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OPTICAL IMAGING SYSTEM WITH MULTIPLE IMAGING CHANNEL OPTICAL
SENSING

TECHNICAL FIELD
[0001] The present disclosure relates generalpntinfusion pump with
chromatic multiplexing, in particular, the pump sisingle or multiple light sources, a
single lens, mirrors, and beam combiners to enadseof a single color image sensor to
provide distinct images for multiple distinct ports of the pump.

BACKGROUND
[0002] Monochrome image sensors are generalyydestly than color image
sensors. However, for simultaneously received mpleliimages, monochrome sensors
cannot be used to separate the respective imaesxdmple to generate, display, or
operate upon the respective images, using conveitsignal processing. For example,
when a pixel in the monochrome sensor receives, ligh sensor cannot determine which

of the respective images the light pertains to.

SUMMARY
[0003] According to aspects illustrated herevere is provided an optical
imaging system for use with an infusion tube haardyip chamber including a first
portion with a drip tube, a second portion witheait port, and a third portion located
between the first and second portions, the opiticaying system including: at least one
light source for emitting at least two of firstcead, or third spectrums of light; an optics
system including a single lens for receiving amth$mitting at least two of the first
spectrum of light transmitted through the firsttpmor, the second spectrum of light
transmitted through the second portion, or thedtBpectrum of light transmitted through
the third portion. The optical system includesrayl@ image sensor for receiving the at
least two of the first, second, or third spectrwhbght from the single lens and
generating and transmitting data characterizingatieast two of the first, second, or
third spectrums of light received from the singled. The imaging system includes a
memory element for storing computer executableuetibns; and at least one processor
configured to execute the computer executableunostms to generate, using the data, at
least two of first, second, or third images of fingt, second, or third portions,

respectively.
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[0004] According to aspects illustrated herelgre is provided an optical
imaging system for use with an infusion tube haardyip chamber including a first
portion with a drip tube, a second portion witheait port, and a third portion located
between the first and second portions, the opiticaying system including: a single light
source for emitting at least two of first, secoodthird spectrums of light; and an optics
system including a single lens for receiving ameh$mitting at least two of: the first
spectrum of light transmitted through the firsttpmr; the second spectrum of light
transmitted through the second portion; and thel tspectrum of light transmitted
through the third portion; and a single color imagasor for: receiving the at least two of
the first, second, or third spectrums of light frtdme single lens; and generating and
transmitting data characterizing the at least tivine first, second, or third spectrums of
light received from the single lens. The imagingteyn includes a memory element for
storing computer executable instructions, andastlene processor configured to execute
the computer executable instructions to generafaguhe data, at least two of first,
second, or third images of the first, second, mdtportions, respectively.

[0005] According to aspects illustrated herelrgre is provided an optical
imaging system for use with an infusion tube haardyip chamber including a first
portion with a drip tube, a second portion witheait port, and a third portion located
between the first and second portions. The opiticaging system includes: at least one
of a first light source for emitting a first spaatn of light only, a second light source for
emitting a second spectrum of light only, or treairce of light for emitting a third
spectrum of light only; and an optics system incigc single lens for receiving and
transmitting at least one of: the first spectruntigit transmitted through the first
portion; the second spectrum of light transmitte@agh the second portion; and the third
spectrum of light transmitted through the thirdtpor. The optical system includes a
single color image sensor for receiving the attleas of the first, second, or third
spectrums of light from the single lens and gemsgadnd transmitting data
characterizing the at least one of the first, sd¢conthird spectrums of light received
from the single lens. The imaging system includeseanory element for storing
computer executable instructions, and at leasponeessor configured to execute the
computer executable instructions to generate, ubglata, at least one of first, second,
or third images of the first, second, or third pms, respectively. The first, second, and

third spectrums of light are free of overlappingvel@ngths amongst each other.
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[0006] According to aspects illustrated hereere is provided a method of
imaging an infusion tube having a drip chamberuduig a first portion with a drip tube,

a second portion with an exit port, and a thirdtiparlocated between the first and
second portions, including: storing, in a memogn&nt, computer executable
instructions; emitting at least two of first, sedpor third spectrums of light from at least
one light source; receiving and transmitting, usargingle lens at least two of: the first
spectrum of light transmitted through the firsttpmr; the second spectrum of light
transmitted through the second portion; or thedtBpectrum of light transmitted through
the third portion; receiving, using a single imagasor, the at least two of the first,
second, or third spectrums of light from the sidgles; generating and transmitting, using
the single image sensor data characterizing theaat two of the first, second, or third
spectrums of light received from the single lem&] axecuting, using the at least one
processor, the computer executable instructiogehe@rate, using the data, at least two of
first, second, or third images of the first, segamdthird portions, respectively.

[0007] According to aspects illustrated hereerée is provided a method of
imaging an infusion tube having a drip chamberuduig a first portion with a drip tube,

a second portion with an exit port, and a thirdtiparlocated between the first and
second portions, including: storing computer exalslgt instructions in a memory
element; emitting, using a single light sourcdeast two of first, second, or third
spectrums of light: receiving and transmittingngsa single lens at least two of: the first
spectrum of light transmitted through the firsttpmor; the second spectrum of light
transmitted through the second portion; or thedtepectrum of light transmitted through
the third portion; receiving, using a single caloage sensor, the at least two of the first,
second, or third spectrums of light from the sidgles; generating and transmitting, using
a single color image sensor, data characteriziagtheast two of the first, second, or
third spectrums of light received from the singled; and executing, using at least one
processor, the computer executable instructioget@rate, using the data, at least two of
first, second, or third images of the first, seqamcthird portions, respectively.

[0008] According to aspects illustrated hereere is provided a method of
imaging an infusion tube having a drip chamberuduig a first portion with a drip tube,

a second portion with an exit port, and a thirdtiparlocated between the first and
second portions, including: storing computer exalolat instructions in a memory

element; and emitting at least one of a first spectof light only using a first light
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source, a second spectrum of light only using arsgdight source; or a third spectrum of
light only using a third light source. The methadludes: receiving and transmitting,

105 using a single lens at least one of: the first spet of light transmitted through the first
portion; the second spectrum of light transmittedagh the second portion; or the third
spectrum of light transmitted through the thirdtor; receiving, using a single color
image sensor, the at least one of the first, seaamithird spectrums of light from the
single lens; generating and transmitting, usingsihgle color image sensor, data

110 characterizing the at least one of the first, sdconthird spectrums of light received
from the single lens; and executing, using at leastprocessor, the computer executable
instructions to generate, using the data, at l@astof first, second, or third images of the
first, second, or third portions, respectively. Tinst, second, and third spectrums of light
are free of overlapping wavelengths amongst eduoér ot

115
BRIEF DESCRIPTION OF THE DRAWINGS
[0009] The nature and mode of operation of tres@nt invention will now be
more fully described in the following detailed degtion of the invention taken with the
accompanying drawing figures, in which:
120 Figure 1 is a schematic representation of défimst for an infusion pump;
Figure 2 is a schematic block representatiomah&usion pump with an
optical imaging system;
Figures 3A through 3F illustrate example embodita®f the illumination
system shown in Figure 2;
125 Figures 4A through 4C are schematic represemtafi@mbodiments for
an optical system;
Figures 5A through 5C illustrate imaging procegsiefinitions;
Figure 6 illustrates an image of a drop includangjrcle at least partly
included within an outer boundary of the drop
130 Figure 7 is a flow chart illustrating operatiohaopump with an optical
imaging system;
Figures 8A and 8B are schematic details for agpimplementing an
operation for determining a gravity vector;
Figures 9A and 9B are schematic details of a pusipg light injection;
135 Figures 10A and 10B are schematic details ofrapwith a meniscus

detection arrangement;



Figure 11 is a schematic block representatiamofinfusion pumps with
respective optical imaging system in a primary s@cbndary configuration;
Figure 12 is a top-level block diagram illustngtioperation of a pump
140 with an optical imaging system,;
Figure 13 is a block diagram illustrating examggnal processing and
feedback control for a pump with an optical imagaygtem;
Figure 14 is a block diagram illustrating examgigital filtering in a
pump with an optical imaging system,;
145 Figure 15 is a schematic representation of exarsypétial filtering in a
pump with an optical imaging system;
Figure 16 is a schematic representation of alcalpmaging system with
multiple imaging channel optical sensing and alsitight source;
Figure 17 is a schematic representation of alcalpmaging system with
150 multiple imaging channel optical sensing and alsifight source;
Figure 18 is a schematic representation of alcalpmaging system with
multiple imaging channel optical sensing and alsitight source;
Figure 19 is a schematic representation of alcalpmaging system with
multiple imaging channel optical sensing and miétight sources; and,
155 Figure 20 is a schematic representation of alcalpmaging system with
two-channel optical imaging and a single light seur

DETAILED DESCRIPTION

[0010] At the outset, it should be appreciatet tike drawing numbers on

160 different drawing views identify identical, or fummanally similar, structural elements of
the invention. While the present invention is disemt with respect to what is presently
considered to be the preferred aspects, it is tnderstood that the invention as claimed
is not limited to the disclosed aspects.
[0011] Furthermore, it is understood that thigeintion is not limited to the

165 particular methodology, materials and modificatidiescribed and as such may, of
course, vary. It is also understood that the teoiomy used herein is for the purpose of
describing particular aspects only, and is notndéal to limit the scope of the present
invention, which is limited only by the appendediuis.
[0012] Unless defined otherwise, all technical anientific terms used herein

170 have the same meaning as commonly understood tofardinary skill in the art to
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which this invention belongs. Although any methatksyices or materials similar or
equivalent to those described herein can be usdgtipractice or testing of the invention,
the preferred methods, devices, and materials@sedescribed.

