to
clear any unexpended shells.

[0069] In the present embodiment, after the firing com-
mand 1s given at Step 240, the Command Module 1s primarily
used to provide abort and override commands to the user, as
no further interaction 1s required for the show to commence
and the cues to be fired. The user may also use the Command
Module to fire a given cue manually, to disable cues or groups
of cues, or entire Firing Modules. In order to maintain control
of the entire process some control information continues to be
transmitted from the Command Module to the Firing Mod-
ules. It 1s significant that this information 1s not timed firing
commands, as are necessary 1n a master-slave architecture,
but commands which allow the operator to exercise a level of
control over the entire process of the execution of the show
hitherto impossible to achieve. For example, industry regula-
tions require that automated firing systems be equipped with
what 1s referred to as a “deadman” or Operator Presence
Device (OPD) switch so that 11 the operator loses conscious-
ness, {iring activities will automatically cease. A command
must therefore be available in the present embodiment so that
1if the OPD switch activates, the Command Module can send
an 1mmediate command to all units to cease firing. If the
Command Module 1s communicating via a wireless connec-
tion with the Firing Modules, however, 1t 1s possible that the
Command Module may be rendered inactive by being
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dropped, falling into water, or otherwise disabled. A “heart-
beat” or watchdog signal must therefore be periodically sent
from the Command Module to the Firing Modules to indicate
that the link 1s active. Cessation of the link would indicate a
problem or lack of positive control, and firing would cease.

[0070] Another command exists for the present embodi-
ment that allows the operator to disable portions of the show
depending on environmental or other considerations that may
have changed at show time. I high wind conditions exist, for
example, the operator may decide to disable all shells that
burst over a given altitude. The user may 1nstruct the Com-
mand Module to activate pre-programmed disables or to dis-
able individual firing cues. These commands are similarly
passed down to the effected Firing Modules.

[0071] The present embodiment of the mnvention also
includes a “find” command. In a dark field 1n the middle of the
night, 1t might be difficult to locate a wireless device. The find
command tells the unit to begin blinking its indicator lights to
make 1t easier to locate. In extreme cases, because the unit 1s
wireless, 1t can be instructed to send radio bursts which can be
used for directional location with the appropriate antenna.

[0072] Because the amount of time required to complete
the Arm and Fire synchronization steps 1s dependent on the
number of modules and their physical configuration (how
much auto-forwarding 1s required), 1t may be advisable to
perform a “rehearsal” of the firing steps prior to the show to
make sure there 1s suificient time and that there are no error
conditions. In this mode, the Command Module first 1ssues a
rehearsal command to all firing modules and actively reads
their status to make sure they are 1n rehearsal mode. It then
goes through the Arm and Fire command steps, and logs the
amount of time that 1s required to complete each step. To
avold any potential confusion, the actual coding of the com-
mands transmitted are not identical to the active Arm and Fire
commands. These times are reported to the user along with
any error or warning indications, then the Firing Modules are
restored to Active Mode and again status 1s checked to make
sure each module 1s 1n the correct state.

[0073] Other commands which may be 1ssued from the
Command Module to the Firing Modules include but are not
limited to: Actuator or motor movement: this command
allows On/Ofl, Pulse Count, Relative or Absolute positioning
of an actuator, motor controller, or stepper motor. Voltage
Setting: this command sets the output voltage on a module or
an eflector output. Current Setting: this commands sets the
maximum current limit on a module or effector output. Time
Settings: this command sets the default pulse width on a
module or an effector output, or otherwise specifies a particu-
lar pulse width to be used in a given situation or with a specific
elfector. Read External: this command allows the module to
read and report voltage, resistance, current, temperature,
pressure, or other values of internal or external sensors within
or attached to the module. Abort: this command halts all firing
or processing of commands and causes all modules to per-
form whatever actions necessary to safe themselves and dis-
charge effector power supplies. Pause: This command causes
all effector command functions to halt, but leaves internal
clocks running and etlector power supplies charged in the
anticipation of resuming command execution. Enable/disable
Module or Outputs: this command allows the Command
Module to i1ssue an Enable or Disable, which can influence
either the entire module or any subset of the effector outputs.
Encryption Key Exchange: this command allows the Com-
mand Module and Firing Module to exchange a set of encryp-
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tion keys, such that all further communications either require
this key or are encrypted with this key, such that another
system cannot 1ssue commands to this Firing Module once
the keys are exchanged. This 1s done during the establishment
of the connection between the Command and Firing Modules,
and will remain 1n effect until the Firing Module 1s powered
down, reset, or explicitly commanded to reset its encryption
keys by the Command Module. Attention Required By
Device: this command queries the Firing Module to ascertain
if data within the device 1s ready to be uploaded to the Com-
mand Module, or other conditions which may require opera-
tor mtervention exist. Battery Status: this command allows
the Command Module to interrogate the voltage reading of
the unit’s mternal battery (1f available). Output On/O1T: this
command allows the user, via the Command Module, to
manually control the state of the effector output in real time.
Heartbeat Enable/Disable: this command allows the operator
to enable or disable the Firing Module’s reliance on the Com-
mand Module’s heartbeat signal as an indicator of positive
control. If disabled, the Firing Module will not cease opera-
tions 1 the heartbeat signal 1s lost. Operator Security Code:
this command allows each Firing Module to independently
ascertain that 1t’s operation i1s enabled by the operator’s
knowledge of a security code, PIN number, or password.
Capacitor Voltage Status: this command allows the Com-
mand Module to interrogate the Firing Module’s effector
power status or voltage reading. Enable/Disable Sleep Mode:
this command instructs the Firing Module to enter a sleep or
low power management mode. In this mode, the module
periodically listens to the RF or wired signal for a Disable
Sleep Mode command. Manual/ Automatic Firing: this com-
mand allows the Command Module to set the mode of the
Firing Module, independent of any other settings 1t may have
received. Set Module ID: this command sets the unique 1den-
tifier of the module. Receive/Transmit to External Device:
this command would be used to transfer data to/from the
Command Module, through the firing module, to some exter-
nal device connected either via wire or wireless signal. Exter-
nal Trigger Enable/Disable: this command allows the Com-
mand Module to enable or disable the use of external triggers
in a module. Get Number of Cues on Device: this command
allows the Command Module to interrogate the Firing Mod-
ule for the total number of cues and/or effectors it 1s able to
control. This can change based on equipment failures, addi-
tional slave modules wired to the device, or external devices.
Get Device Capabilities: this command allows the Command
Module to query an unknown Firing Module type for a list of
elfectors, voltages, currents, and other information to prop-
erly address and utilize the module. Set Device Mode: this
command allows the Command Module to specily a particu-
lar mode of operation, manual, automatic, transmit permis-
sion, sleep, or other command not listed above, etc. Fire
manual Cue: this command allows the user to activate a given
clifector manually 1n real time. Set Timing Step: this com-
mand allows all effector outputs of a given module to fire with
a timing separation given by the command.

