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Abstract A network model of optic flow processing,
based on physiological and anatomical features of
motion-processing neurons, is used to investigate the
role of small-field motion detectors emulating TS5 cells in
producing optic flow selective properties in wide-field
collator neurons. The imposition of different connectiv-
ities can mimic variations observed in comparative
studies of lobula plate architecture across the Diptera.
The results identify two features that are crucial for optic
flow selectivity: the broadness of the spatial patterns of
synaptic connections from motion detectors to collators,
and the relative contributions of excitatory and inhibi-
tory synaptic outputs. If these two aspects of the inner-
vation matrix are balanced appropriately, the network’s
sensitivity to perturbations in physiological properties of
the small-field motion detectors is dramatically reduced,
suggesting that sensory systems can evolve robust
mechanisms that do not rely upon precise control of
network parameters. These results also suggest that
alternative lobula plate architectures observed in insects
are consistent in allowing optic flow selective properties
in wide-field neurons. The implications for the evolution
of optic flow selective neurons are discussed.

Key words Optic flow - Visual processing -
Lobula plate - Computational maps - Evolution

Abbreviations COM center of motion - SFMD
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Introduction

Spatially mapped neural architectures are widely
acknowledged to serve crucial roles in sensory infor-
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mation processing (Knudsen et al. 1987). Classical ex-
amples include lateral inhibitory networks (Ratliff and
Hartline 1974), orientation columns in mammalian vi-
sual cortex (Mountcastle 1957), and delay lines for an-
alyses of phase differences in auditory and
electrosensory systems (Carr 1986). Detailed neuroana-
tomical and physiological studies of how receptors map
onto dendritic trees involved in processing mechano-
sensory inputs have provided new insights into the rep-
resentation and computation of directional information
in arthropods (e.g., Lockery and Kristan 1990; Jacobs
and Theunissen 1996; Lewis and Kristan 1998). In
Diptera, visual pathways serving directional motion-
processing offer additional opportunities for under-
standing the functional significance of mapped neuro-
pils. This is not only because these display great
precision from one synaptic layer to the next (Strausfeld
1989), but also because phylogenetic differences in such
maps relate to taxonomic differences in visually guided
flight behaviors (Buschbeck and Strausfeld 1997).

In Diptera, as explained in a previous account
(Douglass and Strausfeld 2000b), retinotopic arrays of
T5 neurons are sensitive to motion direction (Douglass
and Strausfeld 1995, 1996) and map their outputs onto
the dendrites of wide-field collator neurons in the lobula
plate. Neuroanatomical studies of calliphorid and mus-
cid flies indicate that there are four TS5 neurons per
retinotopic column (Strausfeld and Lee 1991), and that
individual TS5 cell endings in the lobula plate are con-
strained to one of four functional levels that are acti-
vated by a specific direction and orientation of motion
across the retina (Buchner and Buchner 1984). Thus, TS5
cells carry information about directional motion to these
specific functional levels, where wide-field collator neu-
rons are activated by optic flow fields induced by rota-
tions and translations about specific body axes (Hausen
1984; Krapp et al. 1998).

At first sight, the organized segregation of TS5 termi-
nals to motion and direction-sensitive strata suggests
that this architectural arrangement reflects optimized
connections for a flow-field processing system. A neuron
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that responds exclusively to progressive motion would
have its dendrites in a horizontal motion stratum, as is
indeed the case in Calliphora and Musca. A neuron
responding to composite horizontal and vertical flow
fields, each separated at different regions on the retina,
would have its dendrites in the two appropriate direc-
tional strata and at the corresponding retinotopic loca-
tions in the mosaic. This prediction is supported by the
morphologies of certain “vertical” (VS) motion-sensitive
neurons that have dendrites staggered at two levels of
the neuropil (Hengstenberg 1982; Strausfeld and Bass-
emir 1985; Krapp et al. 1998). If this architecture is
especially important for visual flow processing, however,
one would expect it to be conserved among visually
active Dipterans.

Whereas comparative studies demonstrate that the
TS5 cells and a cohort of more peripheral neurons im-
plicated in motion processing are ubiquitous to a variety
of brachyceran and nematoceran Diptera (Buschbeck
and Strausfeld 1996), lobula plate stratification and
tangential neuron morphologies show great taxonomic
diversity (Buschbeck and Strausfeld 1997). Tabanids
(horse flies), for example, are highly maneuverable
predators adept at avoiding defensive actions of their
targets; the tabanid lobula plate is multistratified, con-
taining many more horizontally oriented tangential
neurons than in other groups. Many species of syrphids
(hover flies) employ stationary as well as laterally
directed hovering flight; their lobula plates are equipped
with many more vertical tangential cells than in calli-
phorids or muscids. The long-bodied asilids (robber
flies) make ballistic interceptions of their prey; their
lobula plates entirely lack vertical tangential cells and
are equipped with many small- and wide-field horizontal
tangential cells. Despite such variations, each taxon
presumably exploits information provided by optic flow.
Clearly, the organization of optic flow processing
neurons in the lobula plate need not conform to the
calliphorid plan.

