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Simulation of a Mortar Launched,
Parachute Deployed Battlefield
Imaging System
Flight behavior of a mortar launched, parachute deployed imaging system is exam
with particular attention to characterizing the quantity and quality of recorded ima
data. Coverage area of the imager, blur due to motion of the imager, and view time
evaluated for different system configurations allowing important design parameters
identified. It is shown that proper tailoring of the dynamic characteristics of the sys
greatly improves gathered image data quantity and quality. Coning of the canister
important system characteristic that largely drives total ground coverage. Canister co
is influenced in a complex manner by system geometric parameters. Mounting the
chute riser to the canister in such a way that the connection is off the axis of symme
the canister is a powerful technique to increase coning of the canister. Likewise, inc
ing riser length also yields increased coning. Increasing spin rate of the canister lea
a proportional increase in image blur, which is largest toward the edge of the image. A
increased canister weight tends to increase the descent rate, which reduces tota
time. At the same time, increased descent rate increases the spin rate for cros
parachutes, leading to increased image blur.@DOI: 10.1115/1.1789974#
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Introduction
This paper investigates dynamic modeling and performanc

a mortar launched, parachute deployed imaging system that
vides remote reconnaissance. This system will enable forw
scouts to remain out of harms way while providing timely a
critical information at the platoon level. The dynamic event co
sidered consists of a cross type parachute borne sensor pla
deployed from a mortar and the ensuing dynamics as it drifts
the ground. The cross-type parachute and sensor platform are
tained within the nose of the mortar until deployment. Deplo
ment occurs at a specified time by an explosive charge that s
rates the fore and aft sections of the mortar and ejects the se
platform and its attached parachute out of the nose. The cross
parachute inflates and decelerates the sensor platform. The s
platform consists of a cylinder shaped canister fitted with a ca
era in its nose and the necessary electronics to transmit im
back to a ground station. A schematic of the overall event is gi
in Fig. 1.

A number of models have been used to evaluate the dyna
of parachute and load systems in the atmosphere. White and
@1# considered the stability of a parachute using a 5-degree
freedom model. They established that a large longitudinal dis
bance on most parachutes results in large pitching mot
whereas a large lateral~out of the glide plane! disturbance cause
large angle vertical coning motion. In a later study, Wolf@2# con-
sidered the stability of a parachute connected to a load usin
10-degree-of-freedom representation. Wolf established that st
ity is reduced as riser length is increased or parachute weig
increased. It was also noted that stability of a parachute is
proved by increasing axial and normal aerodynamic force. Shp
and Levin@3# supported this notion in a parametric investigati
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they conducted on the aerodynamic characteristics of a grou
cross-type parachutes. Their measurements showed an increa
up to 50% in the axial force due to spin, followed by a decreas
the longitudinal stability, leading to an increase in coning moti
during descent. Doherr and Schilling@4# reported on the develop
ment of a 9-degree-of-freedom dynamic model to predict beha
of a parachute connected to a load. They found that rotating p
chute systems are very sensitive to atmospheric disturbances
result in oscillations of the load with considerable amplitud
They also found that a dynamic model with more than 6-degre
of-freedom are necessary with an appropriate mathematical m
of the joint between the load and the parachute. This is in cont
to Neustadt, Ericksen, Guiteras, and Larrivee@5# who used a
6-degree-of-freedom mathematical analysis to study the dynam
of a payload-parachute system in which they concluded that c
puter results were in excellent agreement with test results.
study conducted by Shpund and Levin@6#, the effect of decreasing
canopy to payload diameter ratio was experimentally investiga
on cross-type rotating parachutes. The results showed a signifi
decrease in drag coefficient with decreasing diameter ratio. S
larly, an increase of the forebody’s diameter yields a decreas
spin. Diameter ratio also affects static stability. This effect var
between improved stability for short cord configurations, co
monly used for submunitions, to a reduction in stability when t
cords are sufficiently longer. The investigation also included
effects of the canopy aspect ratio, different support systems,
the attachment diameter of the cords to the payload.

The use of image data and algorithms to identify and tra
objects is also fairly well developed. Algorithms have been a
plied to a host of different applications@7#. Example applications
include missile guidance@8,9#, autonomous navigation of high
way vehicles@10–13#, stellar tracking@14#, ship motion@15#, ro-
bot guidance@16–18#, manufacturing@19#, and solid modeling
@20#. The usual procedure is to construct separate algorithm
identify where a particular target is within the field of view of th
camera and subsequently rotate the camera within the field
regard so that the target object remains in the field of view of
camera for future recorded frames. Consideration of image dis
tion caused by camera and target dynamics during image rec
ing is not normally considered. In the application of remote
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connaissance at the platoon level it is necessary to obtain
image of the target that can be distinguished by a human forw
observer@21–24#.