[0074] FIG. 3 1s a flowchart illustrating an exemplary
method of how the Command Module 1s enabled to perform
the Field Mapping function, in accordance with an embodi-
ment of the present mnvention. Shadowing occurs when the
radio signal from the transmitter to the receiver 1s blocked by
structure or distance. During the in1tialization stage, Step 320,
the Command Module attempts to establish communication
with all modules described 1n the event list. It will continue to
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attempt commumnications until all Firing Modules are located
at Step 330. IT all of the Fining Modules are located, the
Command Module will continue on to Step 360. If not all of
the Firing Modules have been located; the Command Module
will proceed to Step 340 to check 1f a timeout interval has
expired. IT a timeout interval has expired, the Command Mod-
ule will continue on to Step 360. If no timeout intervals have
expired, the Command Module will proceed to Step 350 to
check for a user prompted halt. If, at Step 350, the user has
actively terminated this procedure, the Command Module
will continue on to Step 360. If at the end of the procedure not
all modules have had communications established, the Com-
mand Module will proceed to Step 370. At Step 360, the user
may also request the Command Module to proceed. At Step
370 the Command Module begins to perform Field Mapping
to establish the communications map necessary to reach mod-
ules that are shadowed or may become shadowed by a change
of location by the Command Module. If all modules have
been located and the user does not intend to move the Com-

mand Module, this step may be skipped.

[0075] In order to build the Field Map in the present

embodiment, the Command Module begins at Step 380 by
1ssuing commands to each Firing Module 1n turn to assume
Command Transmit permission and, in Step 390, construct
it’s own mtermediate Field Map as described above. Then, at
Step 400, the Command Module checks to see if the process
1s complete. If the process 1s not complete the Command
Module returns to Step 380 and attempts to complete the
process. When this process 1s complete, the Command Mod-
ule proceeds to Step 410 where Command Transmit permis-
sion and the intermediate Field Map are transferred back to
the Command Module. When all Firing Modules reachable
by the Command Module have transmitted their maps, the
result 1s a complete matrix of all connectivity between the
static Firing Modules. In the present embodiment, the Com-
mand Module may then determine that the missing modules
may be contacted through a bridging unit at Step 420, through
auto-forwarding of commands, or that 1t 1s not reachable by
any means. If the missing Module 1s not reachable, the user 1s
notified of the communications failure at Step 430. If the
missing Module 1s reachable, the process may continue on to
Step 435. In the event that auto-forwarding 1s the only way to
reach a module, the user 1s informed and advised to reposition
the module 1f possible, but the system 1s still capable of
operation. Even 1t all units are reachable at this point, the
Field Map will allow the Command Module to find a com-
munications route to any module that may become shadowed
at a later time.

[0076] In the present embodiment, a data packet compris-
ing the given instruction packet and a full description of the
routing path 1s transmitted to the first Firing Module 1n the
bridge route at Step 400 1n order to transmit commands, data,
or timing information to the shadowed module, and that mod-
ule 1s given Command Transmit permission. If the destination
module 1s part of 1t’s intermediate Field Map created in Step
410, the command or data 1s then transmitted directly. IT the
destination 1s not reachable by this module, 1t establishes
contact with the next module 1n the bridge route, and transiers
the entire data packet and Command Transmit permission to
the next module. This process continues until the final desti-
nation 1s reached. When the packet has been delivered to the
destination, 1ts response 1s transmitted back to the previous
module, and Command Transmit permission 1s returned to
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the previous module. This continues until the response packet
and Command Transmit permission are returned to the Com-

mand Module.