Computational properties of mapped neuropils are
shaped by physiological as well as architectural features.
Douglass and Strausfeld (2000b) demonstrated the
sensitivity of an optic flow processing network based on
T5-like motion detectors to physiological tuning prop-
erties of these small-field elements, and discussed the
issue of whether the broadness of the small-field direc-
tional tuning can be optimized for optic flow processing.
Although narrow tuning to sensory parameters is clearly
useful in specialized contexts (Suga and Kanwal 1995),
theoretical analyses have demonstrated remarkably
efficient information transmission in broadly tuned, or
“coarse-coded” networks (Heiligenberg 1987; Theunis-
sen and Miller 1991). Though some workers have sug-
gested that sensory tuning characteristics tend to be
sharpened at successive processing levels (Levick et al.
1969; Glantz 1994), others argue that information
transmission is more efficient and less subject to noise
when the characteristics at successive levels are closely
matched (Bialek and Owen 1990; Laughlin 1996).

Our model of optic flow processing (Douglass and
Strausfeld 2000b) provides an opportunity to examine
these issues as they apply to retinotopically organized
directional information processing in the insect visual
system. In the present account, we used an expanded
version of the model to examine the effects of alternative
wide-field innervation matrices (spatial patterns of syn-
aptic connection strengths) on optic flow selectivity. The
results show that although both small-field physiological
properties and wide-field connection patterns can be
optimized, the circuit’s properties may be so robust that
significant departures from the “optimal” parameters
are of little consequence for the performance of the
network. Crucially, properties of successive processing
levels do not have to be closely matched, suggesting that
substantial variability in the evolutionary, developmen-
tal, or homeostatic processes that shape optic flow
processing circuits is possible without endangering their
most important computational properties. Thus, sensory
systems across the animal kingdom may have evolved
robust mechanisms that do not rely on precise network
parameters.

Materials and methods

The same basic methods described in Douglass and Strausfeld
(2000b) were employed here, with the addition of specific variations
in properties of the innervation matrices. Briefly, a computational
network with optic flow selective properties was designed based on
specific anatomical and physiological features of motion processing
pathways in calliphorid flies. The network (Fig. 1) was simulated by
defining flow-field stimuli as arrays of local motion directions and
speeds, computing analog (nonspiking) responses to these flow
fields by four retinotopic arrays of small-receptive-field T5-like
detectors (SFMDs), and pooling responses from selected SFMDs.
The SFMD responses to be pooled were selected using innervation
matrices, designed to generate selectivity for a particular type of
optic flow when centered on the receptive field of a wide-field
collator neuron. As in Douglass and Strausfeld (2000b), the
external flow inputs always were defined to encompass the full
receptive field of the collator.

The basic equations for responses of the local motion detectors
(Douglass and Strausfeld 2000b) are functions of the local angular
motion speed (S, degrees/s) and the direction (6, degrees) of a
moving edge, defined relative to the preferred direction of each
SFMD:

R(0,S8) = (b+0.5-cos(a-0)) - (k-S-e*9) 0] <180°/a,

1
R(6,8) = (b—0.5) - (k-S- ') 10| > 180°/a, M
where b specifies a constant offset from the zero response level and
a determines the broadness of directional tuning. Each of the four
SFMD arrays (Fig. 1A) was provided with one of four orthogonal
preferred directions. Individual tests of the model employed one of
four alternative small-field tuning functions with half bandwidths
of either 180° [RA(0), Rg(6); a=1], or 90° [Rc(0), Rp(0); a=2] as a
function of motion direction, and either purely excitatory [Ra(6),
Rc(0); b=0.5], or balanced excitatory and inhibitory [Rg(0), Rp(6);
b=0] responses.

In the preceding account, the innervation matrices were com-
posed of purely excitatory synaptic connections with equal synaptic
weights, and the angular bandwidth of the retinotopic region rep-
resented by an individual matrix was fixed at 90° (Fig. 1Bi). In this
account, instead of being limited to purely excitatory connections,
matrices could be specified with both excitatory and inhibitory



motion
detector
arrays

Fig. 1 A Overall architecture of the optic flow processing network.
Optic flow stimuli, here a centered clockwise rotational flow,
provide inputs to four superimposed arrays of small-field direction-
sensitive motion detectors (SFMDs). The SFMD arrays have
orthogonal preferred directions (large arrows), and response
amplitudes (vertical lines at each SFMD location) are a function
of local motion direction and speed (see Eq. 1). Gradient-type
innervation matrices (spatial patterns of synaptic connection
strengths), in this example designed to promote selectivity for
clockwise flow, specify graded patterns of SFMD synaptic output
strengths for linear summation by a wide-field collator neuron. The
darkest shading represents strong excitatory synaptic connections;
lightest areas represent strong inhibitory connections (see B). For
simplicity, only 13 SFMDs are illustrated per array. Actual model
computations used either 73 or 701 SFMDs per array (see
Materials and methods). Dotted vertical lines (I and 2) indicate
processing levels that correspond to spatial activity patterns
illustrated in Figs. 6 and 7. B Examples of alternative innervation
matrices from SFMDs to a wide-field collator: i uniform matrix,
90° bandwidth with purely excitatory (+) connections (Eq. 2,
matrix offset s =0.5); ii uniform matrix, 180° bandwidth with both
excitatory and inhibitory (=) connections (Eq. 2, s=0); iii gradient
matrix, 180° half bandwidth with purely excitatory connections
(Eq. 3, s=0.5); iv balanced excitatory and inhibitory connections
(Eq. 3, s=0)