Projectile and parachute-payload dynamics have not previo
been integrated with optical system metrics in a simple manne
predict image quality based on simulated flight dynamics o
complete imaging system. Also, most previous efforts describ
parachute-payload simulations do not consider deployment of
parachute-payload system. This paper simulates a parach
payload imaging system that is deployed from a discharged m
tar. A standard 6-degree-of-freedom model is used for the in
mortar. Once the mortar separates and the parachute payload
tem is deployed, a twelve degree-of-freedom model is used
predict the parachute-payload imaging system’s trajectory, as
as six degrees-of-freedom to model the translational motion of
separated mortar round bodies. The work reported here deve
formulas to estimate picture quality@25# using dynamic data re-
corded from a mortar launched, parachute deployed imaging
tem. The formulas are based on the state of the sensor platfor
the time of imaging and individual camera parameters, such
focal length, shutter speed, pixel size, and CCD size. The sca
an image, the amount of blur caused from motion of the cam
the ground area covered in each image and total ground area
ered in a scenario are estimated to aid in the design of a real-
mortar launched imaging system. The influence of important s
tem parameters, such as, canister to parachute attachment p
mass of the canister, center of gravity placement and cam
specifications is documented.

Simulation Description
The intact mortar, the canister, and the parachute are mod

as rigid bodies with six degrees of freedom each. The degree
freedom for each body include three position components of
mass center of the body as well as three Euler orientation an
of the body. A riser, modeled as a spring and damper, connects
canister and parachute. A diagram of the mortar and imaging
tem and the reference frames used to describe the system
shown in Fig. 2. It is important to note that a nonconventional
of unit vector directions for the bodies is employed. In particul
the axis of symmetry for the bodies is thek unit vector, as op-
posed to the more conventional definition ofi. The formation of
the equations describing each rigid body is the same and the
eral formulas are given for a rigid body with six degrees of fre

Fig. 1 Mortar launched, parachute deployed battlefield imag-
ing system schematic
584 Õ Vol. 126, SEPTEMBER 2004
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dom. The subscript,B, is used to denote the body frame. Th
formulas for the intact mortar, the canister, and the parachute
be obtained by replacing the subscript,B, with the subscripts,M,
C, andP, respectively.

The three translational degrees of freedom are the three c
ponents of the body mass center position vector,

rO→B5xBI I1yBJI1zBK I . (1)

A sequence of rotations from the inertial frame to the body fra
is defined by a set of body-fixed rotations that are ordered in
conventional manner. The three rotational degrees of freedom
the Euler roll angle (fB), pitch angle (uB), and yaw angle (cB).
The transformation from each body frame to the inertial frame

H I I

JI

K I

J 5F cuB
ccB

sfB
suB

ccB
2cfB

scB
cfB

suB
ccB

1sfB
scB

cuB
scB

sfB
suB

scB
1cfB

ccB
cfB

suB
scB

2sfB
ccB

2suB
sfB

cuB
cfB

cuB

G
3H IB

JB

KB

J 5@TB#H IB

JB

KB

J (2)

In the above equations and the equations shown below, the s
dard shorthand notation for trigonometric functions is use
sin(a)[sa , cos(a)[ca , tan(a)[ta .

The mass center velocity vector of the body is defined in ea
of the reference frames discussed above,

VB/I5uBIB1vBJB1wBKB5 ẋBI1 ẏBJI1 żBK I (3)

as is the angular velocity vector of the body

vB/I5pIB1qJB1rKB . (4)

Applying the transformation given in Eq.~2! to the mass center
velocity components expressed in the body reference frame yi

H ẋB

ẏB

żB

J 5@TB#H uB

vB

wB

J (5)

Equating the projectile angular velocity vectors described us
body frame components and using Euler angle rates generate

Fig. 2 Mortar and imaging system reference frames
Transactions of the ASME
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H ḟB

u̇B

ċB

J 5F 1 sfB
tuB

cfB
tuB

0 cfB
2sfB

0 sfB
/c0B

cfB
/cuB

G H pB

qB

r B

J (6)

The kinetic differential equations are derived by considering
forces and moments associated with each individual body. Eq
tion ~7! gives the translational kinetic differential equation f
each body,

mBaB/I5FB (7)

where,

aB/I5
BdVB/I

dt
1vB/I3VB/I (8)

The rotational kinetic equation of motion for each body is giv
by

IdHB/I

dt
5MB (9)

When expressed in component form the translational and r
tional dynamic equations for each rigid body, including the int
mortar, the parachute, and the payload take the structure show
Eqs.~10–11!.

