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noted that such a high diffusion of the canard vortex may
cause significant problems for the numerical prediction of the
load on the wing, particularly when simple potential methods,
which do not consider any diffusion effects, are used.
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CD = drag coefficient,
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CL = lift coefficient, lift/'q-,S
Cr = pressure coefficient, p - pjq.^
M = Mach number
MN = component of the Mach number normal to the

wing leading edge = M^_ cos AVl + sin2a tan2A
p = pressure
PtJpi., = total pressure ratio
q = dynamic pressure, {pV2

S = wing reference area
V = velocity
y = spanwise coordinate
a = angle of attack
ayv = angle of attack normal to the wing leading edge

= tan "'(tan a/cos A)
<*NWTI = angle of attack normal to the wing leading edge

corrected for thickness = aN - 8f
8f = streamwise leading-edge flow deflection angle
A = wing leading-edge sweep
p = density

Subscripts
t = total flow conditions (i.e., flow conditions if flow

is brought to rest isentropically)
2 = flow conditions downstream of a shock wave or

local flow conditions
sc = freestream flow conditions

Introduction

F UTURE advanced high-performance military aircraft de-
signs will be required to have high levels of aerodynamic

performance and low radar cross section for survivability.
These design requirements apply to various advanced military
aircraft from missiles to bombers. A well-known common
geometric characteristic of all highly survivable vehicles is
sharp planform edges. The design requirement of a sharp-
edge planform for increased survivability integrates well with
the aerodynamic design philosophy for efficient supersonic
flight. The focus of the present study is to assess the utility
of a general computational method that may be applied to a
variety of advanced military designs over a broad Mach num-
ber range.

A literature review of the current supersonic analysis and
design methods identified an Euler equation code named
the Euler Marching Technique for Accurate Computation
(EMTAC1 2) as a promising preliminary computational anal-
ysis and design tool. The literature review also identified a
candidate geometry for the assessment of EMTAC. The se-
lected geometry is a conical delta wing of unit aspect ratio
shown in Fig. 1. This geometry was chosen because the wing
is conical and representative of the class of geometry of in-
terest. Experimental results for this geometry have been doc-
umented extensively.3 4

This study compares results from computational analysis
and experimental tests. The study results are presented for
CL, CD (integrated from the surface Cp distribution), and the
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Fig. 1 Description of geometry showing x locations of the surface
pressure distributions. (All dimensions are in inches.)
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surface Cp distribution for Mach numbers 2.8 and 4.0. The
estimation of CD includes only the contribution of pressure
and not skin friction. An assessment and comparison of the
flowfield characteristics are presented using contour plots of
several computational flowfield quantities and upper-surface
flowfield classification studies on delta wings.5"9
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Fig. 2 Comparison of lift coefficient and in viscid drag coefficient
between EMTAC and experiment at My_ = 2.8 and 4.0.
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Fig. 3 Comparison of the surface pressure distributions between EM-
TAC and experiment: a) Mv = 2.8, x = 24 in. and b) Mv - 4.0, x
= 24 in.

Discussion
Figure 2 shows CL as a function of a and the inviscid drag

polar. Comparison between EMTAC and experiment shows
good agreement for CL and the inviscid drag polar at each
Mach number. Comparison of the zero-lift wave drag between
EMTAC and experiment shows good agreement at each Mach
number.

Comparison of the surface Cp distributions between EM-
TAC and experiment are presented in Fig. 3a (Mx = 2.8)
and 3b (M.,. = 4.0). The figure presents the Cp distribution
at a single streamwise location (x = 24 in.) and three angles
of attack. In general, Fig. 3 shows that EMTAC provides a
good prediction of the Cp distribution along the upper and
lower wing surfaces for all angles of attack and Mach numbers
presented. Overall, EMTAC did not completely capture the
exact levels or complete shape of the surface pressure distri-
butions at each angle of attack and Mach number. However,
EMTAC did capture the basic trends, overall levels, and gen-
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Fig. 4 Flowfield results from EMTAC at M, = 2.8, a = 16.15 deg:
a) total pressure ratio contours, b) crossflow Mach number contours,
and c) crossflow velocity vectors.
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eral shape of the surface pressure distributions, which provide
a high level of confidence in the application of EMTAC for
preliminary analysis of advanced vehicle configurations.