synaptic connections (Fig. 1Bii,iv), the relative strengths of which
were controlled by an offset in the equation for the innervation
matrix (see below). This feature is consistent with the presence of
both GABAergic (Strausfeld et al. 1995; Brotz and Borst 1996) and
cholinergic inputs to wide-field lobula plate tangential neurons
in the fly visual system (Brotz and Borst 1996). The angular
bandwidths of innervation matrices were also varied, in order to
investigate the consequences of narrow versus coarse spatial tuning
of the retinotopic maps. Third, the innervation matrices were
defined with either wuniform distributions of synaptic weights
(Fig. 1Bi,ii, as in Douglass and Strausfeld 2000b), or cosine-shaped
synaptic weight gradients (Fig. 1Biii,iv). Matrix bandwidths and
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half bandwidths were defined in terms of the angular extent of
synaptic connections within the circular receptive field of a collator.
Thus, the bandwidth of a uniform matrix is the range of angles
within which excitatory synaptic connections were specified, and
the half bandwidth of a gradient matrix is the angular width of the
region in which excitatory synaptic strengths were >50% of
the maximum level.

Equations 2 and 3 (below) specify local synaptic strengths, w,
for uniform- and gradient-type innervation matrices. The value of
w depends on a constant offset s from zero, and on the angular
bandwidth (hw) of a uniform matrix, or the half bandwidth (hbw)
of a gradient matrix. This nomenclature for the broadness of uni-
form and gradient matrices, respectively, was used because the
model outputs are very similar when the uniform matrix bandwidth
and the gradient matrix half bandwidth are set to equal values (see
Results).

Uniform innervation matrix

w=s+40.510 <bw/2

2
w=s-—0.5,10 >bw/2 @
Gradient innervation matrix
w=s+0.5 cos(a-0),|0] < hbw )

w=s—0.5]0] >hbw

For a given collator neuron, the difference between maximal and
minimal synaptic weights was kept constant at 1, and the matrix
offset s could be varied between —0.5 and 0.5. Setting s=0.5, for
example, yielded purely “‘excitatory” synaptic weights from 0 to 1,
whereas s =0 provided excitatory and inhibitory weights ranging in
amplitude between —0.5 and +0.5. Absolute values of s greater
than 0.5 were not tested, because they merely would have reduced
the relative difference between minimum and maximum synaptic
weights. In Eq. 3, the value of parameter a sets the half bandwidth
of the innervation matrix: hbw=180°/a.
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The model was written using Turbo Pascal (Borland Interna-
tional), and the figures were produced using Origin 5.0 (Microcal,
Northampton, Mass.) and CorelDraw 6.0 and 8.0 (Corel, Ottawa,
Ontario).

Results

As shown in the preceding account (Douglass and
Strausfeld 2000b), the model shows robust selectivity to
the position and type of optic flow. This is provided by
using a small-field tuning function with broad direc-
tional tuning and both excitatory and inhibitory outputs
(Rp), combined with a uniform, 90° bandwidth inner-
vation matrix with unit synaptic weights (Eq. 2, s=0.5).
Flow type selectivity is controlled by the angular posi-
tions of the innervation matrices within the retinotopic
map, and can be adjusted to produce maximal responses
to any flow type along a circular scale that includes pure
clockwise rotation, pure expansion, counterclockwise
rotation and contraction. Selectivity for flow type and
position, however, is acutely sensitive to small-field
tuning characteristics. Among the four alternative small-
field functions Ra—Rp, strong flow type selectivity was
obtained only with Rg. The actual characteristics of the
small-field tuning functions and the innervation matrices
of optic flow processing circuits in insects are poorly
understood. Thus, the usefulness of this network as a
model of neural circuitry rests on two major questions:
(1) how sensitive are the Rpg-based implementations to
properties of the innervation matrix?, and (2) can al-
ternatives to the original innervation matrix be identified
which reduce the network’s sensitivity to the small-field
properties?

Large changes in map bandwidth and type have
little effect on selectivity for flow type or position

Figure 2 illustrates the position and type selectivity of
model implementations in which the positions of the
innervation matrices were chosen to promote sensitivity
to clockwise rotational flow (see Fig. 1A). The individual
graphs compare responses to the preferred and anti-
preferred optic flow types (clockwise and counterclock-
wise flow), orthogonal flow types (expansion and
contraction), and unidirectional flow. The 12 graphs are
arranged in three rows that illustrate the effects of inn-
ervation matrix half bandwidth (90°; 180°; 270°) on
collator responses, and four columns that correspond to
the four small-field motion detector tuning functions
Ra—Rp, respectively. A 90° uniform innervation matrix
with offset 0.5 (see Fig. 1Bi) was used in the original
implementation of this model (Douglass and Strausfeld
2000b); all data in Fig. 2 were obtained using gradient
innervation matrices, again with a matrix offset of 0.5
(e.g., Fig. 1Biii).