H u̇B

v̇B

ẇB

J 5H XB /mB

YB /mB

ZB /mB

J 2F 0 2r B qB

r 0 2pB

2qB pB 0
G H uB

vB

wB

J (10)

H ṗB

q̇B

ṙ B

J 5@ I B#21F H LB

MB

NB

J 2F 0 2r B qB

r B 0 2pB

2qB pB 0
G @ I B#H pB

qB

r B

J G
(11)

During the initial phase of flight when the mortar round is inta
the mass, mass center location, and inertial properties of the
tar are based on the composite body. The intact mortar has ap
load contributions from weight and body aerodynamic forces,

H XM

YM

ZM

J 5H XW

YW

ZW

J 1H XA

YA

ZA

J (12)

while the canister and parachute both have applied load contr
tions from weight, body aerodynamic forces, separation for
and the riser connection force. Since the equations of motion
expressed in the body frame, all forces are expressed in the
vidual body frames.

H XC

YC

ZC

J 5H XP

YP

ZP

J 5H XW

YW

ZW

J 1H XA

YA

ZA

J 1H XS

YS

ZS

J 1H XR

YR

ZR

J (13)

For all bodies, the weight force takes on the following form

H XW

YW

ZW

J 5WH 2su

sfcu

cfcu

J (14)

The aerodynamic force on the intact mortar uses a standard a
dynamic expansion

H XA

YA

ZA

J 5
1

2
rV2D5

CNA

u

w

CNA

v
w

CZ01CZ2

u21v2

w2

6 (15)
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Prior to mortar separation the motions of the stowed cani
and parachute are generated from kinematic relationships. A
mortar separation, the fore and aft sections of the mortar are m
eled as point masses with 3-degrees-of-freedom. The loads a
on the separated sections are weight, aerodynamic, and sepa
forces.

After the separation force has expired and the parachute
opened, the canister and parachute are modeled as rigid bo
each with 6 degrees of freedom.

Equation~16! provides the aerodynamic force expression us
for both the parachute and payload.

H XA

YA

ZA

J 52
p

2
rV2AH CNu/V

CNv/V
CT

J (16)

where

V5Au21v21w2 (17)

The aerodynamic forces act at the center of pressure of the bo
The aerodynamic coefficients for the parachute are obtained f
standard wind tunnel tests and substituted directly into Eq.~16!.
The aerodynamic coefficients for the canister are obtained f
published literature@4#.

The above aerodynamic forces are not exerted on the can
until after the expulsion charge has elapsed@26,27#. Because of
the complexity of canopy inflation, a simple quasi-static proc
based on the parachute’s drag reference area is employed@28#.
The mortar separates and the parachute deployment proces
gins after the expulsion charge has expired. Drag on the unope
parachute is substantially higher than the canister thus separ
the two bodies. Canopy stretch occurs after the canister and p
chute have separated a distance equal to the length of the c
plus the riser length. Drag area of the parachute is increased
early for approximately 0.3 s during this phase. Full canopy in
tion occurs at a much greater linear rate until the canopy
reached its full diameter. During canopy inflation the roll induci
moment of the parachute is assumed to be zero and the para
has a spin rate equal to that of the canister. Once the parachut
reached its full diameter, Eq.~16! is used to generate the aerod
namic forces on the parachute.

To separate the mortar round and eject the parachute and
ister, an equal and opposite force acting over a short time inte
is exerted on the bodies. Equation~18! provides an expression fo
this force during separation.

H XS

YS

ZS

J 56PSAH nX

nY

nZ

J (18)

The pressure,PS , from Eq. ~18! is given as a 6th order polyno
mial when active and is equal to zero after the charge has exp
The forces are positive for the nose section of the round
negative for the parachute, canister and aft section of the rou

The riser force is caused by the elasticity of its material and
directed parallel to the riser line. The riser flexibility generat
resistive stiffness and damping forces proportional to its extens
and extension rate. Using the position and velocity of the ri
attachment points, vectors describing the extension and exten
rate can be formed.

DL5A~xC2xP!21~yC2yP!21~zC2zP!2 (19)
SEPTEMBER 2004, Vol. 126 Õ 585
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DV5
~~xC2xP!~ ẋC2 ẋP!1~yC2yP!~ ẏC2 ẏP!1~zC2zP!~ żC2 żP!!
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Once Eq.~20! is formed, Eq.~21! is used to determine the mag
nitude of the riser force.

FR5H k~DL2L !1cDV, DL2L>0

0, DL2L<0J (21)

The second condition in Eq.~21! stipulates that when the riser i
slack, no force is transmitted to the attachment points. The ela
riser force expressed in inertial coordinates is shown in Eq.~22!.

H XR

YR

ZR

J 5
FR

DL H xC2xP

yC2yP

zC2zP

J (22)

The total applied moments on the intact mortar contain con
butions from steady body aerodynamics, and unsteady body a
dynamics

H LM

M M

NM

J 5H LSA

MSA

NSA

J 1H LUA

MUA

NUA

J (23)

while the total applied moments on the canister about its m
center contain contributions from the steady air loads, unstead
loads, and the riser connection force.

