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Abstract. The time-window-of-integration model is a quantitative frame-
work for describing crossmodal effects in saccadic response time. It dis-
tinguishes a first stage of parallel peripheral processing followed by a
second stage of multimodal integration. The occurrence of crossmodal
effects (facilitation/inhibition) hinges upon the peripheral processes ter-
minating within a temporal window of integration. The window mecha-
nism is determined by unimodal stimulus properties like intensity, while
the size of the effect is modulated by crossmodal stimulus properties like
spatial configuration.

1 Multimodal Integration in Saccadic Responses

Saccades are fast, voluntary movements of the eyes to align the high-resolution
fovea with objects and events of interest. In a natural environment saccades are
part of a rapid goal-directed orienting response system to stimuli occurring in
the periphery. Stimuli are usually multimodal: in addition to visual and audi-
tory inputs, vestibular and somatosensory afferents have access to the saccade-
generating mechanism. Thus, the oculomotor system has become a prominent
site for the analysis of crossmodal integration.

For example, it has been found that saccadic reaction time to visual targets
(the time between the onset of the visual stimulus and the onset of the saccadic
eye movement) tends to be faster when auditory stimuli are presented in close
temporal or spatial proximity (see [1], [2], [3], [4]). Similar response enhancement
effects for saccades have been observed for combining visual and somatosensory
stimuli (cf. [5] for monkeys; [6] for humans).

These behavioral studies are in line with neurophysiological evidence for mul-
tisensory integration in the deep layers of the superior colliculus (DLSC) (see
[7], [8]). Multisensory neurons in DLSC of anaesthetized cats ([9]) and monkeys
([10]) showed an enhanced response to particular combinations of visual, audi-
tory, and tactile stimuli paralleling the spatial-temporal rules in the behavioral



studies. Similar results for recordings from the awake behaving monkey have
recently been obtained ([11], [12]).

Here we present a stochastic model that establishes a formal framework in
which rules of crossmodal integration can be stated. Within that framework one
can specify how the integration mechanism depends on the uni- and multimodal
stimulus parameters and on specifics of the experimental paradigm. It allows
to make qualitative and quantitative predictions and should thereby ultimately
provide a link between the neural and the behavioral level of investigation.

2 The Time-Window-of-Integration (TWIN) Model

Since stimulation from different modalities like vision and touch cannot interact
(e.g., on the retina), the model claims the existence of a first stage of parallel
independent modality-specific activations in the afferent pathways. It refers to
a very early stage of processing where detection of the stimuli, but possibly no
”higher” processes like localization and identification, take place. This does not
preclude the possibility of interaction between modality-specific pathways, nor
between modality-specific and crossmodal areas, at a later stage of processing.
In fact, there is increasing evidence that crossmodal processing does not take
place entirely in feedforward convergent pathways but that it can also modulate
early cortical unisensory processing ([13]). Thus the entire processing time must
consist of at least two stages arranged in series. The second stage comprises
neural integration of the input and preparation of the ocular motor response.
True interaction, however, resulting in facilitation or inhibition of the response is
supposed to occur only if the peripheral processes of the first stage all terminate
within a given temporal ”window of integration”.

Even under invariant experimental conditions, saccadic responses typically
vary from one trial to the next due to an inherent variability of the underlying
neural processes in both ascending and descending pathways. This is taken into
account by assuming the duration of each of the stages to be a random variable.

2.1 Distribution-Free Model Properties and Predictions

According to the model, observed reaction time in the multimodal condition can
be written as a sum of two nonnegative random variables with finite first and
second moments:

RTmultimodal
d= W1 + W2, (1)

where W1 and W2 refer to first and second stage processing time, respectively3.
Let I denote the event that crossmodal interaction occurs, having probability
P[I]. Thus the saccadic response time (SRT) distribution is a binary mixture of
two distributions defined by conditioning on event I:

3 d
= stands for ”equal-in-distribution”.



P[RTmultimodal ≤ t] = P[W1 + W2 ≤ t]
= P[I]P[W1 + W2 ≤ t|I] + (1− P[I])P[W1 + W2 ≤ t|not-I].

(2)

While neither P[I] nor the two conditional distributions in Eq.(2) can be es-
timated directly from the data, mixture distributions have several distinctive
properties that lead to empirically testable predictions even if no specific distri-
bution assumptions are introduced (see [14]).

For the expected SRT in the multimodal condition then follows:

E[RTmultimodal] = E[W1] + E[W2]
= E[W1] + P[I]E[W2|I] + (1− P[I])E[W2|not-I]
= E[W1] + E[W2|not-I]− P[I](E[W2|not-I]− E[W2|I]),

where E[W2|I] and E[W2|not-I] denote the expected second stage processing time
conditioned on interaction occurring (I) or not occurring (not-I), respectively.
Putting ∆ ≡ E[W2|not-I]− E[W2|I], this becomes

E[RTmultimodal] = E[W1] + E[W2| not-I]− P[I] ∆. (3)

The product P[I] ∆ is a measure of the expected crossmodal interaction in sac-
cadic RT in the second stage, with positive ∆ values corresponding to facilitation,
negative ones to inhibition.

In the unimodal conditions, no interaction is possible. Thus,

E[RTunimodal] = E[W1] + E[W2|not-I], (4)

and the amount of crossmodal interaction is

E[RTunimodal]− E[RTmultimodal] = P[I] ∆.