[0013] Figure 1 is a schematic representatiotiedihitions for an infusion pump.
[0014] Figure 2 is a schematic block represematif infusion pum@d.00 with
optical imaging systerhi02. Pumpl00 includes specially programmed microprocessor
104, drip chambefl06 for connection to output tul&®8, and drip tubé.10 for

connecting the drip chamber to a source of fliid, for example, an IV bag. The drip
tube includes enil14 disposed within the drip chamber. The imagingeysincludes
illumination systeni18 and optical systerfi20. Systeml18 includes lighting element
122 for transmitting light through wall23 of the drip chamber to or around driipt of
the fluid suspended from the end of the drip tdbeexample, one or both of the drip and
end114 are illuminated. Systeril8 also controls illumination properties of the light
transmitted to the drop. Systet®0 receives, for example using optical sers, light
transmitted through the drop, or through or aroend114 and transmits, to the
microprocessor, dati?9 regarding the received light. Purb@0 also includes pumping
mechanisni27. In one embodiment, the mechanism includes topbattom flow
restrictors and uses peristaltic actuators, sucblss, to displace fluid through tube
108.

[0015] Figures 3A through 3F illustrate exampiegbediments of systertil8 in
Figure 2. As shown in Figure 3A, light ray28 from a collimated illumination system
are parallel. As shown in Figure 3B, light ray@® from a diffuse illumination system are
emitted in a cone-shaped pattern from each liglittiewin point on an illumination plane.
As shown in Figure 3C, light ray$82 from illumination sourcd?22 pass through
telecentric lend34 and are formed into ray bundI&36. The rays in bundleE36 are

very nearly parallel. The ray bundles provide stdefinition of image edges and
minimize depth distortion As shown in Figure 30stauctured lighting element shapes
illumination, for example, ray$38, so as to control unwanted or stray light and to
accentuate edges of an objecting being illuminakestructured lighting element can
include barrie39, disposed between an illumination source and ggcbbeing
illuminated, for example, drof?4, to shape the illumination, for example, by bloxkor
altering light emanating from the source.

[0016] Figure 3E illustrates the use of laseelif@rence to project stripe patterns

measure droft24. lllumination sourcd 22 includes laser light sourc&87. Sourced87
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project light patterns consisting of many stripeerace, or of arbitrary fringes. This
technique enables the acquisition of a multitudsamfples regarding an image of drop
124, simultaneously. As seen from different viewpojnit® projected pattern appears
geometrically distorted due to the surface shapgbebbject. In one embodiment,
patterns of parallel stripes are used; howevehauld be understood that other patterns
can be used. The displacement of the stripes alloman exact retrieval of the three
dimensional (3D) coordinates of details on an dlgesurface, for example, the surface of
drop124. Laser interference works with two wide planantsil89 from laser beams

191. The interference of the fronts results in regudguidistant line, or interference,
patternsl93. Different pattern sizes can be obtained by chramtiie angle between the
beams. The method allows for the exact and eassrgeon of very fine patterns with
unlimited depth of field. Figure 3E is a top vielpump 100 and source%87 are shown
disposed radially about axi95 for drop tubel10. However, it should be understood that
other configurations of sourc&87 with respect to the pump are possible, for example
parallel to axisl95.

[0017] Figure 3F illustrates the use of projectiens196 in systeml18. In Figure
3F, systerm18 illumination source transmits ligh®7 through lend96. Surfacel98 of

the lens is modified as known in the art, for exemetched or through deposition of
chrome or other materials, to produce a patterthersurface. Light97 passing through
the lens projects an image of the pattern on andtairop124. In one embodiment,
projected patterd99 is in the form of a constant-interval bar and gpsguare wave, such
as a Ronchi Ruling, or Ronchi grating.

[0018] The illumination source for a structureghting element can be
collimated, diffuse, or telecentric. Structurediilination can control unwanted or stray
light and accentuate image edges. In one embodjrienilumination system includes a
telecentric lighting element. In one embodimeng, itumination system includes a
structured lighting element.

[0019] Returning to Figure 2, microproces$04 includes data processing
segmentl40 and data acquisition and control segnet The pump also includes
control panell44, for example, any graphical user interface knowthe art. Output

from the optical system, for example, d428 from sensof26, is inputted to segment
142. Panell44, or other operator input, is used to input a éesflow rate through the
drip chamber, as well as other necessary dataasidhug type and treatment

information. Microprocessdl04 can be any microprocessor known in the art.

7



240

245

250

255

260

265

270

[0020] Pumpl00 uses optical sensing of pendant drops, that igsdnanging

from or suspended from erdd4, to measure fluid flow through the drip chambethi®
output tube and to provide input to a closed-loomp control process controlled by the
microprocessor. Fluid from sour&é?2 flows through drip tube to erid4 of the drip

tube. The fluid forms drofp24 at endl14 and when conditions in the drip tube, discussed
infra, are suitable, the drop falls from et into fluid 146 in the drip chamber. In
general, a pendant drop increases in volume ingotio to the outflow of fluidl46 from
the drip chamber through tuié8. That is, an increase in the volume of the pendeoyt
during a time frame is equal to the volume of flpaksing from the drip chamber to tube
108 in the time period. The preceding relationshipased on the following assumptions:
the fluid from the source is not compressible; sedd?2, the drip tube, the drip chamber,
tube108, and a patient to whom tulié8 is connected are closed to outside atmosphere.
Each measurement of the drop volume is processgebtide a fluid volume (or mass)
measurement. Successive measurements of drop volmené&nown intervals of time are
used by the microprocessor to calculate the flde o&fluid through the system.

[0021] Thus, in one embodiment, operation of pungmechanisni27 is
controlled by the microprocessor using the dessetgpoint for flow through the drip
chamber and data regarding a measured flow rdteidfthrough the drip chamber. For
example, the microprocessor executes a feedbapkwbah compares the desired flow
rate with the measured flow rate, and adjusts timeging mechanism to correct any
deviations between desired and measured flow rates.

[0022] Figures 4A through 4C are schematic repregion of embodiments for
optical systen120. The embodiments shown in Figures 4A through 4@ feeal,
conjugate images, for example, of dii#ja on a focal plane array formed by senk2g.
Figures 4A and 4B use refractive optics, such rglesilensl48 or combinationd50 of
lenses, respectively. Figure 4C shows refractivespsuch as combinatidb0 of

lenses, and reflective optics, such as fold mit&#. Lens148, combinationl50, and
mirror 152 can be any lens, combination of lenses, or mknawn in the art.
Combination150 may include different lenses in Figures 4B and 4C.

[0023] Returning to Figure 2, in one embodimeptjcal sensoi26 is a focal
plane array formed by any means known in the ctuding, but not limited to a charge
coupled device (CCD), a CMOS detector, or a hylnidging array such as InGaAs
bonded to a CMOS readout integrated circuit. Systedrincludes optics, such as lens

148, focused on the location of drdg4. It should be understood that other optics can be
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used in syster20. In one embodiment, chamhki6 is substantially optically clear and
systeml18 directs light though the walls of the chamberhi® optical system, for

275 example, sensd26. The light can provide back or side illuminatiditize drop. In one
embodiment, systel02 is configured such that drd@4 and the focal plane array are
optical conjugates and the focal plane array recardactual image of the drop. The
imaging system captures drop images at a ratecgrffito observe the growth and
detachment of a single drop.

280 [0024] In one embodiment, punpO0 satisfies two key metrics with respect to
imaging dropl24. First, the frame rate (images per second) iscseifit to capture a
sequence of images as the drop grows in size aadlass. Second, the exposure time
(the amount of time the light is collected on teasor for each specific image) is short
enough to freeze the motion of the drop. Pu®pgenerates images with clear edge

285 definition, sufficient magnification (in terms ofimber of pixels across the drop), and a
minimum number of artifacts such as glare.