H LC

MC

NC

J 5H LSA

MSA

NSA

J 1H LUA

MUA

NUA

J 1H LR

MR

NR

J (24)

The total applied moments on the parachute take on the s
form as that of the canister. The mortar considered in this anal
is fin stabilized with a relatively low roll rate, so Magnus effec
are not included in the aerodynamic expansion. The steady b
aerodynamic moment is computed by a cross product betwee
distance vector from the center of gravity to the center of press
and the steady body aerodynamic force vector above. The
steady body aerodynamic moment provides a damping sourc
the angular motion of all the bodies and is given below.

H LUA

MUA

NUA

J 5
1

2
rV2D5

pDCMQ

2V
qDCMQ

2V

CLDD1
rDCLP

2V

6 (25)

For the parachute and payload, the moment due to the riser f
is computed with a cross product between the distance ve
from the mass center of the body to the location of the spec
force. Note, for the parachute the center of pressure location
all aerodynamic coefficients depend on the angle of attack, w
for the intact mortar the center of pressure and all aerodyna
coefficients depend on the Mach number of the mass center o
mortar. Mach number is computed at the center of gravity of
mortar. For the payload, the center of pressure is fixed at
geometric center. The aerodynamic angle of attack for the can
and parachute are calculated as shown in Eq.~26!.

a5cos21S w

VD (26)

Air density for the mortar, canister, and parachute is compu
using the center of gravity position of the appropriate body
586 Õ Vol. 126, SEPTEMBER 2004
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concert with the standard atmosphere@26#. Computationally, all
aerodynamic coefficients and centers of pressure are obtained
table look-up scheme using linear interpolation.

System Performance Metrics
Proper design of a real-time mortar launched parachute

ployed imaging system requires that the canister mounted cam
record images of a target area and be able to transmit those im
to a ground station where they can be identified by a human
server. In order to evaluate image quality, the position and mo
of the image plane of the camera must be known in the gro
reference frame~see Fig. 3!. The position of the image plane an
the camera focal point with respect to the canister reference fr
located on the canister’s center of gravity is known from the ba
camera configuration. The center of gravity of the canister in
inertial ground frame is known from the flight dynamic mod
described above. The position in the ground reference frame
point on the image plane and the focal point of the camera
calculated using the following kinematic relationship.

H xi

yi

zi

J 5H xc

yc

zc

J
1F cucc sfsucc2cfsc cfsucc1sfsc

cusc sfsusc1cfcc cfsusc2sfcc

2su sfcu cfcu

G
c

H r x

r y

r z

J
i

(27)

With the focal point and the point of interest on the image pla
known in the ground reference frame, the projection of the po
in the ground plane is determined using similar triangles in E
~28! ~see Fig. 3!. The variable,zg , is the height of the ground
surface above sea level and is assumed to be 10 m.

Fig. 3 System metrics
Transactions of the ASME
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H xg

yg

zg

J 55
xf1

~zg2zf !~xi2xf !

~zi2zf !

yf1
~zg2zf !~yi2yf !

~zi2zf !

zg

6 (28)

A polygon representing the image captured by the camera is
tained by projecting the four corners of the image plane onto
ground plane. Thus, the amount of ground area captured by
image is determined by calculating the area of the projected p
gon. Total area of coverage for an individual scenario is de
mined by using an algorithm that sums the ground area capt
by each image and subtracts areas of image overlap.

A determining factor in image clarity is resolution. The came
must be within a prescribed distance of the ground so that ta
effects are visible on the recorded images. As the camera near
ground, the ground area in view decreases and the picture cl
increases, therefore the rate of descent is important to deter
how many useful images can be transmitted at the approp
distance from the ground with an acceptable resolution. The r
lution, or amount of detail in a frame, is a function of the size
pixels, the focal length of the imager, and the distance from
ground plane to the image plane. Pixel sizes and focal len
vary for different cameras. The size of the area mapped to
individual pixel, or pixel scale, is determined using Eq.~29!.

PX5
PL~zg2zf !

~zi2zf !
(29)

Buildings and roads can be distinguished in an image of an ur
setting where the area captured by each pixel measures 232 m on
the ground. Vehicles can be recognized in an image captured
altitude where each pixel measures 0.530.5 m on the ground.
More details on image resolution can be found in Ref.@29#.

Another factor concerning picture clarity is image smearin
Images from cameras with high exposure rates can bec
smeared, or blurred, if the canister’s roll rate is too high or
lateral oscillations are too drastic. Therefore, the canister roll
and lateral oscillations must be limited to avoid image smear
for cameras with high exposure times. Pixel blur is defined as
number of pixels a point in the ground plane moves through i
single exposure time. Pixel blur is determined by multiplying t
velocity of the projection of a point in the ground plane by t
exposure time, or shutter speed of the camera, and dividing by
pixel scale. Differentiating Eq.~28!, and determining the magni
tude yields the velocity of a projected point in the ground pla
shown in Eq.~30!.

Vg5Aẋg
21 ẏg

2 (30)

The pixel blur function is shown in Eq.~31!.