[0077] In addition to allowing communication with shad-
owed modules this methodology effectively increases the
range of the Command Module to the Firing Module. If Firing
Modules exist 1n an unbroken chain between the Command
Module and the farthest Firing Module, the range of the
system 1s extended potentially without effective limit as long
as sullicient time 1s allocated for the communications steps
described above to be performed.

[0078] FIG. 4 illustrates an exemplary Field Mapping
Routing Path showing how the field map 1s utilized to deter-
mine the shortest routing path to a shadowed module, 1n
accordance with an embodiment of the present invention. In
the event of a shadowed Firing Module, the Command Mod-
ule processes the field map to determine the shortest routing
to the affected module. In the present embodiment, this pro-
cess starts by determining which modules are reachable by
the Command Module, and listing those modules 1n a reach-
able module list 440. The Command Module also determines
which modules are reachable by the shadowed Module and
lists those modules in a shadowed module list 450. It there 1s
one or more overlap between these two vectors, a single
bridging route 460 1s found. It there are no overlaps, then the
list 1s expanded by all modules that can be reached by these
two module sets, and 11 at least one overlap exists a two bridge
route 470 1s detected. This process continues until a path 1s
found for each module, regardless of the number of bridges
required. Those skilled in the art will readily recognize, in
light of the teachings of the present mnvention, a multiplicity
ol alternate and suitable methods and means to achieve the
functionality of the Field Mapping aspect of the present
invention.

[0079] FIG. 51llustrates an exemplary architecture of a dual
processor showing the relationship between RF (radio) pro-
cessor 480 and an event processor 520, 1n accordance with an
embodiment of the present invention. The implementation of
the Command and Firing Modules may be done with either a
single processor or multiple processors. Because of the real-
time constraints of accurate event timing and Frequency Hop-
ping Spread Spectrum (FHSS) radio protocols, the present
embodiment would use two processors. In some embodi-
ments, the processors may be of low cost. In the present
embodiment a radio processor 480 would be used for both
wired and wireless communications, and an event processor
520 would be for the generation of the zero-latency timed
event outputs. Both processors require high speed real-time
processing. Radio processor 480 connects to or may contain
the radio subsystem 490. It also connects to or contains a
wired interface, which may be a serial or parallel bus system
and any number of wired connections 500 and a timing syn-
chronization signal decoder 510. It 1s then connected to event
processor 520. Event processor 320 1s connected to appropri-
ate user interface components 530, memory storage 540, and
event controls 550. In the present embodiment timing and
synchronization clock elements are maintained within event
processor 520 to guarantee the lowest latency and greatest
control over the synchronization process. In this dual proces-
sor configuration, radio processor 480 may request service
from the event processor 520 when it has new data from the
external connections that must be processed. Event processor
520 can request service from radio processor 480 when 1t has
a message to send.
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[0080] This generalized architecture of the present embodi-
ment works for both the Firing Module and Command Mod-
ule. In the Firing Module, user interface 530 may be as simple
as a single button or a proximity switch. In one embodiment
of the present invention, the firing module 1s completely
encapsulated in epoxy resin, and a proximity switch 1s used to
sense user mput with no moving parts. In another embodi-
ment, multiple proximity switches or a keypad could be used.
In the Firing Module, only enough memory to hold software
upgrades 1s required. In the Command Module, in one
embodiment the user iterface may be an LCD display with
touch screen. In another, 1t could be a USB or RS-232 con-
nection to a laptop computer or other user interface device.
The memory of the Command Module should at least be large
enough to hold the entire display, but could be large enough to
hold a number of displays plus software upgrades to down-
load 1nto other modules.

[0081] In the present embodiment, the external connectiv-
ity of the Command Module 1s intended to simplily setup and
operation of the system, as well as to provide the ability to

expand the capabilities of existing systems. An aspect of the
present embodiment of the Command Module 1s the ability to
trigger the Fire command from an external mput 560. This
allows the system to be used as a subroutine to another sys-
tem. For example, one effector current line from another
system may be connected to an external trigger interface,
such as, without limitation, external input 560. When suili-
cient current to fire the eflector 1s sensed across the interface,
it 1s the same eflect as pressing the Fire button on user inter-
face 530, and an entire sequence of automatic {iring 1s 1niti-
ated utilizing only one cue from the host system. In alternate
embodiments, mterfaces may include a plurality of connec-
tors to simplily the synchronization input to the system.
These may include, without limitation, XLLR connectors,
RCA connectors, RS-232 serial ports, or binding posts to
provide audio or data inputs to be used for synchronization.
Other synchronization or communications interfaces may
include but not be limited to fiber optic connectors, transducer
couplings, electrical sensors, current or voltage pulse sensors,
SCSI connectors, wiring harnesses, external RF or audio
input readers, A/D converters, DB-25 serial or parallel con-
nectors, wire spring terminals, proximity sensors, detonator
cord sensors, spark detectors, temperature sensors, flat or
ribbon cable connectors, etc.