[0025] In one embodiment, imaging syst#d2 and the microprocessor produce
an accurate image of the drop that is then analggetkscribed infra to determine the
volume of the drop. Since the fluid drop has aamif density, and any bubbles

290 (occlusions) or entrainments are sufficiently snalbe negligible, in one embodiment,
only the outer surface of the drop is measuredloutate the volume of the drop. The
preceding measurement is accomplished by imagmgdrbp with sufficient spatial
resolution to accurately measure the boundary seirfa numeric integral over this
boundary then provides the droplet volume.

295 [0026] Figures 5A through 5C illustrate imagimggessing definitions. In one
embodiment, a reference/alignment frame and anersagle (pixels per mm) are
established by locating end poltit4 of the drip tube orifice, as shown in Figure 5AeT
end point has a known size and hence provides sahlation. The end point also
represents the top boundary of the drop, whicls&lun volume calculations described

300 infra. In one embodiment, apé&%4 of the drop (a point furthest from the fixed/refiece
point) is identified and used in the determinatidithe volume of the drop. For example,
the optical system, for example, sen®8, receives the light transmitted into or through
the drip tube and transmitting, to the microprooesdata regarding the received light. In
one embodiment, the microprocessor is for detemginising the data, a boundary of end

305 point114 and using the boundary of end pdid# as a reference point for determining a

volume, shape, or location of the drop, as furttescribed infra.
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[0027] In one embodiment, as further describéajrthe direction of gravity
(gravity vectorl56) with respect to drofi24 is determined. A reference point, for
example, the boundary of end polid#l, and the gravity vector are used to establish a

310 reference frame for the image processing.
[0028] In one embodiment, volume of dripy is calculated by using the
microprocessor to receive ddi29 and generate an image of the drop from the d&ia. T
microprocessor locates an outer edge of the dréipeirmage to define boundat§7 of
the drop. The microprocessor integrates an ardasatcby the boundary and calculates a

315 volume of revolution for the drop with respect tasal59 for the drop that intersects the
end of the drip tube, assuming symmetry of the dvitp respect to the axis.
[0029] The above calculation of the volume opdr24 can be calculated using at
least two broad approaches. The first approacimgeéBoundary Constrained Volume
and shown in Figure 5B, uses the outer locatiah@drop image to calculate the total

320 volume. Each horizontal rodbs8 of pixel data from the image has associated widimi
outer left and right boundary. The area betweesdli®undaries is treated as the two
dimensional projection of a circular disk volumlegisymmetric volume of rotation of the
area). The drop image is integrated from end [ddiatto the apex by summing the
volume of each row. Boundary Constrained Volumeinist maximum resolution for

325 each row of data.
[0030] The second approach is termed Fit ComstthVolume and is shown in
Figure 5C. That is, the volume of dr&p4 is determined by fitting a parametric function
to the boundary image of the drop and integrativegptarametric function, again,
assuming rotational symmetry. There are a numbposéible fitting algorithms, as

330 discussed below, but the result of any fit is aofgtarameters to the assumed function
that represents entire boundaby. Fit Constrained Volume smoothes out row detalil.
[0031] In one embodiment, the microprocessortegea plurality of temporally
successive images of the drop from d&ét@ and calculates a respective volume for the
drop in each successive image or calculates ragpdithe periods between detachment

335 of successive drops from the end of the drip tiyetemporally successive images, we
mean a series of images taken over a time periodrionological order. The
microprocessor calculates a rate of increase ®wtitume of the drop using the
respective volumes or the respective time periddsioted above, flow out of the drip
tube is substantially equal to the increase irvtiieme of the drop; therefore, the time

340 periods between drops detaching from the end oditipetube can be correlated to the
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volume increases of the successive drops. For deampmpne embodiment, the
microprocessor calculates a respective volumeh®dtop in each successive image, for
example, using operations described infra and sgpteulates changes in the respective
volumes; and calculates a flow rate of fluid to thitput tube based on the changes in the
respective volumes. In one embodiment, the micrags®or controls mechanisif7 to
match the calculated flow rate with a desired flate, for example, stored in the
MiCroprocessor.

[0032] In one embodiment, the microprocessooisyknerating a free flow alarm
or an out of bound condition alarm when the ratamofease for the volume of the drops
exceeds a predetermined value, for example, storéd microprocessor. In one
embodiment, the microprocessor is for operatingharism127 to shut off flow to the
output tube when the free flow alarm or the oub@dind condition alarm is generated. In
one embodiment the microprocessor generates a ti@ansocclusion alarm when the
rate of increase of the volume of the drop is thas a predetermined value. In one
embodiment, the microprocessor determines thab@idrabsent from the end of the drip
tube for a specified period of time and generatesmpty bag alarm or an air-in-line
alarm.

[0033] In one embodiment, the pump includes pecoELE3 used to operate
mechanismi27 to shut off flow to the output tube when the fflesv alarm or the out of
bound condition alarm is generated. That is, afetysand redundancy factor, a second
microprocessor is used in the pump.

[0034] The drop is initially hanging from a fixg@aint in the drip chamber, for
example, end14. In one embodiment, the microprocessor is fortifigng when the

drop detaches from the fixed point in the drip chamas a means of determining when
the drop has reached maximum volume. The microgsmranakes the preceding
identification by creating a plurality of temposaBuccessive images of the drop and
analyzing these images. By temporally successiag@s, we mean a series of images
taken over a time period in chronological order.

[0035] In one embodiment, the microprocessortifien, in each successive
image, a respective point in the boundary, for eplamapex154, and determines a
distance of each respective point from &td. The microprocessor then identifies two
successive images of the drop in which the distamated above, in the second image in
the succession is less than the distance in thieifiilage in the succession. This decrease

of the distance indicates that the drop detachmd the fixed point in the interval
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between the first and second images, which fuitigicates that the drop reached a
maximum size in the first image. The microprocessdculates the volume of the drop
using the first image.

[0036] Figure 6 illustrates imadg®0 of drop124 including circlel62 at least
partly included within outer boundai4 of the drop. Figure 6 illustrates a specific
example of the Fit Constrained Volume approaclona embodiment, the
microprocessor identifies respective circlé® within each temporally successive image.
The circles are partially defined by a respectiveenboundarie$64 of the temporally
successive images. The microprocessor identifresgective location, with respect to the
fixed point in the drip chamber, for each respextircle and calculates a volume of the
drop from the data and using the respective circles

[0037] In one embodiment, identifying the respectocation for said each
respective circle includes identifying the imageresponding to the largest size of the
drop, for example, the last image before the detaches from the end point of the drip
tube. For example, the microprocessor identifiessaective point on each respective
circle at a furthest distance from the fixed pamthe drip chamber, for example, end
point 114. The microprocessor then determines which of éspective points is furthest
from the fixed point and identifies an image inéhglthe respective point furthest from
the fixed point. That is, the microprocessor id@ggithe largest drop by identifying the
drop having the largest circle. In one embodimtd,largest drop is identified by
determining a first image in which the distanceéha&f apex from the fixed point decreases
with respect to the distance of the apex from itkedf point for a second image
immediately preceding the first image. This decedadicates that the drop detached
from the fixed point in the interval between thesffiand second images, which further
indicates that the drop reached a maximum sizledritst image. The microprocessor
calculates the volume of the drop using the imagkiding the respective point furthest
from the fixed point.

[0038] In one embodiment, the microprocessortifles the respective outer
boundaries for each of the temporal images sudrettzh outer boundary includes a
respective edge of the drop furthest from the figeoht in the drip chamber and the
respective circle includes the respective edget iBh&he microprocessor aligns the
circles described supra with the actual edgesenfitbps such that the points of the
circles furthest from the fixed point, for exampded114, are part of the edge of the

drop. In one embodiment, the microprocessor idestifespective circular arcs
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corresponding to the respective edges and incluti@gespective circular arcs in the
respective circles.

[0039] In one embodiment, identifying the imageresponding to the largest size
of the drop, for example, the last image beforeditog detaches from the end point of the
drip tube, includes using the center points ofdingles. For example, the microprocessor
calculates respective center poibé® for the circles and calculates the positions ef th
center points with respect to the fixed point,dgample, end poiritl4. The
microprocessor then determines which of the cedants is furthest from the fixed point
and identifies an image including the center phirnthest from the fixed point. That is,
the microprocessor identifies the largest dropdantifying the drop having the largest
circle. The microprocessor calculates the volumiefdrop using the image including
the center point furthest from the fixed point.