PB5
Vgtss

PX
(31)

Figures 4–6 show a series of images taken with increas
amounts of pixel blur. The images were taken with a Sony
Mavica MVCFD91 digital camera from a moving car 3.048
away from the display panel. The accuracy of the speedom
was estimated at64.0 kph. To achieve the designated amounts
pixel blur at reasonable driving speeds, it was necessary to
the images at varying shutter speeds. As a result the images
different pixel blur tolerances. The camera has a resolution
10243768 pixels with a pixel size of 6.5mm and was set at a
focal length of 5.2 mm. From Eq.~29!, pixel scale was determine
to be 3.84 mm/pixel. By comparing the moving images to
almost still image in Fig. 4 an idea of the level of detail that c
be visually discerned at a certain amount of pixel blur can
realized. For pixel blur of less than 10 pixels all the obje
present can be determined and a great amount of detail ca
observed. At a range of 10–30 pixels of blur the objects pres
Journal of Dynamic Systems, Measurement, and Control
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such as the tank and the beaver head are still readily detecta
but the detail such as the words and shape of the turret bec
much less discernible. Beyond 30 pixels of blur, objects begin
become imperceptible. Without trying to make a statement ab
perception abilities of analysts it is doubtful that if the image
Fig. 4 had not been viewed first that any of the objects in Fig
could be recognized.

Fig. 4 Moving image, pixel blur Ä2.0Á0.5 pixels

Fig. 5 Moving image, pixel blur Ä10.0Á3.0 pixels

Fig. 6 Moving image, pixel blur Ä40Á5.0 pixels
SEPTEMBER 2004, Vol. 126 Õ 587
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Nominal System Response
The equations of motion described above are numerically i

grated using a fourth order Runge–Kutta algorithm to generate
trajectory of the intact mortar round and the parachute and ca
ter after deployment. Simulation of a nominal system under
ferent conditions is performed to demonstrate the dynamic per
mance and image quality of the system. Nominal system da
recorded in Table 1. Aerodynamic coefficient data for the int
mortar was predicted using the projectile design and anal
computer code, PRODAS@8#. The parachute is a cross-type an
its aerodynamic coefficient data was obtained from a study c
ducted by Shpund and Levin@3#. The canister’s aerodynamic co
efficient data was obtained from Doherr and Schilling@4#. The
initial results considered are representative of a nominal sim
tion with no atmospheric winds. Figures 7–9 show the altitu
velocity, and roll-rate time histories for all the components of t
mortar launched, parachute deployed battlefield imaging sys
The sequence of events is discussed in separate sections an
above figures should be referred to where appropriate.
88 Õ Vol. 126, SEPTEMBER 2004
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Fig. 7 Altitude time history „nominal …
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Nominal Scenario. In the nominal scenario, the mortar exi
the muzzle with a velocity of 261 m/s at a pitch angle of 70 d
from horizontal. The mortar separates and the parachute and
ister are deployed 43.75 s into the flight. The camera is activa
50 s into flight. The trajectories of the various components co
cide during the intact mortar flight phase. The trajectories dive
at the point of mortar separation.

Mortar Flight. The intact mortar orientation is stable an
typical for this type of round. The intact mortar leaves the muz
at its initial velocity and slows to a velocity of roughly 76 m/s
it reaches its apex approximately 23 s into its flight. The mor
pitches over and accelerates towards its steady state drop vel
It continues to pitch down to an angle of approximately270 deg
from horizontal and travels downrange approximately 3380 m
which point the mortar separates and the imaging system is
pelled. The mortar has slight fin cant, generating roll, and caus
the system to deviate approximately 35 m laterally. After sepa
tion the nose and aft components continue to travel down ra
until they impact the ground.

Separation. At 43.75 s the expulsion charge is detonated a
the force, acting in equal and opposite directions, accelerates
nose of the mortar and decelerates the aft mortar section, p
chute, and canister. The nose and the aft mortar section acce
toward their steady state drop velocities and the parachute o

Fig. 8 Body velocity time history „nominal …

Fig. 9 Roll rate time history „nominal …
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and further decelerates the canister. The parachute initially s
rates from the canister a distance equal to the length of the c
plus the riser length. When it reaches this distance the parac
opens and the sudden increase in drag stretches the riser.
stretch results in a 913 N load in the riser. Once this initial sho
damps, the force in the riser becomes steady at a load equal t
weight of the canister, approximately 6.8 N. The drag of the pa
chute slows the forward motion of the canister and they b
descend almost vertically at a range of approximately 3390
The lateral motion of the canister and parachute is quickly dim
ished by parachute drag.