Several empirically testable predictions can now be formulated. First, the
amount of crossmodal interaction should depend on the stimulus onset asyn-
chrony (SOA) between the stimuli. For example, a stimulus with faster periph-
eral processing has to be delayed in such a way that the arrival times of both
stimuli have a higher probability of falling into the window of integration. In-
deed, the effect of crossmodal interaction tends to be most prominent when
there is some characteristic temporal asynchrony between the stimuli ([1],[2]).
Second, the probability of interaction, P[I], should depend on unimodal features
that affect the speed of processing in the first stage, like stimulus intensity or
eccentricity. For example, if a stimulus from one modality is very strong com-
pared to the other stimulus’ intensity, the chances that both peripheral processes
terminate within the time window are small (assuming simultaneous stimulus
presentations). The resulting low value of P[I] is in line with the empirical obser-
vation that a very strong target signal will effectively suppress any interaction
with other modalities. The principle of ”inverse effectiveness”, according to which
crossmodal facilitation is strongest when stimulus strengths are weak or close to



threshold level ([9]), can be accommodated in the model by adjusting the width
of the time window: for low-level stimuli the window should become larger so as
to increase the likelihood of crossmodal integration. Third, the amount of cross-
modal interaction (∆) and its direction (facilitation or inhibition) occurring in
the second stage depend on crossmodal features of the stimulus set, in particular
spatial disparity and laterality4. On the other hand, crossmodal features have
no influence on first stage processing time since the modalities are yet being
processed in separate pathways.

More specific predictions concerning the effects of varying stimulus intensity
are implied by the following rules governing the window-of-integration mecha-
nism. When the task is to orient toward the target modality stimulus ignoring
stimuli from other modalities (focused attention), the first stage duration is deter-
mined by the target peripheral process, but crossmodal integration is occurring
only if the non-target stimulus wins the race in the first stage, i.e., the window
of integration is opened only by activity triggered by the non-target stimulus.
Increasing the intensity of the target stimulus will thus increase its chances to
win the race decreasing the probability that the window of integration opens,
so that less crossmodal interaction should occur. This prediction is in line with
the observation that a very strong target signal will suppress any interaction
with other modalities. Increasing the intensity of the non-target stimulus, how-
ever, leads to the opposite prediction: the non-target stimulus will have a better
chance to win the race and to open the window of integration, hence predicting
more crossmodal interaction on average. On the other hand, when the task is to
orient toward the first stimulus detected no matter of which modality (redun-
dant target), the first stage duration is determined by the winner’s peripheral
processing time, and the window of integration is opened by whichever stimu-
lus wins the race. Here, the effect of stimulus intensity depends on additional
assumptions not outlined here.

2.2 TWIN Model with Exponential First Stage Distributions

The peripheral processes in the first stage are assumed to have stochastically
independent exponentially distributed durations. The exponential assumption is
motivated by mathematical simplicity and, together with a Gaussian distribution
assumption for second stage processing time, results in an Ex-Gaussian distribu-
tion from that has been demonstrated to be a reasonably adequate description
for many empirically observed reaction time data (cf. [15]). To illustrate the
derivation for the expected SRT, consider a focused attention experiment with
a visual target and an auditory non-target stimulus. The first stage duration is
determined by the target peripheral process of random duration V , say, yielding
E[W1] = E[V ] = 1/λV (λV denotes the intensity parameter of the exponential
distribution of V ). From the assumptions stated in the last section,

I = {A + τ < V < A + τ + ω} (5)

4 Laterality here means whether or not all stimuli appear in the same hemisphere.



where A is the peripheral auditory latency and τ and ω denote SOA and window
width, resp. Straightforward calculation yields

P[I] =
λA

λA + λV
{exp[−λV τ ]− exp[−λV (τ + ω)]} , (6)

where λA refers to the auditory intensity parameter. It is obvious from Eq. (6)
that the probability of interaction increases both with λA and the window width
ω, as it should. Expected saccadic reaction time then is

E[RTmultimodal] = 1/λV + µ− ∆ λA

λA + λV
{exp[−λV τ ]− exp[−λV (τ + ω)]}

where µ = E[W2|not-I], the mean duration of the second stage when no interac-
tion occurs.

The choice of the second stage distribution is irrelevant as long as only mean
latencies are considered. For predictions of the entire saccade latency distribution
it should be noted, however, that due to conditioning on the event of interaction
I the two stage durations W1 and W2 are not stochastically independent. For
the model version considered in this section, it can be shown that they are
negatively dependent if ∆ is positive: in any given trial, whenever the visual
peripheral process (V ≡ W1) is relatively slow, the auditory peripheral process
has a better chance of winning the race and opening the integration window,
thus increasing the likelihood of facilitation in the second stage, and vice versa.

3 Conclusion

The TWIN model has recently been shown to give an excellent description of
crossmodal effects on SRT in visual-auditory and visual-tactile focused attention
experiments ([1],[6]). Note, however, that it is not meant to mirror multisensory
processes at the level of an individual neuron. There are many different types of
multisensory convergence occurring in individual neurons (see [16]), and some
of their activities are consistent with the TWIN assumptions while others are
not. Note also that the two-stage assumption does not preclude the possibility of
interaction between modality-specific pathways, nor between modality-specific
and crossmodal areas, at a later stage. In future work, the second stage mecha-
nisms should be specified in more detail, in particular with respect to the spatial
stimulus configuration effects. There is a large data base on receptive field prop-
erties of multisensory neurons available now (cf. [17]), and connecting these with
behavioral data via an appropriate elaboration of the TWIN model should be a
challenging task.

Notes and Comments. This work was supported by DFG grants Di 506/7-2 and
SFB 517/C3 (Neurokognition).
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