[0082] Inview of the foregoing, 1t 1s clear that in at least one
embodiment, the present invention generally comprises a Fir-
ing Module, and a Command Module 1n a distributed pro-
cessing approach which 1s used instead of the conventional
master-slave architecture. This improved architecture greatly
reduces, 11 not removes, the problematic wireless connection
from the critical path, so that no delays will be experienced
due to interference or other wireless processing. Several
aspects of the present invention will, without limitation, next
be summarized and/or described 1n further detail.

[0083] An aspect of the present invention provides a
method for distributed processing of timed pyrotechnic
events whereby a list of timed events that synchronize a
pyrotechnic {iring sequence with music, other external
events, or to a predetermined time 1s distributed over a series
of embedded microprocessors. Each microprocessor 1s then
synchronized to a master controller clock, and enabled such
that each processor may then fire independently as required
by the master list.
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[0084] Another aspect of the present invention provides a
method for distributed processing of timed pyrotechnic
events that implements a distributed array of fully functional
master {iring controller at the point where the pyrotechnic
devices are directly wired to the firing circuit. This array 1s
interfaced to and synchronized with a Command Module
which performs all user interface functions such that the
wireless link between the Command Module and the array of
Firing Modules does not constitute a critical timing path.

[0085] Yet another aspect of the present invention provides
a method for distributed processing of timed pyrotechnic
events that can analyze the output signal firing parameter
(e.g., without limitation voltage, current, pulse width, and
pulse timing) requirements of the device being controlled,
and vary these parameters on a module-by-module and 1n
some cases cue-by-cue basis to provide the optimum control
of the device. In some embodiments of the present invention,
this analysis to determine the proper output signal parameters
may be performed by any module 1n the system and be com-
municated to any other module 1n the system. For example,
without limitation, 1n some applications one, some, or all
firing modules may be equipped to directly detect, or recerve
communicated information regarding, environmental condi-
tions that may affect the proper execution of a pyrotechnic
event, and compensate the output signal parameters 1n known
ways to achueve proper, or at least improved, execution of the
pyrotechnic event. In some embodiments, each module 1n the
system may communicate the raw environmental condition
and/or output signal parameters compensation information to
any other module 1n the system.

[0086] In another aspect of the present invention, a method
1s provided, for distributed processing of timed pyrotechnic
events that uses distributed processing to greatly reduce, if not
remove, the bottleneck presented by a master controller
attempting to communicate with a number of slaves that must
perform simultaneous operations.

[0087] Anotherobjectis to provide amethod for distributed
processing of timed pyrotechnic events that downloads all
cues and firing/control information from the Command Mod-
ule to the array of Firing Modules prior to the beginning of the
control sequence, so that all controllers have full knowledge
of the functions they are to perform prior to the firing com-
mand, knowledge of other modules in the system, and the
clectrical characteristics of the effectors to which they will be
attached. This allows the Firing Module to perform more
clfective seli-tests as well as continuity testing of the effec-
tors, relieving the Command Module of significant computa-
tional and communications burdens.

[0088] Another objectis to provide amethod for distributed
processing of timed pyrotechnic events that synchronizes the
clocks of the array of Firing Modules to a master control clock
maintained by the Command Module, so that the community
ol independent controllers can act in concert to produce an
overall series of timed events. This clock may be synchro-
nized only to the Command Module’s internal clock, or to an
external timing signal or event.

[0089] Yet another aspect of the present invention provides
a method for distributed processing of timed pyrotechnic
events that utilizes the Command Module as a user iterface
and synchronization system, such that Firing Modules may be
communicated with via wired connection, wireless connec-
tion, or both simultaneously. Each Firing Module has similar
capability, and can communicate directly with the Command
Module, or can communicate with another Firing Module
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wired to 1t, or to another Firing Module with which 1t can
maintain a radio connection. This allows a Firing Module to
act as a wireless bridge between the Command Module and a
Firing Module that may not have a direct communications
link to the Command Module. This also allows the Firing
Module to act as a Master controller to one or more slave
devices attached via the wired connection while the Firing

Module utilizes the wireless connection to communicate with
the Command Module.

[0090] Another aspect of the present invention provides a
mapping mechanism whereby each Firing Module, which 1s
located 1n a static position 1n the field, creates a list of all other
Firing Modules with which 1t can communicate either via
wired or wireless link. Once all Firing Modules have com-
pleted mapping, their results are uploaded to the Command
Module and an overall map 1s constructed that allows the
Command Module to determine the optimal path to deliver
data, commands, and timing information to any module inde-
pendent of the movement or relocation of the Command
Module or shadowing of any given Firing Module.

[0091] In yet another aspect of the present invention, a
method 1s provided to allow one or more Firing Modules,
acting as Master firing controllers, to interface directly to the
user via a switch or trigger circuit obviating the need for the
Command Module when firing manually. In this case, the user
may simply attach a switch to the Firing Module, and when
the switch 1s depressed the next effector output 1n the series 1s
activated. When the Firing Module reaches the maximum
number of effectors 1t can operate, it continues to pass the
firing trigger events to subsequent Firing Modules either via
wired or wireless connections or both, until all events have
been triggered. IT a list of timed events has been loaded 1nto
the Firing Module’s memory, this list may be used with the
manual trigger, such that the manual trigger may act as the
timing 1impetus to the event rather than the internal clock, in
the event that the Command Module becomes disabled. Any
of the Firing Modules may be used as the Master controller,
connected to the manual switch.