Parachute and Canister Flight. Cross-type parachutes ar
designed to rotate to increase vertical axial force. This rotat
decreases longitudinal stability, which explains the tendency
this type of parachute to experience coning motion during des
@3#. This coning motion is responsible for the notable oscillatio
after inflation that gradually lessen as the system reaches st
state. The nominal system incorporates a fixed joint to attach
canister to the parachute riser, thus the parachute cords act
rotational spring and damper. As the parachute generates roll
cords twist causing the canister to spin. The parachute and can
system’s drop velocity stabilizes at approximately 4.3 m/s. Ho
ever, there is a very slight decrease in the descent rate. This is
to the parachute’s slightly increasing roll rate, which increa
vertical axial force. It can be seen in Fig. 9 that the spin of
mortar is imparted to the canister and the parachute at the tim
separation. The spin rate of a cross-type parachute is proporti
to the square of the forward velocity. The initial velocity of th
parachute as it exits the round is such that it causes the parac
to promptly spin up once it opens. However, due to the high d
of the parachute, its velocity decreases rapidly, and conseque
its roll rate damps quickly. Due to cord twist canister roll ra
increases as the parachute spins up and oscillates about the r
the parachute until it damps around 110 s. Angles of attack of
parachute and canister shown in Fig. 10 exhibit coning mot
mentioned earlier. Angle of attack of the canister is greater t
that of the parachute because coning motion of the parachu
amplified by the lever action of the parachute cord length.

Camera Performance. After the camera is turned on at a
altitude of 600 m, it remains aloft and is consequently able
record images for approximately 141 s~Fig. 7!. The imaging rate
used for this simulation is 15 frames/s. Therefore, the image
able to record approximately 2115 images before it impacts
ground. Note that imaging rate should not be confused with
posure time. Imaging rate takes into account transmission tim

Fig. 10 Canister and parachute angle of attack time history
„nominal …
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the captured image, and recording time as well. Cameras
higher resolutions, or more pixels per CCD may improve the qu
ity of an image, but they also result in more data that must
recorded and transmitted, thus resulting in lower imaging rate

In the following figures demonstrating image quality of a sy
tem, data is reported for an image point located at the center o
image plane and an image point at one corner of the image pl
These points were chosen to exhibit the difference in image q
ity between the center and the edges of the image. Becaus
motion of the canister is such that all corner points exhibit sim
trends it is only necessary to report a single corner point to d
onstrate edge image quality. During a nominal flight the image
able to capture a total of 919,000 m2 of ground area. However, th
resolution at which the area is captured varies over the duratio
the flight. Figure 11 shows pixel scale versus the amount
ground area in each image for an image point located at the ce
of the image plane and an image point located at the corner o
image plane. For example, the first image captured in the nom
scenario records an area of approximately 590,000 m2 with a reso-
lution of 0.46 m/pixel. At this resolution objects such as a c
would be discernible. Resolution improves linearly as the cam
nears the ground, however a smaller amount of area is captur
each image. Note that approximately 65% of the total ground a
captured during the flight is gained in the first image, indicat
that of the 2115 images taken, there is a great amount of ove
Before an image can be considered discernible by an analyst
clarity of the image must be evaluated. Figure 12 shows pixel b
for a shutter speed of 1 ms versus camera height for the nom
system scenario. Because the camera is spinning the motion o
edge points is greater than those at the center resulting in m
pixel blur. It can be seen in Fig. 12 that rotational vibration of t
camera due to cord twist shown in Fig. 9 results in large fluct
tions of pixel blur at the edges of the image, however it has li
effect at center of the image. The smaller oscillations in pixel b
after rotational vibration due to cord twist is damped are a re
of the coning motion of the system further referred to as cani
oscillation. Pixel blur is linearly proportional to shutter speed a
therefore varying shutter speed changes pixel blur by a pro
tional amount. For example, if the same scenario was condu
with a 10 ms shutter speed the amount of pixel blur would be
times greater and consequently the image would be much
discernible.

Joint Type. For this simulation all system parameters we
held at nominal values except for the type of joint used to att
the parachute riser to the canister. Instead of a fixed joint, a ra
bearing type joint was used. Similar trends were observed fo

Fig. 11 Pixel scale „resolution … versus ground area captured
„nominal …
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time traces except for roll rate of system components. A rad
bearing joint does not allow the cords to twist as the parach
spins up, therefore the only moment that acts on the canister f
the parachute rotational motion is due to friction in the bearing
Fig. 13 it can be seen that roll rate of the canister gradually
creases until it reaches that of the parachute. Thus, the bea
joint eliminates erratic canister motion present immediately a
parachute inflation for a system with a fixed joint~see Fig. 9!. As
a result less blur is present at higher camera altitudes with lo
resolutions~Fig. 14!.

Parametric Trends
The effect of canister weight, canister mass center locat

riser length, and riser attachment offset are considered agains
image system metrics defined earlier. These trends are comp
in Figs. 15–21.