Flowfield properties obtained by EMTAC solutions are
presented in Figs. 4 and 5 for My_ = 2.8, a = 16.15 deg and
M-s = 4.0, a = 15.8 deg, respectively. The flowfield prop-
erties are presented as contour plots of the following prop-
erties: the total pressure ratio, crossflow Mach number, and
crossflow velocity vectors. The individual contour levels are
not specified on each figure. However, a qualitative assess-
ment of the flowfield characteristics is given. The contour
plots are used to show the existence or nonexistence of at-
tached flow, rotational or vortex flow, and embedded cross-
flow shocks.

Figure 4 shows results at My_ = 2.8, a = 16.15 deg. The
concentrically-shaped total pressure contours along the upper
surface indicate a total pressure loss usually associated with
rotational or vortex flow. The swirling nature of the crossflow
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Fig. 6 Flow classification chart for delta wings.
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Fig. 5 Flowfield results from EMTAC at Mach 4.0, a = 15.8 deg:
a) total pressure ratio contours, b) crossflow Mach number contours,
and c) crossflow velocity vectors.

velocity vectors also shows the region of rotational or vortex
flow. Both the crossflow Mach number contours and the cross-
flow velocity vectors show the presence of a crossflow shock
along the upper surface near the midspan. The coalescence
of the crossflow Mach number contours along a line indicate
the presence of a crossflow shock, and the crossflow shock is
also observed in the crossflow velocity vectors by the abrupt
decrease in velocity vector length along a line within the flow-
field. These observations suggest that a vortex with a shock
forms along the upper surface of the configuration.

Figure 5 shows results at M^ = 4.0, a = 15.8 deg. The
total pressure shows concentrically-shaped contours repre-
senting a total pressure loss along the upper surface that typ-
ically indicates rotational or vortex flow. The swirling nature
of the crossflow velocity vectors also indicates rotational flow.
The crossflow velocity vectors and the crossflow Mach number
contours indicate the presence of a crossflow shock. These
observations suggest the presence of a vortex with an embed-
ded crossflow shock along the upper surface of the geometry.

A comparison of the flowfield characteristics described in
Figs. 4 and 5 is made to upper-surface flow classification stud-
ies of flat delta wings. Figure 6 shows the representation of
upper-surface flow classification of flat delta wings.5"8 The
data are correlated using two parameters, MN and aN. To
compare the thick delta wing results to the flat delta wing
results, corrections are made to aN for thickness.8 From the
corrected flow classification parameters, the expected leeside
flow type is determined from Fig. 6.

Using the upper-surface flow classification figure, the lee-
side flow at M^ = 2.8, a = 16.15 deg (MN = 1.02, aNavr =
41.8 deg) is characteristic of a vortex with shock. The Euler
code captures the crossflow shock and a region of rotational
flow along the upper surface suggesting the presence of a
vortex with shock. The leeside flow classification at M^ =
4.0, a = 15.8 deg (MN = 1.43, aNmn = 41.2 deg) is a sepa-
ration bubble with shock. The EMTAC results capture the
crossflow shock and a region of rotational flow along the
upper surface, possibly suggesting a vortex or region of cir-
culation with a shock. The comparison of the upper-surface
flow classification and EMTAC shows similarities with the
empirically correlated and computed flowfield characteristics
for most flow conditions.

Concluding Remarks
The objective of this study was to identify and assess a

computational method as a preliminary analysis and design
tool for advanced military aircraft designs. Computational
results were compared with experiment for a thick unit aspect
ratio delta wing at freestream Mach numbers of 2.8 and 4.0.