[0040] Figure 7 is a flow chart illustrating opéon of pumpl00 with an optical
imaging system. Figure 7 illustrates an examplerélgm usable by pum00. It should

be understood that other algorithms are usablé®dptmp. The image of drd24 is
filtered and thresholded to create a binary im&geer operations can include median
filtering (to remove isolated glare), background @amage uniformity correction (to
remove noise sources due to dark noise, read nmisd,non-uniformity, and

illumination non-uniformity), and edge definitionging techniques such as convolution
or unsharp masking). The resulting images are ltlotded to yield binary images. A
binary image consists of values that are eithezkotat white, with no intermediate
grayscale values. The images are also processedr@tel with the above operations) to
find the reference location, for example, end pdi#, using techniques such as feature
detection, pattern matching, or transform techrscqgiech as the Radon transform. The
end point location is used to form an image maskiask isolates a region of an image
for further processing. Use of a mask increasespotational speed, as well as eliminates
artifact information from being further processed.

[0041] In one embodiment, the binarized, maskeages are then processed row-
by-row to find the extreme right- and left-boun@atiThis boundary-constrained fit is
one estimate of the drop edge shape. In one embkeadlithe images are also processed
using a fit-constrained algorithm. Such an algonitapplies constraints based on
assumptions about the drop shape as discussedasupnafra. The constraints are used
in a non-linear least squares optimization schemmihimize the error between the

parameterized constraint function(s) and the seirarized edge images.
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[0042] The two different edge approximations evided to an Edge Estimator
algorithm that compares fit-constrained imagesanolary-constrained images. In the
simplest instantiation, the images are comparedlbywnow. The boundary-constrained
images are considered to be the "correct” resldtssrthey deviates from the fit-
constrained images by more than a certain parartthieparameter is adjusted during
calibration). If the deviation is too large, thduafrom the fit-constrained image is used
to replace that of the boundary-constrained imagéhiat row. The above is intended to
illustrate the concept behind the estimator. lnalcise, more sophisticated algorithms
are used to simultaneously optimize the differdmet@veen the two initial estimates. An
example of such an algorithm is a Kalman filtert, tiner algorithms familiar to those
skilled in the art may also be utilized.

[0043] The output from the Edge Estimator alsovjates the location of the apex
of the drop, which is for example, used to calaithe time-dependent gravity vector.
This operation requires access to prior estimdtéseoapex value (to calculate the
change), and hence a number of prior values aredsio a buffer. The gravity vector is
required for some of the parametric fit functiohattare used in the fit-constrained edge
estimation algorithms. Hence, the gravity vectarsed in a feedback loop for the edge fit
algorithms.

[0044] Figures 8A and 8B are schematic detailgptonp100 implementing an
operation for determining gravity vectd®6. In one embodiment, systet8 illuminates
end pointl14 and dropl24 and the optical system, for example, seli&6r receives

light emanating from the end point and light emangatrom the drop and transmits data
129 regarding the received light. The microprocessoregates, using the data, respective
images of the drop and the end of the drip tubelacates an apex of the drop, the apex
being a portion of the drop at a furthest distanom the end of the drip tube. The
microprocessor determines, using the location @fgbex, an orientation of the drop with
respect to the end of the drip tube and calculatgag the orientation of the drop with
respect to the end of the drip tube, an orientatiaihe drip chamber. In one embodiment,
the microprocessor compares the orientation oflitheechamber to a set point, for
example, a certain orientation with respect to fdstored in the microprocessor, and
generates an out of bound condition alarm whermtieatation equals the set point or
varies from the set point by a specified amount.é¢xample, if the drip chamber is too
far out of plumb, operation of puni®0 may be compromised and the alarm is generated.

[0045] For example, in Figure 8A liri®8 for the actual orientation of the drop
14
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and axisl70 for the drip chamber are co-linear, Since the dnost necessarily align

with the forces of gravity (is plumb), the drip chiger is in a plumb orientation in Figure
8A. Also, line168 is aligned with gravity vectd56. In Figure 8B, lined68 and170 are
not co-linear and the drip chamber is not plumhusltn one embodiment, the
microprocessor generates lirk8 and170 and compares the respective locations or
orientation of the lines. That is, the microproces=slculates the orientation of the drip
chamber with respect to the gravity vector. In emdodiment, when dafi9 is used to
generate respective images over a period of tieragorally sequential images), the
gravity vector is determined by measuring in thages of the end of the drip tube and
the drop, the location of the apex of the pendamp @s it grows over time and tracking
the time-dependent directional change of the apexesa series of these measurements.
In one embodiment, the boundary of ddd is calculated as described supra and the
boundary is used as reference plane for calcul#ti@grientation of the drop and/or the
drip chamber.

[0046] In one embodiment, the illumination systeomtrols illumination
properties of the light illuminating the end of tthep tube and the drop and the
microprocessor: identifies respective boundariehefend of the drip tube and the drop
from the respective images; fits a parametric fiomcto the respective boundaries; and
integrating the parametric function to obtain awnoé of the drop, for example, as
described above.

[0047] In one embodiment, the end point locatgrayity vector, and optimal
edge estimate are input to a volume calculatiotimeuhat integrates the edge image
using the "circular disk" assumption discussed abdte location of the end of the drip
tube is used to determine the upper limit of ind¢ign, while the gravity vector is used to
determine the direction of the horizontal (at righgles to the gravity vector). These end
and gravity data values are provided along withvillame as output from the algorithm.
In one embodiment, the algorithm also passes eupainameters of the edge fit, as well
as statistical data such as fit variances. In onigogliment, the preceding information is
used in the digital signal processing chain disedisslow.

[0048] A number of methods can be used to fib@straint to the measured
image. In one embodiment, a "pendant drop" apprdaehblves solving the Laplace-
Young equation (LYE) for surface tension. A dromgiag from a contact point (the end
point) has a shape that is controlled by the balaficurface tension (related to viscosity)

and gravity. The assumption is only strictly vakitien the drop is in equilibrium;
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oscillations (due to vibration or pressure fluctolas) will distort the drop shape from the
Laplace-Young prediction. However, small oscillasowill not cause the fit to fail; in
fact, the deviation from a fit is itself a good icator of the presence of such oscillations.
[0049] In one embodiment, a Circular Hough Transf (CHT) is used on the
image to identify the component of the image tleatesents the curved bottom of the
drop. While not strictly a "fit", the CHT providesparametric representation of the drop
that is characterized by the value and origin efrédius of a circle. The CHT algorithm
is representative of a constraint that is deterthoreapplied in a mathematical transform
space of the image. Other widely-used transforamsjliar to those skilled in the art, are
the Fourier and wavelet transforms, as well asteon transform.

[0050] The parametric fitting procedures desatibbove apply strong constraints
on the possible location of the edge of the drdpng with the assumption of continuity
(a fluid edge cannot deviate from its neighborsr ®udficiently short distances), and the
requirement that the drop edge terminate at thgetdhe orifice, the procedures are used
to augment and correct the boundary-constrainedemes discussed above. Other fitting
procedures work similarly to those discussed herein

[0051] Figures 9A and 9B are schematic detailgurhp100 using light injection.
Drip tube110, drip chambef06, tubel08, drop124, imaging systemi20, and sensor

126 are as described for Figure 2. lllumination sysid&includes illumination source
172 for transmitting, or injecting, light74 into the drip tube. The light reflects off a
plurality of portions of internally facing surfad@&6 of the drip tube and the reflected
light is transmitted through the end poli# of the drip tube into interiak77 of drop

124 such that the interior is uniformly illuminatedad optical system receives ligli8
transmitted from the interior of the drop and traits, to the computer processor, data
regarding the received light. The data regardimgréteived light can be operated upon
using any of the operations noted supra. For exanplone embodiment, the
illumination system is for controlling illuminatigoroperties of the light transmitted to
the drop, and the optical system is for receiviggtlfrom the drop. The microprocessor
is for: generating an image from the data, the enagluding a boundary of the drop;
fitting a parametric function to the boundary o tifrop; and integrating the parametric
function to obtain a volume of the drop.

[0052] Thus, lightl74 is formed into a beam, which is injected into the
transparent drip tube so as to undergo significaatnal reflection (i.e., equal to or

greater than the so-called “critical angle"). Thkndrical bore of the tube causes the
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internal reflections to diverge inside the tubdifig the bore of the tube), while
imperfections in the tube surface introduce liglatgering. The result is that the drop is
illuminated internally. Under these conditions timaging optics in systerdi20 receive

only light that is scattered from the drop surfébere is no direct ray path for the light to
reach the lens). In addition to a high contraseddtage, this approach enables the use of
a very compact illumination element.

[0053] Figure 10A is a schematic detail of pub® with a meniscus detection
arrangement. Drip tubELO, drip chambefl06, tubel08, and fluid146 are as described

for Figure 2. Imaging systed02 includes light source, for example, a laser, for
transmitting lightl82 at an acute angle with respect to longitudinas &4 for the drip
chamber, into the drip chamber such that the lighects, at the acute angle, off a surface
186 of fluid pooled within the drip chamber. Systd0? also includes sensor, or position
sensitive detectof,88 for receiving reflected light82 and transmitting, to the computer
processor, data regarding the received light. Tleeaprocessor is for calculating a
position of surfacd86 using the data regarding the received light.