The effects of innervation matrix bandwidth on po-
sition and type selectivity (Fig. 2) are moderate changes
in response amplitudes, regardless of the small-field

tuning function. Small-field tuning function Ry provides
excitatory, position-sensitive responses to clockwise ro-
tation, symmetrical inhibitory responses to counter-
clockwise flow, and virtually no response to expanding,
contracting, or unidirectional flow. Thus, Ry produces
the greatest selectivity for flow type and position and
these properties are robust to changes in matrix band-
width. On the other hand, since the poorer selectivities
obtained with the other three small field functions are
also relatively stable, changes to the bandwidth of the
innervation matrix alone cannot reduce the network’s
sensitivity to its small-field tuning properties. The same
tests shown in Fig. 2 for gradient matrices were also
performed using the equivalent uniform matrices
(bandwidths 90°, 180°, and 270°). The results were re-
markably consistent with those shown here, with only
small quantitative differences that do not alter the above
conclusions. (For uniform matrix results that corre-
spond to Figure 2A-D see Douglass and Strausfeld
2000b, Fig. 6E-H.)

Because of the robust flow selectivity associated with
Ry, this small-field tuning function was used to further
examine the sensitivity of the optic flow-processing
network to innervation matrix broadness. Figure 3
shows responses of a collator to centered, preferred-type
optic flow as a function of innervation matrix bandwidth
for both uniform- and gradient-type matrices (note that
the gradient data at 90°, 180°, and 270° correspond to
position 0 of the continuous curves in Figure 2B, F, J).
With both types of matrix, maximal responses were
produced at intermediate bandwidths. This result is not
surprising, because very narrow matrices carry few
synaptic connections, whereas very broad matrices lack
spatially specific information. The response maximum
for uniform matrices, however, is 180°, while that for
gradient matrices is 150° and only 82% as high. Another
important difference is that gradient maps produce sig-
nificant responses at half bandwidths as high as 360°.

What mechanisms are responsible for these differ-
ences between matrix types? Because the total synaptic
weights to the collator neuron are nearly identical for a
given uniform matrix bandwidth and gradient matrix
half bandwidth, the differences must arise from inter-
actions between the shapes of the innervation matrices
and the spatial distributions of their small-field motion
detector inputs. As defined in Eqgs. 2 and 3, gradient
maps are inherently broader, so the optimum map
broadness occurs at a lower half bandwidth than for
uniform maps. Meanwhile, the maximum response am-
plitude from gradient maps is reduced because less than
100% of the excitatory activity from small-field motion
detectors is transferred, and because inhibitory activity
is included which uniform maps only recruit at band-
widths greater than 180°. At 360°, the responses from
uniform maps are equivalent to unspecialized, one-to-
one mappings (Douglass and Strausfeld 2000b), for
which the activities sum to zero in this case because the
excitatory and inhibitory activities of the small-field
detectors are symmetrical. With 360° half bandwidth
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Stimulus Position

Fig. 2 Comparison of position and type selectivity as a function of
small-field motion detector tuning (columns) and innervation
matrix bandwidth (rows), with the matrix offset (Eq. 3) set at 0.5.
All data are from networks with gradient innervation matrices
designed to produce maximal responses to pure clockwise rotation
that is centered in the middle of the collator receptive field (position
0; see Materials and methods and Fig. 1). Column labels refer to
the respective small-field tuning functions Ry—Rp (Materials and
methods, Eq. 1). Row labels indicate innervation matrix half
bandwidths of 90°, 180°, and 270°. Abscissa, flow field position in
units of receptive field radii. Each graph shows responses to
clockwise rotation (solid lines), counterclockwise rotation (dotted),
pure expansion or pure contraction (open circles), and unidirec-
tional flow (closed circles). With small-field tuning function Rjg,
responses to expansion, contraction and unidirectional flow were
always zero. Asterisks correspond to spatial activity patterns
illustrated in Fig. 6 (see text for details)

gradient maps, however, the spatial distribution of
synaptic strengths remains slightly nonuniform, thus
favoring the transmission of excitatory responses.

Combined adjustments to innervation map
bandwidth and offset optimize selectivity
for flow position and type

Up to this point, tests of alternative innervation matrix
shapes and bandwidths have confirmed the previous
result (Douglass and Strausfeld 2000b) that the small-
field directional tuning function Ry is the best suited for
generating optic flow selectivity. Also, alternative matrix
shapes have failed to reduce the sensitivity of the net-

