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1 Additional Experiments

Here we present two experiments to further demonstrate our proposed broker
modality generator (BMG) and the ‘two-stage’ learning scheme. First, we eval-
uate the image registration-based methods for ghost effect alleviation on crowd
images and find that these methods perform poorly. This underscores the neces-
sity of designing a new method instead of using traditional alignment methods
to mitigate space misalignment between two modalities (as described in the
footnote of the main paper), which motivates the design of our method. Next,
we demonstrate the improvement in the quality of the intermediate-modal im-
ages, which further highlights the effectiveness of our proposed BMG and the
two-stage learning scheme in mitigating the ghosting effect. Further details are
elaborated below.

1.1 Illustration of the Performance of Image Registration
Algorithms on Crowd Images

The primary goal of image registration is to align and superimpose multiple im-
ages depicting the same scene but captured under varying resolutions, perspec-
tives, or fields of view. Among all vision-infrared registration approaches, point
feature matching [1,/2,[5] is the most popular, whose target is to find match-
ing points between vision and infrared images and obtain the transformation
parameters such as shifts, rotation, and shear.

Initially, we strive to align visual and thermal images through registration
before feeding them to the fusion model, aiming to mitigate the space mis-
alignment and thereby mitigate the ghosting phenomenon in the intermediate
modality. Unfortunately, we have found that despite the satisfactory outcomes
achieved by the registration methods mentioned above on natural images, they
perform inadequately on crowd image pairs with low capture quality and poor
visibility conditions. We will elaborate on the experimental results and detailed
rationale in the following section.
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(a) Registration result of natural scenery images (b) Registration result of natural scenery images
by OpenCV ORB approach by CAO-C2F

Fig. 1: Registration results of natural scenery images by OpenCV ORB approach IEI]
(a) and CAO-C2F [2] (b). Feature points are marked with dots and matched feature
points are connected using line segments. For clarity, we only indicate the pairing points
with the top 1% highest matching confidence points. Registration algorithms match
feature points accurately on natural scenery images.

Results. We attempt to align visual and thermal images utilizing ORB |§|| El
and CAO-C2F , and the results are shown in Fig. |2l For comparison, we also
conduct experiments on natural scenery images, as shown in Fig. [T} The results
suggest that modern registration approaches perform well on natural scenery
images. Most line segments connecting paired points in Fig. |1 are horizontal
and parallel, accurately matching the corresponding feature points in different
modalities. However, these approaches perform inadequately on crowd images.
Most line segments connecting paired points in Fig. 2] are sloping and messy.
It struggles to distinguish different entities in the crowd images and correctly
match them.

Discussion. Most restriction approaches are POI methods, that is, alignments
are based on Point Of Interest. Their alignment effect is unsatisfactory on the
crowd images we use in our study. First, due to low imaging quality such as
poor illumination conditions and low resolution, it is difficult to extract enough
features from the crowd for matching feature points, causing the alignment out-
put inaccurate. Besides, it is hard to distinguish between different individuals in
dense crowds, especially in thermal images. Thus, the restriction methods often

3 We complete our experiment by an open source script using the ORB approach
implemented by OpenCV. The script is available at https://github.com/khufkens/
align_images.
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(a) Registration result of crowd images (b) Registration result of crowd images
by OpenCV ORB approach by CAO-C2F

Fig. 2: Registration results of crowd images from the testing set of RGBT-CC by
OpenCV ORB approach [6](a) and CAO-C2F [2] (b). Feature points are marked with
dots and matched feature points are connected using line segments. For clarity, we
only indicate the pairing points with the top 1% highest matching confidence points.
Registration algorithms perform inadequately on crowd images.

match one interest point of a certain person to the same body part of another
person because of the feature similarity between different individuals.

In general, existing registration methods are not well-suited for aligning the
crowd image pairs. Alleviating the ghosting effect in the fused image in multi-
modal crowd counting through visible-infrared image registration is impractical.
This presents us with the opportunity to introduce our training scheme to elim-
inate the ghosting phenomenon.

1.2 Comparisons on the Quality of Intermediate-Modal Images

We compare the intermediate-modal images in terms of two performance met-
rics: the Peak Signal-to-Noise Ratio (PSNR) [3| and Structural Similarity Index
Measure (SSIM) |7] on the testing set of RGBT-CC [4] to evaluate the effective-
ness of ghosting effect alleviation, as shown in Tab. [Il The result demonstrates
that the two-stage training scheme facilitates the elimination of the ghosting
effect caused by directly fusing two original modalities. First, we can notice that
without the fine-tuning stage (in line 2 and 3 of Tab. , BMG can not acquire
the capability to alleviate the ghosting phenomenon. Next, after the fine-tuning
stage, the reconstruction quality of our broker modality significantly improves.
Compared with the images generated directly by DDFM [8] (in the first line of
Tab. , the ghosting effect in the broker modal is greatly eliminated. Moreover,



4

H. Meng et al.

Table 1: Comparison of the quality of intermediate-modal images on the testing set

of RGBT-CC [4].
Training stage BMG structure
Distillation Fine-tuning|UNet CMA PSNR(dB)T SSIMt

X X - - 15.36 0.59
v X v X 15.97 0.61
v X v v 15.74 0.60
v v v X 23.75 0.83
v v v v 26.67 0.88

when we further introduce the cross-modal attention module (CMA), the values
of both PSNR and SSIM increase. It suggests that with cross-modal attention,
our BMG acquires a higher capability to alleviate the ghosting effect in the
fine-tuning stage. In general, our proposed two-stage learning scheme shows a
great effect on alleviating the ghosting phenomenon caused by directly fusing

two original modalities with angular disparity or spatial displacement.
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