[0054] The location on sensb88 receiving lightl82 depends on the location of
surfacel86. Levels190A and190B show two possible levels for flui#6 and hence,

two possible locations for surfat86. As seen in Figure 10B, lighB2A and182B
reflecting from level490A and190B, respectively, strike different portions of sensor
188. The microprocessor uses the difference betweelotdations on sens@B8 to
determine the level of fluid46, that is, the meniscus, in the drip chamber. Sel&®

can be any positional sensitive detector knowméndrt, for example, a segmented sensor
or a lateral sensor. In one embodiment, the miowgssor generates an empty bag alarm
or an air-in-line alarm for an instance in whicke tight transmitted from light sourd&8

is not received by the optical system, for examiple,drip chamber is empty or le\i6

is so low that lighti82 does not strike fluid46.

[0055] A segmented positional sensitive detertdudes multiple active areas,

for example, four active areas, or quadrants, seépaiby a small gap or dead region.
When a symmetrical light spot is equally incidentadl the quadrant, the device
generates four equal currents and the spot igsdid located on the device's electrical
center. As the spot translates across the actea #re current output for each segment
can be used to calculate the position of the gptdateral positional sensitive detector
includes a single active element in which the ptiate surface resistance is used to

determine position. Accurate position informatisrobtained independent of the light
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spot intensity profile, symmetry or size. The deuwiesponse is uniform across the
detector aperture, with no dead space.

[0056] Figure 10B is a schematic detail of putfp with a meniscus detection
arrangement. In one embodiment, imaging syst@?includes mirrorl92 on the

opposite side of the drip tube to reflect ligBR back through the drip tube and beam
splitter 194 to direct the reflected light to sensk@8. This configuration enables
placement of all the electronics for the opticahponents on the same side of the tube.
[0057] The following provides further detail redeng meniscus level
measurement. The drip chamber remains partialgdfilvith fluid at all times during
operation. The air trapped in the drip chamben igressure equilibrium with the fluid
above and below it. The difference in pressuresactioe air gap drives fluid out of the
bottom of the drip chamber and through downstragymg 108. Fluid enters and leaves
the drip tube chamber continuously as the drop griowolume, and hence the meniscus
level of the fluid remains nearly constant. Howewdranges in the meniscus level can
occur for several reasons: transient changes nmay edhen a drop detaches and falls
into the fluid below; or fluctuations may occur dwepressure oscillations in the fluid
(due to pump vibration, motion of the tubing setimmtion of the patient). These transient
changes will fluctuate around a mean meniscus yalug hence do not indicate changes
in flow rate over times long compared to the chemastic fluctuation times.

[0058] Variations that change the mean menisewsl lover longer times may
occur due to changes in the external pressure@magnt (e.g., in a traveling vehicle or
aircraft), changes in backpressure arising fromioa¢dssues with the patient, or due to
occlusions or other malfunctions in the pumpingcpss. These long-term meniscus level
changes represent a concomitant change in thelbflevarate, and may be used to
provide a refinement to the flow measurements destrsupra. Hence, it may be desired
to monitor the level of the meniscus during theigibn, and to use the information
derived therein as an indicator of operational [z with the infusion system, or as an
adjunct to the primary optical flow measurement.

[0059] The method described above for measuhirdedvel of fluid146 uses the
reflection of a light beam from the top surfacehd fluid in the drip chamber. The axis
of the reflected beam is shifted (deflected) ldtg@s the fluid level changes, for
example, as shown by ligh82A and182B. The amount of deflection depends only on
the fluid level change, and on the incident andlidhe beam. Although a laser light

source is shown in the figure, the technique isgatible with any light beam. Further,
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although the beam is shown freely propagatingsttséeem may also incorporate lens
elements to control the beam.

[0060] In one embodiment (not shown), seristty (the imaging focal plane
array) is used both for imaging dr&@p4 and measuring the meniscus of fla4b via

beam splitters and other simple optics. Sed&6rcan be shared in at least two ways: a
portion of the sensor that is not used for pendamp imaging can simultaneously record
the deflected beam; or illumination systét8 for pendant drop imaging and meniscus
level measurement can be alternated in time, aththe sensor alternately records the
drop image and the deflected beam image. For examppimpl00 can combine the
imaging system&02 shown in Figures 2 and 10A/10B or shown in Figresd 9A.
[0061] Thus, in one embodiment, syst&d2 includes a first light source, such as
light sourcel72 for transmitting light into the drip tube such thize light reflects off an
internally facing surface of the drip tube, and té#ected light is transmitted through the
end of the drip tube into an interior of a droptu# 1V fluid hanging from the first end of
the drip tube. Systert02 also includes a second light source, such as $igtitcel88,
transmitting light, at an acute angle with resgeda longitudinal axis for the drip
chamber, into the drip chamber such that the ligiécts, at the acute angle, off a surface
for IV fluid disposed within the drip chamber. Qqati sensof26 is for: receiving the
reflected light transmitted from the interior oettrop; receiving the reflected light from
the second light source; and transmitting, to th@pguter processor, data regarding the
received light from the first and second light sms. The microprocessor is for
calculating a volume of the drop using the dataréigg the light received from the first
light source, and calculating a position of theate of the using the data regarding the
light received from the second light source, asdlesd supra.

[0062] Figure 11 is a schematic block representaif pump assemblieZ)0A
and200B with respective optical imaging system in a priynand secondary
configuration. The assemblies include the companfEmtpumpl00 described supra,

with the exception of the processor and controkpdn general, the description above
regarding the operation of pumpO0 is applicable to the operation of assemkb@3A
and200B. Assembly200A is connected to primary fluid sourt&2A. Pump200B is
connected to primary fluid sourdé2B. Sourced12A and112B are arranged in a

primary/secondary infusion configuration. For exéemp primary medication in source
112A is administrated in coordination with a secondagdication in sourc&l2B. As is

known in the art, in a primary/secondary configumratthe medication in the secondary
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source is infused before the medication in the aninsource. Tubings08A and108B
from pump mechanism7A and127B, respectively, are connected to common tubing
202.

[0063] In one embodiment, a single processorcamtrol panel, for example,
processofl04 and panel44 are used for assembli2B0A and200B. The processor
operates assemb®)0B according to appropriate protocols until the regiior the fluid

in sourcell?B is completed. Then, the processor automaticaktieates assembly
200B as required and begins the infusion of the flaidourcel12A. In one embodiment
(not shown), each assembly has a separate pro@ssaontrol panel or each assembly
has a separate processor and a common control panel

[0064] Figure 12 is a top-level block diagranugiirating operation of puni90
with an optical imaging system. In one embodim#,volume measurement, and fit
metrics if applicable, described above are fed atligital signal processing algorithm
that calculates the flow rate and provides feedibat¢ke pump control system. Pl&i0
includes sourcél12, the drip chamber, the drip tube, and pump meshah?7. The
microprocessor outputs the Volume and Fit Met#it3, which are filtered by digital

filter 214 in a portion of the microprocessor to provide nueed flow rate216. The
measured flow rate is compared with the desired flate, for example, input into the
microprocessor via pan&fi4, closing the feedback loop for purfO.

[0065] Figure 13 is a block diagram illustratexgample signal processing and
feedback control for pump00 with an optical imaging system. Mechani&&Y includes
drive 218 and moto220. Imaging data from syste®?2 is processed by image
processing block22 to generate a Measured Drop Volume, and the seatdtinput to
filter block 224. The output of the filter block is the MeasuredwIRate. The Measured
Flow Rate is compared to the Desired Flow Ratedmparatoi226, providing the Error
Flow Rate (error estimate). The Error Flow Ratalfe@to a staged series of PID
(Proportional, Integral, Derivative) control alghms228. Each PID block operates on a
successively faster time scale. BI&RIBA controls the flow rate, block28B controls the
pump motor speed, and blo2R8C controls the pump motor current. The speed control
incorporates feedback from motor position enc@3@r The current control incorporates
feedback from a motor current sensor in m@aeis.

[0066] Figure 14 is a block diagram illustratiexpample digital filtering in pump
100 with an optical imaging system. Filt282 can be any filter known in the art, for

example, the general class of FIR/IIR filters knawrhose skilled in the art. A simple
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example is an FIR filter that implements a timerage over a number of samples.
[0067] Figure 15 is a schematic representatioexainple spatial filtering in
pump100 with an optical imaging system. The goal of highalution and edge
definition for images of drofti24 are attained by illumination techniques, optical
techniques, or both, for example, as describedasliprone embodiment, spatial filtering
techniques are used in the optics for sysi@t For example, mask40 at the back focal
plane of imaging systeit02 modifies (via optical Fourier transform) the imaggnerated
by the optical system, for example, senk2s. A DC block filter is shown in Figure 15.
This filter blocks the central cone of the transedtlight and enhances edge images
(associated with scattered light).