Stimulus Position

Stimulus Paosition Stimulus Position

work to perturbations in small-field properties. How-
ever, the optic flow selectivity data from small-field
tuning functions R, Rc and Rp (Fig. 2), suggest two
additional strategies. Two defining characteristics of Rgp-
based implementations, both of which are crucial for
optic flow selectivity but are missing from the other data
in Fig. 2, are the symmetry between responses to pre-
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Fig. 3 Effect of innervation matrix spatial properties (hw, uniform
matrix bandwidth; hbw, gradient matrix half bandwidth) on
network response to centered clockwise rotation, using small-field
tuning function Rp with uniform (continuous curve) or gradient
(dotted curve) innervation matrices. Responses are normalized to
the uniform matrix maximum at 180°. Computed using 701
SFMDs per array
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ferred and antipreferred flows, and the zero responses to
unidirectional and orthogonal flows. Data from Rp, Rc
and Rp show a clear trend toward these characteristics
as the map bandwidth is reduced. This suggests that
further reduction in map bandwidth will cause the non-
Rgp-based networks to behave more like an Ry-based
implementation. So far, however, only innervation ma-
trices with purely excitatory “synapses” (s=0.5 in Eq. 2)
have been investigated. Thus, a second and more pow-
erful strategy is to include negative (inhibitory) weights
in innervation matrices by varying the offset s between
—0.5 and 0.499. If the relative strengths of excitatory and
inhibitory outputs can be appropriately balanced, this
could produce the desired symmetry in responses of non-
Ry-based implementations to preferred and antipre-
ferred inputs.

These two possibilities were examined by finding the
matrix offset which minimizes the sum of collator re-
sponses to preferred and antipreferred flows, thereby
maximizing the symmetry between these responses
(Fig. 4). Data for networks endowed with Rg have been
omitted from this figure, because their collator responses
are independent of the innervation matrix offset and the
above sum is always zero. For functions Ra, Rc, and
Rp, this sum falls to zero upon optimization of the
offset. With the exception of Ry, the original offset of 0.5
is suited only for very narrow innervation matrices that
are otherwise undesirable because they produce low re-
sponse amplitudes. The optimized offsets differ for each
of the other small-field tuning functions, but all converge
to zero at a half bandwidth of 180°. As noted above for
Rg, the collator response amplitude is a function of map
bandwidth (Fig. 3). In Ra-, Rc-, and Rp-based networks
with optimized innervation matrix offsets, collator re-
sponse amplitudes vary in the same manner (data not
shown). The response amplitudes for Ry and Rp are
identical, and those obtained with the narrower small-
field tuning of Rc and Rp are reduced, but only by a
maximum of about 20%.

Figure 4 demonstrates that optimization of map off-
sets minimizes the absolute difference between responses
to preferred and antipreferred flow types, but how does

Fig. 4 The relationship
between gradient innervation
matrix half bandwidth (abscis-
sa) and the innervation matrix
offset (ordinate) required to
equalize the absolute values of
the responses to preferred and
antipreferred optic flow. Data
are shown for the small-field
tuning functions R, (-@-),

Rc (—0-), and Rp (0), but not
for function Rp, which produc-
es equalized responses at all
combinations of offset and half
bandwidth. All four tuning
functions produce a maximal
collator response amplitude at
150°

Optimized Offset of

innervation Matrix

this adjustment affect sensitivity to flow position, and
responses to non-preferred flow types? Figure 5 illus-
trates position and type selectivity for the same model
parameters used in Fig. 2, but now using the optimized
innervation matrix offsets in Fig. 4. There has been a
dramatic reduction in the sensitivity of responses to
changes in both small-field tuning (Fig. 5, columns) and
innervation matrix bandwidth (Fig. 5, rows). Nearly all
response patterns now closely resemble that of small-
field function Rgp. With small-field function Rp, re-
sponses to the orthogonal flow types have essentially
been eliminated, and the symmetry between responses to
preferred and antipreferred flow types is position de-
pendent in the same manner as for Rg. With the nar-
rower small-field functions Rc and Rp, the response
patterns are less symmetrical at the narrower (90°) map
bandwidth, and attenuated with the broader (270°) map.
Nevertheless, there is a remarkable convergence toward
the Rp pattern. In conclusion, optimization of map
offsets dramatically reduces the dependence of the
optic flow-processing network on other basic properties
of the wide-field innervation matrices and SFMDs.
Although the small-field function Rp is clearly unique in
its versatility and its insensitivity to map offsets, the
effects of a broad range of alternative small-field func-
tions are virtually indistinguishable from those of Ry if
combined with an appropriately adjusted innervation
matrix.

Mechanisms of selectivity for optic flow type
and position

The interaction between wide-field retinotopic maps and
the small-field physiological properties of individual
motion detectors can be visualized by examining pre-
dicted spatial activity patterns within arrays of SFMDs
and within the receptive field of a collator. Predicted
spatial patterns of "presynaptic" activity produced by
the small-field tuning functions (Fig. 1A, processing
level 1) have been discussed previously (Douglass and
Strausfeld 2000b). Figures 6 and 7 show examples of
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Fig. 5 Position and type selectivity as a function of SFMD tuning
(columns) and innervation matrix bandwidth (rows). The sensitivity
to small-field tuning (columns) and innervation matrix bandwidth
(rows) has been minimized by using the optimized innervation
matrix offsets in Fig. 4, or zero offsets for small-field tuning
function Rp. The figure formatting and other network parameters
are the same as in Fig. 2. Asterisks correspond to spatial activity
patterns illustrated in Fig. 7 (see text for details)