[0092] Another aspect of the present invention allows
external events such as, without limitation, the effector output
of another system to trigger the Command Module’s firing
sequence.

[0093] Yet another aspect of the present invention provides
a specialized module, often referred to as a Synchronization
Module, to perform the wired interface functions in the sys-
tem, and transmit the timing information to the Command
Module over the wireless link. This allows the Command
Module to be portable and completely wireless, even when 1t
requires an external synchronization signal to operate.

[0094] Another aspect of the present invention provides use
of implicit synchromization information as well as explicit
information to synchronize the external timing signal and the
timed events. Explicit timing information might be 1n the
form of SMPTE time code, for example, where the timing
information 1s intended as the main clock of the system and
may have an timing rate of Yo of a second or more. Implicit
synchronization information 1s just as accurate, but much
more granular, on the order of 12 second or less. In this
embodiment, the Command Module maintains an accurate
Master clock with aresolution of at least 100 of a second at all
times, rather than relying on the external timing signal for
timing information. The system need only periodically com-
pare the Master clock to the external signal to determine 1f any
drift has occurred. This greatly reduces the latency and com-
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putation overhead of the timing and comparison operations,
and allows for simpler implicit external timing signals to be
used. This also enables the show to continue firing from the
internal clocks of all modules, even 1n the event of failure of
the synchronization signal. In the event of loss, the system
may either pause until it 1s restored, or continue firing at the
user’s discretion. The system would be unable to track any
drift of the external events, but it would continue firing.

[0095] In another embodiment, a microcomputer of any
type, including but not limited to a personal computer, laptop,
palm, or smart phone may be used as the Command Module,
with an RF or wired connection to the Firing Modules. This
connection could be through a built-in system such as blue-
tooth or IrDA, or via an external circuit module attached to the

PC such as WiF1, Fthernet, SCSI, 802.11 LAN, WAN,
RS-232, RS-485, FSK, SMPTE, audio or video signal.

[0096] In another embodiment, not all of the timing infor-
mation would need to be transierred to the Firing Modules
betore the start of the program. As long as the cue timing
information for all atfected modules 1s transferred before the
time of the cue, zero latency can still be obtained.

[0097] In another embodiment, the identifiers and timing
information for each module can be preloaded at any time
prior to the show, and stored in non-volatile or other long-
term memory such that the identification and download steps
are already completed when the module i1s turned on. This
allows for simplified setup, and the ability for the user to fire
a more complex program 1n manual mode.

[0098] Those skilled 1n the art will readily recognize, 1n
accordance with the teachings of the present invention, that
any ol the foregoing steps and/or system modules may be
suitably replaced, reordered, removed and additional steps
and/or system modules may be inserted depending upon the
needs of the particular application, and that the systems of the
present embodiment may be implemented using any of a wide
variety of suitable processes and system modules, and 1s not
limited to any particular computer hardware, software, firm-
ware, microcode and the like.

[0099] FIG. 6 illustrates a typical computer system that,
when appropriately configured or designed, can serve as a
computer system in which the invention may be embodied.
The computer system 600 includes any number of processors
602 (also referred to as central processing units, or CPUs) that
are coupled to storage devices including primary storage 606
(typically a random access memory, or RAM), primary stor-
age 604 (typically a read only memory, or ROM). CPU 602
may be of various types including microcontrollers and
microprocessors such as programmable devices (e.g., CPLDs
and FPGAs) and unprogrammable devices such as gate array
ASICs or general purpose microprocessors. As 1s well known
in the art, primary storage 604 acts to transfer data and
instructions uni-directionally to the CPU and primary storage
606 1s used typically to transfer data and instructions in a
bi-directional manner. Both of these primary storage devices
may 1nclude any suitable computer-readable media such as
those described above. A mass storage device 608 may also be
coupled bi-directionally to CPU 602 and provides additional
data storage capacity and may include any of the computer-
readable media described above. Mass storage device 608
may be used to store programs, data and the like and 1s
typically a secondary storage medium such as a hard disk. It
will be appreciated that the information retained within the
mass storage device 608, may, in appropriate cases, be 1mcor-
porated 1n standard fashion as part of primary storage 606 as
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virtual memory. A specific mass storage device such as a
CD-ROM may also pass data uni-directionally to the CPU.

[0100] CPU 602 may also be coupled to an interface 610
that connects to one or more input/output devices such as such
as video monitors, track balls, mice, keyboards, microphones,
touch-sensitive displays, transducer card readers, magnetic or
paper tape readers, tablets, styluses, voice or handwriting
recognizers, or other well-known put devices such as, of
course, other computers. Finally, CPU 602 optionally may be
coupled to an external device such as a database or a computer
or telecommunications or internet network using an external
connection as shown generally at 612. With such a connec-
tion, 1t 1s contemplated that the CPU might receive informa-
tion from the network, or might output information to the
network in the course of performing the method steps
described herein.