[0068] In one embodiment, the sensitivity of eri®6 is matched to the
illumination spectrum of the light source in systéi8. In one embodiment, senstii6 is
a low-cost visible light sensor (400-1000 nm wawmgtd) and sourc&22 generates light
that is outside the range of human visual percegiie., 800-1000 nm). In this case the
operator will not be distracted by the bright illunation source.

[0069] It should be understood that pub@® can be any pump mechanism or
pump application known in the art and is not lirdite only IV infusion pump
applications. In the case of a gravity-fed systdra,pumping mechanism can be replaced
by a valve or flow restrictor, and still be compéiwith the configurations and
operations described supra.

[0070] Figure 16 is a schematic representatiooptital imaging syster800 with
multiple imaging channel optical sensing. In annegke embodiment, syste&0 is used
with infusion tube302 including drip chambe304. Drip chambeB04 includes portion
306 with drip tube308, portion310 including exit por312, and portior814 between
portions306 and310. Output tube816 can be connected to exit p8i2 for flowing fluid
out of drip chambeB04. Drip tube308 is for connection to source of flugl7, for
example, medication b&&17. SystenB00 includes at least one light sou@E for
emitting spectrum§1, S2, andS3 of light, and optical systei3i9.

[0071] Light sourc&18 can be any light source known in the art, inclgdiout
not limited to a light-emitting diode (LED), an ayrof LEDs, a laser diode, an
incandescent lamp, or a fluorescent lamp.

[0072] The optical system includes single I1888 for receiving and transmitting
S1T, S2T, andS3T. S1T, S2T, andS3T include spectrumSl, S2, andS3, transmitted
through portion806, 310, and314, respectively. Optics syste®i9 includes single
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image sensads22 for receivingS1T, S2T, andS3T from single len820. SensoB22
generates and transmits dae4, 326, and328, characterizinglT, S2T, andS3T,
respectively, received by leB20. SystenB00 includes memory elemef£9 and at least
one specially programmed proces380. Memory elemenB29 is configured to store
computer executable instructioB31. Processo830 is configured to execute instructions
331 to generate, using da®a4, 326, and328, images332, 334, and336 of portions306,
310, and314, respectively.

[0073] By "characterize" we mean that the respectata describes, or quantifies,
the spectrum of light, for example, providing paedens enabling generation of an image
using the respective data. By "emitting light" wean that the element in questions
generates the light. By "transmitted by" we measspa light through the element in
guestion, for example, light emitted by light saB&8 passes through portio886, 310,
and314.

[0074] In an example embodiment, ser32# is a color image sensor. In an
example embodiment, light sour8&8 is a single light source.

[0075] In an example embodiment, portRH6 includes dro@B838 pendant from
drip tube308 and image332 includes an image of dr@38. Processo830 is configured

to execute instructior331 to determine a volume of pendant d&38 using image332.

The volume can be used in control schemes to regltav of fluid through infusion
tube302.

[0076] In an example embodiment, portRi# includes meniscud42 for fluid in
drip chambeB04 and image336 includes an image of menisc842. ProcessoB30 is
configured to execute instructioB31 to determine a position of menisc@42 using
image336. The position can be used in control and alarnes@s to regulate flow of

fluid through infusion tub&02. In an example embodiment, air bubB#&l is present in
portion310 and process@30 is configured to execute instructiod3l to determine a
volume of air bubbl&44 using image34. The volume can be used in alarm schemes to
ensure safe operation of infusion t882.

[0077] In an example embodiment, light soust8 emits red, blue, and green
spectrum light. In an example embodime3if] consists of one of the red, blue, or green
spectrum lightS2T consists of one of the red, blue, or green spectight not included

in S1T, andS3T consists of one of the red, blue, or green spexrof light not included

in S1T or S2T. Thus each oB1T, S2T, andS3T consists of one of red, blue, or green
light not included in the other &1T, S2T, andS3T. That is, each db1T, S2T, andS3T
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is different from the others. By "red spectrum tiglve mean light including wavelengths
between about 610 nm and 675 nm, with peak inteasiibout 625 nm. By "blue
spectrum light" we mean light including wavelengtie$ween about 410 nm and 480 nm,
with peak intensity at about 470 nm. By "green gpe light" we mean light including
wavelengths between about 500 nm and 575 nm, wik ptensity at about 525 nm.
Thus, the respective spectrums for red, blue, asenglight do not have overlapping
wavelengths.

[0078] In an example embodiment, systédf includes mirro346 for reflecting
one only ofS1T, S2T, andS3T. For example, mirraB46A reflectsS1T. In an example
embodiment, syste300 includes mirroi346A for reflecting one only oB1T, S2T, or
S3T, and mirror346B for reflecting another only &1T, S2T, or S3T, for exampleS3T.
In an example embodiment, syst860 includes beam combin848A for reflecting two
only of S1T, S2T, or S3T. For example, in Figure 16, beam combiB48A reflectsS1T
andS3T and transmitS2T.

[0079] The following provides further detail redeng Figure 16. As described
below, various filtering operations are used toggateS1T, S2T, andS3T. Mirror 346A
receives the combined red, blue, and green spestenmitted by sourc&l8 and
transmitted by portioB06 of drip chambeB04, but reflects only spectru®LT. Mirror
346B receives the combined red, blue, and green spestemitted by sourc&l8 and
transmitted by portio810 of output tube816, but reflects only spectru®3T. Thus,
mirror 348A and348B are color-filtering.

[0080] In an example embodiment, ser3# is not monochrome, that is, sensor
322 is a color image sensor. Beam combiB48A transmits only spectru®2T emitted
by source318 and transmitted by portid3ili4 of drip chambeB04. Specifically, beam
combiner348A receives the combined red, blue, and green spestemitted by source
318 and transmitted by portid3ii4 of drip chambeB04, but only transmits spectrum
S2T. The beam combiner also reflects spect&im reflected by mirroB46A and
spectrunS3T reflected by mirroB46B. Note that the reflecting operations of beam
combiner348A can be implemented using broad-band reflectiormesmirrors346A and
346B have filtered out spectrun8T andS3T and spectrumS1T andS2T,
respectively.

[0081] Figure 17 is a schematic representatiooptital imaging syste00 with
multiple imaging channel optical sensing. The déston regarding syste800 is

applicable to pumg00 except as follows. In an example embodiment: sistenB819
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includes a mirror for transmitting to one of pons306, 310, or 314 one only 0fS1, S2,

or S3; or optics syster819 includes a mirror for reflecting to one of portsd#06, 310, or
314, one only ofS1, S2, or S3. For example: mirroB46C transmitsS1 to portion306 and
reflectsS2 andS3; mirror 346D transmitsS3 and reflectsS2 to portion314; and mirror
346E reflectsS3 to portion310. In an example embodiment, mir®6E is a broad-band
reflecting mirror.

[0082] Mirror 346F is for reflecting spectrurB1T transmitted by portioB06 of
drip chambeB04 to beam combine348A. In an example embodiment, mir®6F is a
broad-band reflecting mirror. Mirr@46G is for reflecting spectrurB83T transmitted by
portion 310 of drip chambeB04 to beam combine348A. In an example embodiment,
mirror 346G is a broad-band reflecting mirror. Since the lightering beam combiner
348A has been separated into discrete spectrums, &ong@e, light from mirroB46G is
only spectrunB2T, broad-band transmitting and reflecting operaticars be used in
beam combineB48A.

[0083] Figure 18 is a schematic representatiooptital imaging syster00 with
multiple imaging channel optical sensing. The reipe discussions regarding systems
300 and400 are applicable to systebd0 except as follows. In an example embodiment,
optical systenB19 replaces a beam combiner with mirr846H and3461. Mirror 346H
transmitsS1T reflected by mirroB46F and reflectsS2T (from mirror346D). Mirror 346l
transmitsS3T (from mirror346E) and reflectsS1T (transmitted by mirroB46H) and

S2T (reflected by mirroB46H).

[0084] In Figure 16, length1 of light source318 must be sufficient to span
portions306, 310, and314, since light sourc818 must emit light directly through
portions306, 310, and314. However, in Figures 17 and 18 length of light source318

is considerably less, for example, equal only bgtbL 2 of portion306. In Figures 17
and 18, light sourc@18 is emitting light directly through portio806; however,
combinations of mirrors are used to reflect lighportions310 and314. Thus, a smaller
and less expensive device can be used for lighte88 in Figures 17 and 18.