“postsynaptic’ activity patterns (Fig. 1A, level 2) in
model implementations that combine small field tuning
functions Ry or Rp with a 180° gradient innervation
matrix designed to promote responses to centered,
clockwise rotation. Responses to pure clockwise rotation
and pure expansion are shown for centered flows (po-
sition 0) and for flows that are displaced by one receptive
field radius from the collator receptive field center (po-
sition 1). In Fig. 6, the innervation matrix offset is +0.5,
a value that has been shown to be poorly suited for optic
flow selectivity with R, (see Fig. 4). In Fig. 7, the 180°
innervation matrix offset was 0, which is optimal for
both Rp and Rg (Fig. 4). The data marked with asterisks
in Fig. 2 show the spatially summed collator outputs
from Fig. 6, and those marked in Fig. 5 correspond to
Fig. 7.

When small-field tuning function R, is combined
with the +0.5 map offset (Fig. 6, left side), individual
motion detector arrays produce only excitatory re-
sponses (color coded red), and all model synapses are
also excitatory. Thus, although centered clockwise ro-
tation produces excitatory responses, so do expansion

Stimulus Position

Stimulus Position Stimulus Position

and both types of displaced flow (see Fig. 2E, asterisks).
Response amplitudes approach zero (green) only at flow
displacements so large that the local flow speeds exceed
the speed response maxima of individual motion detec-
tors (Douglass and Strausfeld 2000b). In contrast, indi-
vidual small-field detectors tuned to Ry (Fig. 6, right
side) can generate either excitatory or inhibitory re-
sponses. With centered rotation, the purely excitatory
innervation matrices exclude most of the inhibitory ac-
tivity, so the summed collator response is strongly ex-
citatory. With expansion and displaced flows, however,
the regions of excitatory and inhibitory small-field ac-
tivity are shifted with respect to the innervation matrices
just enough so as to sum to zero at the level of final
collator outputs (Fig. 2F, asterisks).

As we have seen, a zero-offset innervation matrix
reduces the network’s sensitivity to small-field tuning
properties. Examination of spatial activity patterns
(Fig. 7) illustrates the manner in which this effect could
arise. Because the innervation matrices now incorporate
both excitatory and inhibitory weights (see Materials
and methods), local postsynaptic activity levels are al-
tered in such a way that the summed spatial activity
patterns for R, (Fig. 7, bottom left plots) are indistin-
guishable from their Rp-based counterparts (Fig. 7,
bottom right plots). Thus, to the extent that local sum-
mation of SFMD inputs is linear, the model predicts
that insensitivity to small-field tuning can be established
locally, and should not be affected by subsequent non-
linearities in collator dendritic integration.



806

Expansion Rotation Expansion

Rotation

S'0319si0

i
+1

0

JLLLLE

-1



D |

Fig. 6 Spatial patterns of flow type and position selectivity
generated with purely excitatory, 180° half bandwidth innervation
matrices having an offset of 0.5. The contour plots show predicted
“postsynaptic” population responses of SFMDs, corresponding to
level 2 in Fig. 1A. Responses are calculated for four arrays of
SFMDs, each array having an orthogonal preferred direction
indicated by the arrows at left. Responses to pure clockwise
rotation and pure expansion are shown for two of the four
alternative small-field directional tuning functions (Rx and Rp)
during centered flow (Position 0) and flow positioned at the edge of
the collator receptive field (Position 1). Note that directional tuning
functions Ra and Rg share a 180° half bandwidth, but R4 is purely
excitatory, whereas Rg is both excitatory and inhibitory. Contour
colors depict response amplitudes ranging from strongly excitatory
(red) to strongly inhibitory (blue). Summed () and individual array
responses are plotted using the same color scale, which is
normalized to the overall maximum and minimum summed
response amplitudes

Fig. 7 Flow type and position selectivity, plotted as in Fig. 6, but
generated using 180° half bandwidth innervation matrices with an
offset of 0.0. With this innervation matrix offset, the sensitivity to
small-field tuning properties is reduced. The summed responses of
the Ra- and Rp- based networks are identical

Discussion

The results show that when the optic flow processing
network is implemented by using purely excitatory inn-
ervation matrices the performance of the network is
sensitive to physiological perturbations of small-field
motion detectors that emulate TS cells (see also Dou-
glass and Strausfeld 2000b). The present investigation
has shown that this frailty can be greatly reduced
through the use of alternative innervation matrices. Two
basic strategies were successful in this regard: (1) setting
the half bandwidths of the innervation matrices at 180°
and assigning equal areas to excitatory and inhibitory
synapses, and (2) optimizing the innervation matrix
offsets according to the small-field tuning properties and
the innervation matrix bandwidth. Uniform and gradi-
ent matrices produced nearly identical outputs,
suggesting that the precise shape of the innervation
matrix is less important than its bandwidth or the bal-
ance between excitation and inhibition. Since there is
evidence for both GABAergic and cholinergic inputs to
lobula plate collators (Egelhaaf et al. 1990; Strausfeld
et al. 1995; Brotz and Borst 1996), it is reasonable to
suppose that TS5 connections to these neurons can
include both excitatory and inhibitory synapses. If so,
then the model would predict that T5 directional tuning
profiles can vary substantially without significantly
affecting the optic flow selective properties of collator
neurons.