Results compared for the force coefficients show that EM-
TAC accurately predicted the lift and inviscid drag over the
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range of supersonic Mach numbers. EMTAC captured the
basic shape and overall levels of the surface pressure distri-
bution over the range of supersonic Mach numbers. The good
agreement between EMTAC and experiment of the force and
surface pressure distribution provides a high level of confi-
dence in the application of EMTAC for preliminary analysis
of sharp-edge planforms representative of advanced military
aircraft configurations.

Qualitative assessment of the computed flowfield properties
and the upper-surface flow classification studies shows that
EMTAC captured the flowfield characteristics associated with
sharp-edged planforms. This assessment provides additional
confidence for applying EMTAC in the preliminary design
phase of advanced aircraft configurations. Overall, the study
shows that EMTAC can be successfully applied in the prelim-
inary analysis and design of sharp-edged advanced military
aircraft.
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Introduction

ECENT work1-2 in artificial neural networks suggests
mechanisms and optimization strategies that explain the
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formation of receptive fields, neurons sensitive to particular
features, and their organization in mammalian vision systems.
Not only does this work provide important clues for under-
standing biological vision systems, it lays the groundwork for
artificial vision systems in such areas as robotics and automatic
target recognition. Linsker1 has demonstrated how Hebbian
learning algorithms (GHAs), which change synaptic connec-
tions according to the degree of correlation between neuronal
inputs and outputs, give rise to layers of center-surround and
orientation-selective cells, even if the input to the initial layer
is random white Gaussian noise.

In this Note, we apply a generalized GHA due to Sanger3

to extract features for automatic target recognition from long-
wavelength infrared (IR) and TV images. Sanger has proven
that GHA determines the principal components of the data
set in order of decreasing eigenvalue. Principal components
or receptive fields generated with GHA are very similar in
appearance to those found in Linsker's work. The novelty of
our work lies in the use of GHA to generate a set of distin-
guishing target characteristics that separates targets from
background clutter, where clutter is defined by a conventional
screener algorithm to be nontarget regions in the image that
have target-like characteristics.

Algorithm
We use the generalized Hebbian learning algorithm to train

a one-layer neural network, where the input nodes define
arrays of pixel intensity values from image data and the output
nodes index the principal components. The form of the al-
gorithm is3

CiJ(T c,,{T) + y(T) [j>,(7>,(

>(7>*(7-)J (1)

where c(j is the weight or connection strength between the yth
input neuron and the /th output neuron (c,y is initially assigned
random weights), x-} is the yth component of the input vector,
yf is the /th component of the output vector, and y(T) is a
learning parameter that decreases with time such that

lim y ( T ) - 0 and
~^~

y(T) =

The second term on the RHS of Eq. (1) is the Hebbian
term, and the third term ensures that the algorithm learns
successive eigenvectors (which are the principal components),
of the covariance matrix of the input vectors ordered by de-
creasing eigenvalue. Sanger3 shows how Eq. (1) can be ef-
fected using only local operations, which underscores its im-
portance for training neural networks. Other authors4-5 have
used principal components to characterize image texture.

Experiments
We apply Eq. (1) to the development of receptive fields

for identifying a specific target object. To obtain inputs to
the network during training, we pass a window over target
subimages (no clutter region is used for training). Each po-
sition of the window defines an input vector of pixel intensities
with r x s components. The network input space S, therefore,
has dimension r x s, and each input vector is a point in S.
Network learning [Eq. (1)] produces a weight matrix c,y (1 <
/ < N', 1 < j < r x s) that defines the top N principal com-
ponents for the cluster of data points in S. A principal com-
ponent corresponds to a vector in S for which the projection
of data points onto the vector direction has maximum variance
(which we denote as squared error), and, therefore, is max-
imally distinguishable. Since vectors in the input space are