[0085] Figure 19 is a schematic representatiooptital imaging syster®00 with
multiple imaging channel optical sensing. The dsston regarding syste800 is
applicable to syste®00 except as follows. Syste@®0 includes three light sources: light
source318A for emitting only spectrurl, light source318B for emitting only spectrum
S2, and light sourc818C for emitting only spectrur3. Optical systen319 includes
mirror 346J for reflectingS1T and mirror346K for reflectingS3T. Beam combineB48B
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transmitsS2T and reflects$S1T andS3T. In an example embodiment, one or both of
mirrors 346J and346K are broad-band reflecting mirrors. In an exampibadiment,
beam combineB48B has broad-band transmitting and reflecting fumctiay.

[0086] In respective example embodiments foresps300, 400, 500, and600,
two-channel imaging is performed for only two offmens 306, 310, or 314 and imaging
is not performed on the remaining portig®6, 310, or 314.

[0087] Figure 20 is a schematic representatiooptital imaging systerm00 with
two-channel optical imaging and a single light euin systen700, chromatic
multiplexing is implemented for only two of porti®806, 310, or 314. System/00 can
use systerd00 as a starting point. The following describes défeces between systems
400 and700 as shown. In Figure 20, two-channel optical imggsimplemented for
portions306 and314. Mirrors 346E and346G are removed. MirroB46D no longer is
required to transmiB3. Beam combineB48A is no longer required to refleSBT.
Otherwise, the operations regarding porti806 and314 are the same as described for
Figure 17. In an example embodiment, imaging ofipn310 is implemented by adding
lens702 to receive lighS1T/S2T/S3T transmitted through portiddilO from light source
318. Lens702 transmitsS1T/S2T/S3T to image sensaf04, which generates daB26.
ProcessoB30 generates imadéd4 from data326. Image sensof04 can be
monochromatic, since chromatic multiplexing is being implemented for portio3i0.
[0088] Other combinations of two-channel optisahsing are possible for system
700 as is apparent to one skilled in the art. For gdaymirror346D can be removed
such that two-channel optical sensing is perforfoegortions306 and310 only.
Operations as described for porti@® and310 for Figure 17 are substantially the same.
Lens702 receivesS1T/S2T/S3T transmitted by portioB14 and transmitS1T/S2T/S3T
to image sensof04, which generates daB28. ProcessoB30 generates imagd#36 from
data328. Image sensof04 can be monochromatic. For example, miB46F can be
removed such that two-channel optical sensingrfopaed for portion810 and314

only. Operations as described for porti@i® and314 for Figure 17 are substantially the
same. Len302 receivesS1T/S2T/S3T transmitted by portioB06 and transmits
S1T/S2T/S3T to image sensaf04, which generates daB4. ProcessoB30 generates
image332 from data324. Image sensof04 can be monochromatic. It should be
understood that other configurations of componensystem400 are possible to
implement two-channel optical imaging. In an examgihbodiment, two-channel

imaging is performed for only two of portio886, 310, or 314 and imaging is not
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performed on the remaining porti@66, 310, or 314. That is, a second lens and image
sensor are not employed to image the remaininggma306, 310, or 314.

[0089] Systen800 can be modified for two-channel operation as gaapnt to

one skilled in the art. For example, two-channedrapon can be implemented for
portions306 and314 only by removing mirroB46B. Operations as described for portions
306 and314 for Figure 16 are substantially the sai®ET/S2T/S3T from portion310 is
received by a second lens (not shown) and trarestritt a second image sensor (not
shown) that can be monochromatic. The second sges@rates dai26 for generating
image334. For example, two-channel operation can be impigetefor portions810 and
314 only by removing mirroB46A. Operations as described for porti@i€ and314 for
Figure 16 are substantially the sar8&T/S2T/S3T from portion306 is received by a
second lens (not shown) and transmitted to a seicoage sensor (not shown) that can be
monochromatic. The second sensor generates3déatar generating imaga32. For
example, two-channel operation can be implemerdegddrtions306 and310 only.
Operations as described for porti@®6 and310 for Figure 16 are substantially the same.
S1T/S2T/S3T from portion314 is received by a second lens (not shown) andnrétes

to a second image sensor (not shown) that can mechoomatic. The second sensor
generates dat@28 for generating imaga36. It should be understood that other
configurations of components in syst800 are possible to implement two-channel
optical imaging. In an example embodiment, two-ctgimaging is performed for only
two of portions306, 310, or 314 and imaging is not performed on the remainingiport
306, 310, or 314. That is, a second lens and image sensor aremmloged to image the
remaining portior806, 310, or 314.

[0090] Systenb00 can be modified for two-channel operation as gaapnt to

one skilled in the art. For example, to impleme&d-thannel operation for portioB86
and314 only, mirror346E can removed. Operations as described for por866sand

314 for Figure 18 are substantially the sai®®T/S2T/S3T from portion310 is received

by a second lens (not shown) and transmitted anseicmage sensor (not shown) that can
be monochromatic. The second sensor generate82&tar generating imaga34. For
example, to implement two-channel operation fotipas 310 and314 only, mirror346F
can removed. Operations as described for porB@éAsand314 for Figure 18 are
substantially the sam&1T/S2T/S3T from portion306 is received by a second lens (not
shown) and transmitted a second image sensor lipairg that can be monochromatic.

The second sensor generates @atafor generating imagé32. For example, to
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implement two-channel operation for porti@@ and310 only, mirrors346D and346H
can be removed. Operations as described for perd@hand310 for Figure 18 are
substantially the sam&1T/S2T/S3T from portion314 is received by a second lens (not
shown) and transmitted a second image sensor ljoatrg that can be monochromatic.
The second sensor generates @a&for generating imag&36. It should be understood
that other configurations of components in sysE®&Mare possible to implement two-
channel optical imaging. In an example embodim@vd;channel imaging is performed
for only two of portions306, 310, or 314 and imaging is not performed on the remaining
portion 306, 310, or 314. That is, a second lens and image sensor arenpbged to
image the remaining portidd06, 310, or 314.

[0091] Systen®00 can be modified for two-channel operation as gaapnt to

one skilled in the art. For example, to implemevd-thannel operation for portioB86
and314 only, mirror346K can removed. Operations as described for por866sand

314 for Figure 19 are substantially the sai®&T from portion310 is received by a
second lens (not shown) and transmitted a secoadarsensor (not shown) that can be
monochromatic. Light sour@@18C can be broadband (en81/S2/S3). The second
sensor generates d&26 for generating imaga34. For example, to implement two-
channel operation for portior3d0 and314 only, mirror346J can removed. Operations as
described for portion310 and314 for Figure 19 are substantially the sa®ET from
portion306 is received by a second lens (not shown) andnratexi a second image
sensor (not shown) that can be monochromatic. lsghtce318A can be broadband
(emit S1/S2/S3). The second sensor generates 8adafor generating imagg32. For
example, to implement two-channel operation fottipas 306 and310 only, S2T from
portion314 is received by a second lens (not shown) andnratexi a second image
sensor (not shown) that can be monochromatic. lsghtce318B can be broadband
(emit S1/S2/S3). The second sensor generates 8a&for generating imaga36.
Operations as described for porti@®6 and310 for Figure 19 are substantially the same.
It should be understood that other configuratidnsoonponents in systeB00 are

possible to implement two-channel optical imagimgan example embodiment, two-
channel imaging is performed for only two of pons306, 310, or 314 and imaging is

not performed on the remaining porti8d6, 310, or 314. That is, a second lens and
image sensor are not employed to image the rentpportion306, 310, or 314.

[0092] For the sake of brevity, portions of tkddwing discussion are directed to

system300 in Figure 16; however, it should be understood tihe discussion is
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applicable to Figures 17 through 19 as well. Furttie following discussion is directed

920 to embodiments in which multiple channel opticalseg is implemented for all three of
portions306, 310, and314. However, it should be understood that the disonss
applicable to the two-channel embodiments discuabesle. Using a single lens, such as
lens320, and image sensor, such as se32@r in place of three lens and sensors, reduces
cost and complexity of systeBd0. All three spectrumS1, S2, andS3, transmitted by

925 lens320 are received simultaneously by single image se3&brHowever, if sensds22
is a monochrome sensor, conventional signal protgsannot be used to generate
images332, 334, and346. For example, a monochrome sensor cannot disshgunong
the red, blue, and green and cannot use convehsigmal processing to separate
spectrumsS1T, S2T, andS3T to generate imageds2, 334, and346. Advantageously,

930 system300 uses a color imaging sensor for ser8k#, which is able to distinguish
among spectrumS1T, S2T, andS3T.