Filtering of spatial information by summation
of population-coded activity

This study has focused on mechanisms by which a col-
lator can encode information about the optic flow type
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and the radial distance of the center of motion (COM)
from the center of the collator’s receptive field. Other
information is present in the predicted patterns of spatial
activity within the collator dendrites, but is lost during
summation of the local activity levels. For example,
when a flow field is displaced from the receptive field
center, it generates distinctive regions of excitatory and
inhibitory activity that clearly reveal the angular orien-
tation of the COM with respect to the collator (see
summed activities in Figs. 6 and 7, position 1). Though
in principle this information could be extracted at this
processing level by a neuron that is selective for the
orientations of the excited and inhibited regions,
changes in the COM angular orientation could be con-
founded with responses to non-preferred flow types (cf.
summed responses to rotation and expansion, Figs. 6
and 7). Thus, the model suggests that the COM orien-
tation would be more reliably discriminated by com-
paring, at a deeper level of the system, responses of
several collators with partially overlapping receptive
fields, each centered on a different part of the visual
surround. If so, it would be expected that Diptera which
exploit optic flow for precise visual control, as in hov-
ering flight or avoidance flight, should have their reti-
notopic mosaic parcelated by large numbers of relatively
small tangential neurons. Indeed, this kind of arrange-
ment is typical of the syrphids (hover flies), which are
excellent at hovering, and tabanids (horseflies), which
are specialized for predator avoidance (Buschbeck and
Strausfeld 1997).

Optimizing a directional mosaic network
for selectivity or robustness to change

Is there a unique set of parameters that maximizes the
performance of this network? Using the small-field
tuning function Rg, maximal response amplitudes were
obtained at a half bandwidth of 150° for gradient inn-
ervation matrices, and 180° for uniform matrices (Fig. 3).
For both types of matrix, however, 180° is the only
bandwidth where optic flow selectivity was completely
stable to changes in small-field tuning properties without
requiring a synaptic offset adjustment (Fig. 4). Thus,
optimizing the response amplitude does not necessarily
optimize robustness to perturbations. Although other
network parameters could be more precisely optimized,
a striking feature of this network is that this precision is
unnecessary. The patterns of selectivity for flow type and
position are remarkably consistent across a wide range
of model parameters, and response selectivity suffers
little from significant changes in these parameters. For
example, Fig. 3 shows that varying the half bandwidth
of a gradient innervation matrix by £40° from its 150°
optimum, or a uniform matrix bandwidth by +45° from
the 180° optimum, reduces the response to centered,
preferred-type flow by only 10%. Similarly, with inner-
vation matrix offsets optimized as in Fig. 5, reducing the
small-field tuning bandwidth by 50% (from R to Rc, or
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Rp to Rp) reduces the collator responses by far less,
particularly for innervation matrix half bandwidths
between 90° and 180°. In conclusion, significant vari-
ability in the parameters of such a network will not
seriously compromise the optic flow processing proper-
ties, whether the variability originates in physiological
processes that affect small-field tuning properties,
developmental processes that control innervation matrix
formation, or evolutionary processes that lead to
divergent lobula plate architectures.

Evolutionary and developmental flexibility
without sacrificing performance

The robustness of optic flow selectivity in this model to
variations in both small-field tuning properties and the
properties of wide-field innervation matrices has im-
portant implications regarding the evolution and devel-
opment of optic flow-processing networks. These
implications may extend to similar networks that pro-
cess spatially mapped temporal changes, including sen-
sory modalities other than vision. Because changes in the
parameters of this network have relatively minor
consequences for computational properties, the estab-
lishment of connections between T5 cells and optic
flow-selective collators may not be subject to the strict
precision that characterizes more peripheral processing
levels of arthropod visual systems (e.g., Snyder and
Menzel 1975). The same robustness to variations may
also have facilitated evolutionary diversity in neural
architectures for visual motion processing, for which
there is anatomical evidence both within the Diptera
(Buschbeck and Strausfeld 1997) and across a wide
range of other insect taxa (Strausfeld 1998; Douglass
and Strausfeld 1999).

Model implications for neural architectures
that process optic flow

Does this model require specific architectural features to
be present in the lobula plate, and do the alternative
innervation matrix configurations predict corresponding
differences in lobula plate architecture? In the Intro-
duction, we noted that the lobula plates of muscid,
calliphorid and drosophilid flies are functionally subdi-
vided into four distinct strata, each selective for visual
motion in one of four orthogonal directions. Directional
motion-sensitive TS cells supplying wide-field collators
generally restrict their lobula plate terminals to one of
these four strata (Strausfeld 1989; Fischbach and Dit-
trich 1989). However, are layered directional maps cru-
cial to the organization of directional motion processing,
and must the organization of collators conform to a
stratified organization? Clearly this need not be the case,
since numerous Diptera depart from the calliphorid
type. The following illustrates four arrangements that
correspond to known lobula plate architectures and are

compatible with the alternative innervation matrices
modeled here.