[0101] In one preferred embodiment FIG. 7 illustrates the
architecture of an exemplary wireless 1gnition device with
distributed processing. The connecting device between the
firing fuse 700 of a pyrotechnic device 750 and an electric
igniter 710 includes an adjustable hanger 720 connected to a
support structure or mortar 730 with a wireless device 740
that uses distributed processing so that the firing time of the
igniter can be downloaded to the device prior to the firing
event, and through a synchronized clocking mechanism inde-
pendently fire the 1gniter at the precise timed event even
through unreliable RF or other communications media. The
Ignition Probe 710 has a replaceable high temperature sub-
strate wound with nichrome wire that can be inserted into the
sleeve of the pyrotechnic fuse and held 1n place by a spring
cover.

[0102] In FIG. 8, one implementation of the 1ignition probe
1s detailed. The probe 1tself 800 1s constructed of a heat
resistant material such as borosilicate glass, ceramic, or
Bakelite. Numerous other materials could be used by one
skilled 1n the art. In this embodiment, a T shaped tube of
borosilicate glass 1s used so that the probe may pivot to allow
case ol 1nsertion 1nto the fuse sleeve and this tube simplifies
keeping the two ends of the nichrome wire 810 separated. The
nichrome wire runs from a connection device within the
module through the glass tubing and out the tip. The tip 1s
melted closed to fuse the wire in place. The wire then runs
down grooves 820 molded into the glass or down the smooth
surface until reaching either a retaining clip or another point
where a melted glass bead secures the second end of the wire
in place. Other means may be used to secure the wire in place
by one skilled 1n the art. The wire then connects to another
terminal point 1n the module.

[0103] The nichrome wire 1s intentionally left slightly or
completely raised above the surface of the probe 830 so that
slight abrasion between the probe and the fuse 1s provided.
This abrasion serves both to clean the wire of any chemical
deposits and to abrade the pyrogenic material from the pyro-
technic fuse to enhance 1gnition. The length of the probe 1s
approximately 50 mm, although longer and shorter probes
can be used with little difference 1n the effect. Use of the
probe, rather than a clamp, 1s significant in that the protective
sleeve covering the fuse proper does not need to be removed.

[0104] In other preferred embodiments the probe may
include two conductive contacts that are either inserted into
the cut end of the sleeve or pierce the sleeve from the side. The
ignition method could be by heating nichrome wire, or by
initiating an electrical spark or discharge across two conduc-
tive contacts. Any other ignition methodology could be
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employed by one skilled inthe art, e.g., alaser given that 1t can
operate without the addition of consumable pyrotechnic
materials or removing the protective fuse sleeve. It 1s also not
necessary that the probe be on a prvot mechanism nor that it be
embodied within the module 1tself. In other preferred
embodiments the probe could be wired to the module so that
it could be 1nserted directly into the lift charge of the pyro-
technic device, or the entire module could be placed into the
bottom of the launch tube with the probe extending into the
l1ft charge container. It 1s important the probe be constructed
such that the launch of the pyrotechnic device and/or subse-
quent removal of the fuse and sleeve during the launch not
damage the device or probe.

[0105] In FIG. 9a a preferred embodiment of the attach-
ment hanger i1s described. The hanger includes a ratchet
clamp 900, the hanger 910 and screw mechamism 920.
Optionally, a spring loaded status flag 930 may be attached to
the hanger. One end of the ratchet clamp 1s placed over the
edge of the launch tube wall 950 or any support structure near
the launch tube. The bottom edge of the hanger within the
tube 1s beveled 960 so that 1t will not catch 1t struck by the
pyrotechmc device leaving the tube. The top of the ratchet
clamp 900 1s designed to allow a range of wall thicknesses
from 10 mm to 50 mm but any width 1s possible. The clamp 1s
also designed with a ratchet mechanism such that the hanger
can move freely back and forth across the range of the clamp
as long as 1t 1s vertical or nearly vertical.

[0106] In FIG. 96 once the clamp achieves a greater than,
without limitation, 5 degree tilt however, the ratchet engages
and the position of the hanger in relation to the clamp
becomes fixed 970. In one preferred embodiment, the user
places the ratchet clamp over the wall of the support structure
and then shides the hanger until 1t contacts the support wall
with the screw 1n the out position 940. The user then tightens
the screw while holding the top of the hanger in place, until
the ratchet engages because of the angle imparted by the
advancing screw 980. Additional tightening of the screw then
places additional holding force on the ratchet and assembly to
hold 1t firmly 1n place. In other preferred embodiments the
requisite angle and force could be supplied by a lever mecha-
nism, ratchet post, or other mechanical means. Greater or
lesser angles could be designed into the ratchet mechanism.

[0107] In one preferred embodiment the hanger may
include a spring latched tlag 930 made of a heat resistant
material. After the shell 1s dropped into the launch tube 950
and the fuse 1s attached to the module, the flag 1s folded back
over the launch tube where 1t latches into place. As the shell 1s
ignited, the gasses expelled from the tube prior to the launch
are suilicient to trip the latch, and the flag springs back out of
the way of the shell 990. In this manner the mortar has a clear
indicator when the shell 1s 1n place and constitutes a hazard to
pyrotechnicians in the area. In other preferred embodiments
the flag may be vertical when the shell 1s 1n place and hori-
zontal when the shell has been launched, or 1t may be either
horizontal over the shell or vertical when the shell 1s 1n place
and vertical away from the mortar when the shell has exited.