[0093] Since a single, separate, respective dadom the red, blue, and green
spectrums is used for each of spectr@iB, S2T, andS3T, imager322 is able to
transmit dat&824, 326, and328 for single respective spectrums and hence, aesing|

935 respective image of each of portid@s, 310, or 314 can be generated using
conventional signal processing operations. For g@nspectrum§1T, S2T, andS3T
can consist of red, blue, and green spectrum Irgspectively. The red-responsive pixels
of the sensor pick up spectrtT, the blue-responsive pixels of the sensor pick up
spectrunS2T, and the green-responsive pixels of the sens&rygcspectruns3T.

940 [0094] Thus, the red-responsive pixels recoréhaage of dro838, the blue-
responsive pixels record an image of menig4? and the green-responsive pixels
record an image of portidl0. Thus, each group of responsive pixels (for exairple
red-responsive pixels) remain unresponsive tosgeece filtering out, images from the
other images corresponding to the remaining grafipssponsive pixels (for example,

945 the blue and green-responsive pixels). Thus, tisene overlap of spectrums or images
included in data transmitted to proces380 and conventional signal processing can be
used to generate imageé32, 334, and346.

[0095] The use of broad-band reflecting mirra#ércting operations rather than
color filtering reflecting and transmitting can uee the cost of respective optics systems

950 319in Figures 17 through 19.

[0096] In an example embodiment (not shown)nglsilens, such as leB20,

and a single monochrome image sensor are usetinme anultiplexing arrangement in an
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infusion pump. For example, using Figure 19 adexreace, each of light sources
318A/B/C emits the same spectrum of light. The emittedt lighransmitted through
portions of an infusion tube, such as infusion tB@& analogous to portior)6, 310,
and314 described supra. Via an arrangement similar toargB846A/346B and beam
combiner348A, the light, transmitted through the analogousipns, is transmitted to

the single lens, which transmits the light to agessor, such as proces880. As noted
above, a monochrome sensor cannot distinguishg esinventional signal processing,
three simultaneously received images. Howeveheareixample embodiment, the three
light sources are sequentially energized suchahigtone light source is energized per
image frame of the image sensor. For examplefinstaframe, the light source emitting
light transmitted through the portion analogoupdation306 is energized, in the next
frame, the light source emitting light transmittedough the portion analogous to portion
310 is energized, and in the next frame the light se@mitting light transmitted through
the portion analogous to porti®4 is energized. The processor receives only oneemag
per frame and is able to transmit respective datadch image in each frame to the
processor. The processor in turn is able to gemeegiarate images for each of the
analogous portions of the pump. The use of a maoood image sensor and three
backlights emitting the same spectrum reducesdbkeaf the pump in the example
embodiment.

[0097] The following discussion provides furtlitail regarding Figures 16
through 19. It should be understood that the falh@udiscussion is applicable to the two-
channel embodiments discussed above. In an exangediment, lens elements (not
shown) can be added to respective image pathss(patrersed by light from a light
source to an image sensor) for syst@¥through600 to compensate for unequal image
paths. In an example embodiment, a spectrum of iiigtihe near infra red range (for
example, between 700 nm and 1,000 nm) can be askdniinate portions806, 310, or
314. In an example embodiment, light souBd® and/or light source318A/B/C are

LEDs and the LEDs are pulsed to improve operatifigi@ncy or create a strobe effect
which eliminates motion blur of moving artifacthé pulsing is synchronized with the
shutter speed of image sen882. In an example embodiment, the general configomati
of Figure 18, which does not use a beam combisenadified by using three light
sources as shown in Figure 19. The resulting coatioin uses fewer mirrors than shown
in Figure 18, reducing the cost of the embodiment.

[0098] Thus, it is seen that the objects of thesntion are efficiently obtained,
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although changes and modifications to the invendioould be readily apparent to those
having ordinary skill in the art, without departifrgm the spirit or scope of the invention
as claimed. Although the invention is describeddfgrence to a specific preferred

990 embodiment, it is clear that variations can be maitleout departing from the scope or

spirit of the invention as claimed.
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What Is Claimed Is:

1. A computer-implemented method of calculatingplume of a drop pendant using

a microprocessor, comprising:

generating, using the microprocessor, a gravityordzased on a direction of gravity with

respect to the drop pendant;

establishing, using the microprocessor, a referénacee of the drop pendant for an

image processing based on a reference point afrhgependant and the gravity vector;

generating, using the microprocessor, a first egfee line associated with the reference
frame for representing an actual orientation ofdhep pendant;

generating, using the microprocessor, a seconderefe line associated with the
reference frame for representing a longitudinas aia chamber in which the drop

pendant is located;

comparing, using the microprocessor, the first sgwbnd reference lines with respect to

the gravity vector; and

calculating, using the microprocessor, the volurihe drop pendant based on the

comparison of the first and second reference lamesthe gravity vector.

2. The computer-implemented method of claim 1 hiericomprising determining

whether alignment of the first and second referdimes is co-linear.

3. The computer-implemented method of claim 1 hiewricomprising calculating an

orientation of the chamber with respect to the igyarector.

4, The computer-implemented method of claim 1 hiewricomprising calculating the
volume of the drop pendant based on the gravityovdxy integrating an edge image of

the drop pendant.
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5. The computer-implemented method of claim 1 hiewricomprising calculating the

gravity vector based on a location of an apex efdtop pendant.

6. The computer-implemented method of claim 1 hiewricomprising utilizing the
gravity vector in a parametric fit function in &&onstrained edge estimation algorithm
for calculating the volume of the drop pendant.

7. The computer-implemented method of claim 1 hiewricomprising utilizing the
gravity vector in a feedback loop system for aneefitgalgorithm for calculating the

volume of the drop pendant.

8. The computer-implemented method of claim 1 hiericomprising determining
the gravity vector based on measurements relatatléast one of: an image of the drop
pendant, a location of an apex of the drop pendantt,a time-dependent change of the

apex of the pendent drop during a predetermined gariod.

9. The computer-implemented method of claim 1 hiewricomprising determining a
direction of a horizontal limit of edge integratiohthe drop pendant relative to the

gravity vector.

10. The computer-implemented method of claim lthiewrcomprising generating an
edge fit parameter and statistical data associaithda shape distortion of the drop

pendant based on the gravity vector during a peecéted time period.

11.  The computer-implemented method of claim lthiercomprising using a
Circular Hough Transform on an image of the dropdaat for representing a curved

bottom of the drop pendant.
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12.  An optical imaging system for calculating aurok of a drop pendant,

comprising:
a microprocessor executing computer-executableuictsbns to:

generate, using the microprocessor, a gravity vdxeed on a direction of gravity with

respect to the drop pendant;

establish, using the microprocessor, a refererasadrof the drop pendant for an image

processing based on a reference point of the deadgnt and the gravity vector;

generate, using the microprocessor, a first reterdine associated with the reference
frame for representing an actual orientation ofdhep pendant;

generate, using the microprocessor, a second nefetme associated with the reference
frame for representing a longitudinal axis of arabar in which the drop pendant is

located;

compare, using the microprocessor, the first andrstreference lines with respect to the

gravity vector; and

calculate, using the microprocessor, the volum@idrop pendant based on the

comparison of the first and second reference lamesthe gravity vector.

13.  The optical imaging system of claim 12, furtbemprising computer-executable
instructions to determine whether alignment offttst and second reference lines is co-

linear.

14. The optical imaging system of claim 12, furtbemprising computer-executable
instructions to calculate an orientation of therobar with respect to the gravity vector.

15. The optical imaging system of claim 12, furtbemprising computer-executable
instructions to calculate the volume of the dropgant based on the gravity vector by

integrating an edge image of the drop pendant.
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16.  The optical imaging system of claim 12, furtbemprising computer-executable
instructions to calculate the gravity vector based location of an apex of the drop

pendant.

17. The optical imaging system of claim 12, furtbemprising computer-executable
instructions to utilize the gravity vector in a garetric fit function in a fit-constrained

edge estimation algorithm for calculating the votuai the drop pendant.

18. The optical imaging system of claim 12, furtbemprising computer-executable
instructions to utilize the gravity vector in a @ack loop system for an edge fit

algorithm for calculating the volume of the dromdant.

19.  The optical imaging system of claim 12, furtbemprising computer-executable
instructions to determine the gravity vector baseadneasurements related to at least one
of: an image of the drop pendant, a location o&jp@ex of the drop pendant, and a time-
dependent change of the apex of the pendent dnopgo predetermined time period.

20. The optical imaging system of claim 12, furtbemprising computer-executable

instructions to:

determine a direction of a horizontal limit of edgeegration of the drop pendant relative

to the gravity vector;

generate an edge fit parameter and statisticaladataciated with a shape distortion of the

drop pendant based on the gravity vector duringedegiermined time period; and

use a Circular Hough Transform on an image of tie@ gendant for representing a

curved bottom of the drop pendant.
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