The first two architectures (Fig. 8A, B) restrict the
terminals of individual T5 cells to one of the four di-
rection-selective strata in the lobula plate, as suggested
above. In the first architecture (Fig. 8A), the collator has
a bistratified morphology with its trunk staggered at two
different levels in the lobula plate, where it provides
postsynaptic dendritic branches. This arrangement has
been observed for the VS 1 neuron in the blowfly Cal-
liphora (Hengstenberg 1982), which has its dorsal den-
drites in the horizontal motion sensitive strata and
ventral dendrites in vertical motion sensitive strata. The
VS5-VS11 neurons also have many of their dorsal
dendrites likewise disposed (Strausfeld and Bassemir
1985), and are sensitive to rotational stimuli (Krapp et
al. 1998). These neurons are presynaptic to descending
neurons that drive head roll (Milde and Strausfeld
1986). Krapp et al. (1998) suggest that horizontal di-
rectional preferences can also be found in VS dendrites
that are restricted only to vertically sensitive strata
(VS2, 3, 4 in Calliphora). These authors propose that
this sensitivity to horizontal motion is achieved by
small-field interneurons that link T5 terminals in the
horizontal motion sensitive layer with VS dendrites sit-
uated in the vertical motion-sensitive layer. Thus far no
evidence has been put forward to support this, whereas
even VS cells with most dendrites restricted to one
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Fig. 8A-D T5 organization is evolutionarily constrained across
the Nematocera and Brachycera, as well as across the Lepidoptera,
with taxon-specific differences relating only to the depth of
penetration of TS5 cells into the lobula plate and the number of
TS channels for each visual sampling point. The arrangements
of collators vary across taxa, however (Buschbeck and Strausfeld
1997). In the figures at left, two directions of visual flow are shown
across schematized eyes (« anterior, p posterior, d dorsal, v ventral,
yp ventro-posterior, da dorso-anterior), and shaded areas represent
receptive fields of collator neuron(s). The figures to the right show
sections of the lobula plate, the orientation of which is shown by
the oblique line across the schematic at left. The collators are
diagrammed in profile against the TS5 arrays, and TS5 preferred
directions are shown as H+ horizontal progressive, H- regressive,
V+ upward vertical motion, and V- downward vertical motion.
Trunks of collator cells can be positioned at various levels in lobula
plate strata (A), as in cyclorrhaphan Diptera. Alternatively, local
differences in dendritic stratification arise from unistratified trunks,
as in Lepidoptera (B). In both, sensitivity to upward vertical and
progressive horizontal motion on the retina will correspond to the
location of dendrites within appropriate strata of the lobula
plate. C A different solution to obtaining information about two
directions of motion has been achieved in certain nematocerans,
such as male bibionids, in which the retina and underlying
neuropils are divided dorsoventrally. The lobula plate contains
collators with vertical dendrites in its lower half, and horizontal
dendrites in its upper half. This arrangement suggests that
exclusively vertical motion-sensitive T5s supply the ventral part
of the lobula plate, and exclusively horizontal motion-sensitive T5
cells supply the dorsal half. D Transformation of two of the four TS
arrays may have evolved in asilids (robber flies). Numerous HS-like
cells, each with a small dendritic field, form planar ensembles
across the lobula plate. There are no vertical cells. The lobula plate
possesses only one layer of T5 endings, suggesting loss of sensitivity
to vertical motion



stratum send occasional processes distally to the hori-
zontal motion sensitive layer. This typifies a morphol-
ogy, typical of sphingid moths and observed in
Drosophila and other Diptera (Cajal and Sanchez 1915;
Strausfeld 1970; Fischbach and Dittrich 1989), of col-
lators equipped with a tangential trunk that is resident
in a single stratum but which gives rise to dendritic
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branches that can ascend into the appropriate horizon-
tal motion sensitive strata (Fig. 8B). A third architecture
(Fig. 8C) allows the collator itself to be unistratified
while different areas of the planar unistratified lobula
plate are tuned to different directional sensitivities.
Morphological evidence for this arrangement is found in
the lobula plates of certain nematocerans, like the bi-
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VS
Sphingid

Bibionid

Asilid
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bionids (March flies) (Buschbeck and Strausfeld 1997),
in which upper and lower eye halves serve different
functions and are likely to be sensitive to different flow
directions (Zeil 1979), yet both halves supply a common
lobula plate. Finally, lobula plate architectures may be
specialized to provide only one directional sensitivity
while retaining the evolutionarily conserved architecture
of stratified ensembles of TS5 endings (Fig. 8D). This
arrangement has been suggested in robber flies (Asili-
dae) in which the lobula plate is unistratified and con-
tains many horizontal-like collator neurons visited by
the terminals of T5 cells (Buschbeck and Strausfeld
1997).

In summary, a variety of lobula plate architectures
are compatible with robust optic flow selectivity in this
model. Future research that investigates both physio-
logical and anatomical properties of optic flow-sensitive
neurons across taxa will reveal which of these architec-
tures correspond most closely to actual circuits.
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