IT for any reason the shell does not launch during the display,
the shell 1n the tube 1s clearly indicated so 1t can be located by
the pyrotechnician and safely removed.

[0108] In another preferred embodiment this function
could be provided by a spring wound ribbon of heat resistant
material that 1s stretched across the mortar and held 1n place
by a clip. As the shell 1s launched the expanding gasses would
press against the ribbon, dislodging the clip from the other
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side of the mortar and the spring tension would reel the ribbon
back out of the way of the shell.

[0109] In other preferred embodiments this function could
also be performed by, without limitation, a pressure, vibra-
tion, thermal, or audio sensor with an indicator light. The use
ol a sensor for this function would also allow the status of the
sensor to be read by the Command Module, so that it could
provide feedback to the system and the pyrotechnician as to
the status of each shell. In one preferred embodiment the
indicator light could glow red when a shell 1s in place and
green when the shell has successtully fired. Many other indi-
cation means could be employed by one skilled in the art. The
indicator light could be a separate indicator, part of the acti-
vation switch, or the entire module assembly could glow for
maximum visibility.

[0110] FIG. 104 illustrates some of the user interface con-
trols and functionality for this preferred embodiment. Visible
in this drawing are the outer case 1010 the activation switch
1020, module ID display 1030, and charger probe access port
1040. In FIG. 105 1n one preferred embodiment the outer
cover 1s hinged with the charger probe such that pressing on
the bottom of the cover 1050 opens the top against the force of
the tension spring and provides easy access to the charger
probe 1060 1n FIG. 10¢. After the fuse 1s 1nstalled over the
probe, the cover 1s allowed to spring back into place, and the
probe access port provides some clamping and {riction
against the fuse to prevent it from dislodging or working loose
but allows the fuse to pull free when the shell launches.

[0111] Inanother preferred embodiment the open section at
the top of the module could have electrical connectors such
that an external probe could be connected to the module or the
clectrical charge used to heat the nichrome wire could be
attached to a standard 1gniter or E-match 11 desired.

[0112] ThelD display 1030 1s used to provide the user with
the unique 1dentifier for each module. As there may be tens of
thousands of shells 1n a very large show, 1n this embodiment
these displays should be at least 4 digits, but could be more or
less depending on the mtended application. In another pre-
terred embodiment LCD, LED, and/or alphanumeric displays
could be used to provide additional user feedback and status
information. In some implementations there may be no dis-
play at all.

[0113] In another preferred embodiment an RFID sensor
(active or passive) within the 1ignition module detects an RFID
tag affixed to the shell to 1dentity the shell to the ignition
module (and subsequently to the Command Module) explic-
itly directing 1t to associate that shell with the current module.
In other preferred embodiments this association could be
provided by printed bar code, a One-wire button, an external
keypad or data entry device, or user mput at the Command
Module. A separate wired or wireless data entry device could
employ similar technologies of RFID, barcode, nonvolatile
memory, or keypad. This data entry device could temporarily
establish a wired or wireless link to the i1gmition module,
supply the association of which shell 1s being inserted either
through reading 1t from some machine readable implementa-
tion or user mput.

[0114] In another preferred embodiment, more than one
1gnition probe could be provided so that two or more pyro-
technic devices could be triggered by the same physical mod-
ule.

[0115] In another preferred embodiment a mixture of 1gni-
tion probes and electronic current trigger outputs driving,
standard E-Matches could be integrated within the same unit.
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[0116] In another preferred embodiment the 1gnition mod-
ule 1s secured to the mortar via a clamping mechanism
through a hole 1n the mortar, and this hole 1s also used to sense
the shell lifting from the mortar through pressure, sound, or
temperature sensors.

[0117] Having fully described at least one embodiment of
the present invention, other equivalent or alternative methods
of achieving zero latency distributed processing of timed
pyrotechnic events according to the present invention will be
apparent to those skilled in the art. The mvention has been
described above by way of illustration, and the specific
embodiments disclosed are not intended to limit the invention
to the particular forms disclosed. With respect to the above
description then, 1t 1s to be realized that the optimum dimen-
sional relationships for the parts of the invention, to include
variations 1n size, materials, shape, form, function and man-
ner ol operation, assembly and use, are deemed readily appar-
ent and obvious to one skilled 1n the art, and all equivalent
relationships to those illustrated in the drawings and
described 1n the specification are intended to be encompassed
by the present mvention. The mvention 1s thus to cover all
modifications, equivalents, and alternatives falling within the
spirit and scope of the following claims.

What 1s claimed 1s:

1. A system for the distributed processing of timed pyro-

technic events, the system comprising:

a plurality of Firing Modules, at least some of the plurality
of Firing Modules being configured with computing
units that act as a Master controller, and the Firing Mod-
ules being further configured to output signals suitable
for the firing of a pyrotechnic device; and

a Command Module comprising a master clock, the Com-
mand Module being configured with a user interface to
the system and configured to transmit commands to at
least some of the plurality of Firing Modules, and at least
some of the plurality of Firing Modules being config-
ured to synchronize with the master clock and to recerve
and execute the commands relative to the master clock.