Effect of Canister Weight. The average rate of descent aft
the camera has been activated and the number of images cap
versus a range of canister weights is shown in Fig. 15. As
weight of the canister is increased the average rate of des
increases and consequently the number of images able to be
tured decreases. Also, as the rate of descent or axial velocity o
parachute increases so does its spin rate, thus increasing the

Fig. 12 Pixel blur „clarity … versus camera height „nominal …

Fig. 13 Roll rate time history „nominal—bearing joint …
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rate of the canister. A direct result of this increased spin rate is
increase in the amount of pixel blur near the edges of the ima
captured. Average pixel blur at the edges of the image for a no
nal system is approximately 6.6. Increasing the weight of the c
ister to 71.17 N increases the average pixel blur for a fixed jo
system to approximately 19. Initially after parachute inflatio
however, fixed joint systems exhibit an oscillatory flight behav
that results in pixel blur per canister oscillation varying up to
range that is approximately 50% of the average. Oscillatory c
ister motion for a fixed joint system immediately after parach
inflation is not present for a bearing joint system and the amo
of blur is less at higher altitudes and lower resolutions. Fo
bearing joint system pixel blur for a 71.17 N canister is initia
around 4 and increases to approximately 16 at which point
canister contacts the ground. The range of pixel blur per can
oscillation remains fairly constant for a bearing joint system an
less than 2% of the average. The pixel blur for the center im
points as stated before is not greatly affected by the spin rat
the canister and the pixel blur for these points for the individ
canister weights more or less are the same for the range of can
weights. As stated before, the pixel scale as a function of cam
height is not significantly affected by the weight of the canister
the type of joint used. Heavier canisters result in increased
rates, but decrease the coning motion of the parachute and thu
projected image does not sweep out as large of an area on

Fig. 14 Pixel blur „clarity … versus camera height „nominal—
bearing joint …

Fig. 15 Average rate of descent and number of images cap-
tured versus canister weight
Journal of Dynamic Systems, Measurement, and Control
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ground. Note that most of the total ground area captured is in
first few images, and for the fixed joint system these images ar
the poorest quality because of the excessive blur and low res
tion. However, for a bearing joint system the amount of blur e
dent in these first images is less than those captured by a fi
joint system and, consequently, a greater amount of identifia
ground area coverage is gained.

Effect of Riser Length. Figure 16 shows the total groun
area captured and the average camera tilt after steady state
been reached versus riser length. Pixel blur at the edge of
image is significantly greater than that of the center of the ima
This is the case for all the studies conducted and therefore
trends for the center of the image are not discussed in the foll
ing studies. Because wind is not considered and the system
scends vertically the angle of attack and the camera angle
vertical or tilt as referred to by aerial photographers can be c
sidered identical. Increasing riser length effectively increa
camera tilt and thus sweeps out larger ground area. A side e
though is that pixel blur vibrates through a greater range as
canister oscillates. This effect is shown in Fig. 17, where the
erage edge pixel blur after steady state along with the rang
pixel blur per canister oscillation is shown versus riser length. T
increased riser length amplifies the moment produced about
canister center of gravity due to the coning motion of the pa
chute and thus increases canister oscillations. It is apparent
Figs. 16 and 17 that the type of joint used does not significan
effect image performance of the system for increased riser len

Effect of Canister Mass Center Location. In Figs. 18 and
19, the mass center of the canister was placed forward of
nominal position in 9.14 mm increments up to 45.72 mm. T
can be viewed as moving the center of gravity towards the gro
if the canister were hanging vertically beneath the parach
Moving the canister center of gravity forward exhibits a simil
trend of increased pixel blur range per canister oscillation l
increasing the riser length. In this case, this is due to the fact
the moment arm from the canister center of gravity to the atta
ment point is increased. Therefore, the moment about the can
center of gravity due to the force in the riser caused by the con
motion of the parachute is amplified causing larger oscillations
the canister. Figure 18 shows total ground area captured and
erage camera tilt versus location of the canister mass center.
type has little effect on tilt angle variation with change in C
location and the two curves appear to lie on top of each ot
Figure 19 shows average edge pixel blur after steady state
pixel blur range per canister oscillation versus change in forw
location of the canister mass center.

Fig. 16 Total ground area and average camera angle off verti-
cal versus riser length
SEPTEMBER 2004, Vol. 126 Õ 591
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Effect of Riser Attachment Offset. Canister offset is defined
as mounting the parachute riser to the canister in such a way
the connection is off the axis of symmetry of the canister. For b
the bearing joint and the fixed joint systems, pixel blur behavio
very erratic until canister spin rate stabilizes at the same rat
the parachute. The range of pixel blur per canister oscillation a
tends to decay in the course of the flight. The point at which t
occurs is considered the steady state of the system for this s
Images captured after steady state are higher resolution, how
for a bearing joint, an offset attachment produces more err
behavior than for a center-attached system. Also, an offset fi
joint produces greater deviations in pixel blur immediately af
parachute inflation than a nominal system. Thus, images reco
shortly after parachute inflation are not reliable estimates of
ground area captured and image quality is reported for the sys
after it has stabilized. This is considered to have occurred at
proximately a height of 500 m. Figure 20 shows total ground a
covered and camera angle off vertical for a range of riser atta
ment offsets. Camera tilt is greater for a fixed joint system a
consequently a greater sweep of ground area is captured durin
descent than a bearing joint system. Both offset systems cap
much greater ground area than a center-attached system due