2. The system of claim 1, wherein at least some of the

plurality of Firing Modules operate substantially independent
from one another.

3. The system of claim 1, further comprising means for

communicating data or timing information from at least one

Firing Module to at least one other of the plurality of Firing
Modules.

4. The system of claim 1, wherein the output signals for the

firing of a pyrotechnic device are synchronized to at least one
external event.

5. The system of claim 1, further comprising means for
varying at least one parameter of an output signal to a pyro-
technic device to deliver a required amount of energy to fire
the respective pyrotechnic device.

6. The system of claim 1, wherein the output signals for the
firing of a pyrotechnic device are generated 1n response to an
external trigger from the output of at least one other of the
plurality of Firing Modules.

7. The system of claim 1, wherein at least some of the
plurality of Firing Modules are configured to transmit or
receive commands and therewith operate as a command
repeater 1n the distributed processing system.

8. The system of claim 1, further comprising means for
using two or more processing units to handle communica-
tions processing and real time event handling.



US 2009/0145321 Al

9. The system of claim 1, comprising a wireless remote
device configured to connect to a source of timing 1nforma-
tion and make that timing information available to a network
of the Firing Modules.

10. The system of claim 1, comprising a wireless remote
device configured to source audio and timing information to
an external amplification and/or distribution means, while
simultaneously provide associated timing information to the
distributed processing devices.

11. The system of claim 1, wherein an external device 1s
temporarily attached via wired or wireless communications
link and the wherein the external device utilizes a reader to
associate one or more pyrotechnic devices with the module to
implicitly or explicitly identily the module.

12. Ani1gnition device comprising areusable ignition probe
configured to be inserted into a fuse sleeve of a pyrotechnic
device and to be heated by an electric current to directly 1gnite
the fuse without removal of the protective sleeve.

13. The 1gnition device of claim 12, where the 1gnition
probe 1s heated to a sufficiently high temperature to prevent or
retard the deposition of chemical residue on the probe.

14. The 1gnition device of claim 12, comprising an attach-
ment module configured to attach to a support structure of a
pyrotechnic device, wherein the 1gnition probe 1s 1integrated
into the attachment module.

15. The 1igmition device of claim 12, comprising a distrib-
uted processing control module and one or more connectors
trom the distributed processing control module to the 1gnition
probe.

16. The 1ignition device of claim 12 comprising at least one
sensor configured to determine that the sleeve 1s properly
positioned over the probe.

17. The ignmition device of claim 16 wherein the at least one
sensor comprises an optical, magnetic, pressure, temperature,
or physical contact sensor.

18. The 1gnition device of claim 12, wherein the 1gnition
probe 1s configured to connect to a fuse of a pyrotechnic
device without substantial removal of a protective sleeve of
the fuse.

19. The 1gnition device of claim 12 comprising an engage-
ment device configured to provide suificient mechanical
holding power to prevent the fuse from inadvertent separation
from the 1ignition probe but allows the fuse and the fuse sleeve
to be removed when a shell of the pyrotechnic device lifts
from the mortar.

20. The 1gnition device of claim 12 wherein the engage-
ment device comprises a spring or iriction device.
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21. The 1gnition device of claim 12 comprising at least one
sensor configured to detect a flight of a shell of the pyrotech-
nic device from a mortar and to report a status of the tlight to
a controller.

22. The 1gnition device of claim 12, wherein the 1gnition

probe 1s configured to be mserted directly into a lift charge of
the pyrotechnic device.

23. The 1gnition device of claim 12, comprising a com-
mand and commumication module configured to attach to an
outside of a support structure of the pyrotechnic device.

24. The 1gnition device of claim 23, wherein a machine
readable 1identifier 1s read by the control and communications
module during the installation of a shell of the pyrotechnic
device to uniquely 1dentify an association between the 1gni-
tion device and the shell.

25. The 1ignition device of claim 24, comprising an external
wired or wireless data entry device configured to communi-
cate with the 1ignition device to set the association between the
shell being 1nserted and the 1gnition probe.

26. The 1gnition device of claim 12 wherein the 1gnition
probe comprises a T-shaped section of heat resistant material
and an 1gnition wire wound around a stem of the T-shaped
1gnition probe.

277. An attachment device for attaching a triggering system
to a support structure of a pyrotechnic device, the attachment
device comprising a ratcheting clamp mechanism that pro-
vides for attachment to differing wall thicknesses and pro-

vides a secure clamping mechanism via screw tension against
the ratchet.

28. The attachment device of claim 27 wherein secure
clamping tension 1s provided by lever action to impart the
necessary ratchet angle and force.

29. The attachment device of claim 27 comprising a spring,
loaded indicator flag configured to rotate 1n position as a
result of a shell leaving the support structure.

30. The attachment device of claim 27 comprising a pivot
mechanism at a juncture of the attachment device and the
triggering system wherein the pivot mechanism 1s configured
to allow the triggering system to rotate such that the triggering,
system remains perpendicular to the ground even when the
support structure 1s angled with respect to the ground.
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