Fig. 17 Average pixel blur and range of pixel blur per canister
oscillation versus riser length

Fig. 18 Total ground area and average camera angle off verti-
cal versus change in forward placement of the canister center
of gravity
592 Õ Vol. 126, SEPTEMBER 2004
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sweeping motion of the canister as it rotates. However, as sh
in Fig. 21 an offset bearing joint produces less average pixel b
at a corner point after steady state is achieved.

Conclusions
Simulation of a mortar launched, parachute deployed, imag

system that integrates dynamic behavior with imaging perf
mance has been developed and employed to predict image q
tity and quality for an exemplar mortar launched, parachute
ployed, imaging system. Through proper tailoring of dynam
characteristics of the payload and parachute configuration, im
performance can be greatly enhanced. In particular, increased
ister weight increases the descent rate of the system, which
sequently increases the spin rate for cross type parachutes.
leads to a proportional increase in image blur, which is larg
toward the edge of the image. Also, coning of the canister
general increases total ground coverage area while causing im
blur to increase only slightly. Locating the attachment point of t
parachute riser to the canister off the axis of symmetry is
effective technique to increase coning. However, offsetting
attachment point causes large initial oscillations after deploym
from the mortar, which yields unreliable images. Increasing ri

Fig. 19 Average edge pixel blur and range of pixel blur per
canister oscillation versus change in forward placement of the
canister center of gravity

Fig. 20 Total ground area and average camera angle off verti-
cal versus attachment offset
Transactions of the ASME
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length also induces increased coning of the canister. Ano
method that is effective in increasing coning, yet subtler is mov
the center of gravity of the canister forward. These conclusi
provide valuable criteria for designers of munition launched s
tems and parachute borne imaging systems. The data obta
from these analyses allow designers to evaluate the perform
of these systems based on the governing parameters of
coupled systems without the expense of physical testing.

Nomenclature

x, y, z 5 Position components of the center of mass o
the respective body expressed in the inertial
reference frame

f, u, c 5 Euler roll, pitch, and yaw angles of the respe
tive body

u, v, w 5 Translational velocity components of the cent
of mass of the respective body expressed in
the body reference frame

p, q, r 5 Angular velocity components of the respectiv
body expressed in the body reference frame

X, Y, Z 5 External forces on the respective body ex-
pressed in the body reference frame

m 5 Mass of the respective body
I 5 Inertia matrix of the respective body

L, M, N 5 External moments on the respective body ex
pressed in the body reference frame

W 5 Weight of the respective body
r 5 Density of air for the respective body
V 5 Velocity magnitude of the respective body
A 5 Reference area of the respective body
D 5 Reference diameter of the respective body

CZ0 5 Drag force alpha-to-the-zero coefficient
CZ2 5 Drag force alpha-squared coefficient
CNA 5 Projectile normal force coefficient

a 5 Longitudinal angle of attack of the respective
body

b 5 Lateral angle of attack of the respective body
CLDD 5 Roll moment due to fin cant coefficient

CLP 5 Roll damping moment coefficient
CMQ 5 Pitch damping moment coefficient

CT 5 Tangential force coefficient
CN 5 Normal force coefficient
PS 5 Sixth order polynomial as a function of time

used to describe the expulsion charge
nX , nY , nZ 5 Directional unit vector components

Fig. 21 Average edge pixel blur and range of pixel blur per
canister oscillation versus attachment offset
Journal of Dynamic Systems, Measurement, and Control
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CDD 5 Roll generation coefficient
r X , r Y , r Z 5 Position vector components from the center o

mass of the canister to the image plane point
PL 5 Pixel size
PX 5 Pixel scale
PB 5 Pixel blur, number of pixels traversed in one

exposure
xc , yc , zc 5 Translational position components of the cani

ter center of gravity expressed in the inertial
reference frame

xf , yf , zf 5 Translational position components of the im-
ager focal point expressed in the inertial refer
ence frame

xi , yi , zi 5 Translational position components of the cent
and corner points of the image plane express
in the inertial reference frame

xg , yg , zg 5 Translational position components of the pro-
jected image points in the ground plane ex-
pressed in the inertial reference frame

Vg 5 Velocity of the projected image points in the
ground plane,Aẋg

21 ẏg
2

tss 5 Effective shutter speed of imager

Subscripts

A 5 Represents forces due to aerodynamics
W 5 Represents forces due to weight
S 5 Represents forces due to separation
R 5 Represents forces due to the riser connection
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