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Abstract. Pedestrian safety on the road largely depends on how accurately a pedestrian perceives the traffic
situation and how reliably a vehicle can assess the pedestrian’s level of situational awareness. Estimating
pedestrian gaze and attention in real-world street environments is therefore an important but challenging
problem due to small face resolution, motion blur, occlusions, and extreme illumination variations. In previous
studies, face-based gaze estimation and pupil tracking were shown to provide fine-grained attention cues under
favorable visual conditions. However, these approaches remain fragile in unconstrained street scenes, where
eye visibility and facial landmark detection frequently fail, leading to unreliable or missing outputs in safety-
critical situations. In this paper, we present a robust hybrid framework that extends our earlier work by
introducing a pipeline of pedestrian attention estimation methods with explicit error control at each stage to
enable continuous gaze direction estimation under complex urban conditions. In addition to a learning-based
gaze estimator, we incorporate geometric methods and a lightweight head pose estimation network to
compensate for the breakdown of individual methods under noisy input data. The proposed framework
integrates face detection, gaze estimation, geometric head pose computation, and learning-based head pose
prediction, including the prediction of head position and orientation at the next time step. Unlike prior gaze-
centric systems, neural networks in this design are not only used to improve accuracy but are elevated to ensure
continuous video processing under real-world visual degradation associated with complex traffic scenarios.
Extensive experiments on open datasets collected in real street environments demonstrate that the proposed
method substantially enhances the success rate and accuracy of long-distance gaze recognition, thereby
improving the feasibility of end-to-end assessment of pedestrian situational awareness while maintaining
accuracy comparable to gaze estimation under favorable conditions.
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AuHoTanus. be30macHOCTh Menexo10B Ha J0pore BO MHOTO 3aBHCHT OT TOTO HACKOJIBKO IEIIEX0T IPaBHIbHO
OLICHUBAET JIOPOIKHYIO CUTYALMIO U HACKOJBKO TPAHCIIOPTHOE CPEJICTBO B COCTOSIHUM OLICHUTHh YPOBEHb €ro
KOHTpOJISL TOPOKHOU curyanud. OIHAM U3 CPEICTB OLEHKHA BHUMAHHUSI MEMICX0Ia MOXET CIY)KHUTh aHaIn3
HampaBiieHuss ero B3risaa. OMHAKO HHU3KOE paspelieHne H300paKeHWs JIMIa IelIeX0fa, pa3MbITHE B
JABYOKCHHH, CJIOKHBIC YCJIOBHUSA OCBCIICHHUSA W YaCTUYHOC IMEPCKPBITUEC JIMI[ 3aTPYAHSAIOT 3TY OLEHKY. B
pe3yibTaTe MPEIbIIyIINX HCCIEIOBAHUN ObUIO II0KA3aHO, YTO B OJArONPUSATHONW OOCTAHOBKE OIEHKA
HAIPaBJICHHs B3J/IA IO OPUEHTALMH JIHIA U TIOJOKEHUIO 3PAuKOB 00ECIIEUMBAIOT JCTATbHbIC JaHHBIE O
HAIpaBICHNN BHUMaHWA memexona. OMHAKO 3TH PELICHHs HEHAIE)KHBI B YCIOBUSX PEANbHOH yIHIHON
00cTaHOBKHM. B 1aHHOW cTaThe MNPEICTABICHO HAIEKHOE PACIIMPEHHOE T'MOpPHIHOE pelIeHHe, KOTOpoe
HCIIONIB3yET KOHBEWEP METOOB OIEHKH BHUMAHHUS TIEIIEXO00B C KOHTPOJIEM OIIMOOK KaXKIOTO U3 HHUX JUISL
HETIPEPBIBHOTO OINpPECICHAs HAMpPaBICHUs B3[JIAAa IEMIEXOI0B B CIOXHBIX YIHYHBIX YCIOBHsX. B
JIOTIOJTHEHUE K MPEUIOKEHHOMY paHee HeHpOoCeTeBOMY METOAY OLEHKH HAIPaBICHHS B3IUISAa T0O0ABISIOTCS
TF€OMETPHUYECKUE U JICTKOBECHBIC HeﬁpOCGTeBble METOJbI OLCHKHA OPHUCHTALMU I'0OJIOBbI, KOMIICHCUPYIOLIUEC
MOTCHIMAIBHBIE OTKa3bl METOJOB B CIIy4yasX 3allyMJCHHBIX BXOJHBIX JNaHHBIX. [IpEJIOKEHHOE peIIeHUE
HHTETPUPYET ACTEKTHPOBAHKE JIHL], OLCHKY HAIIPABICHHUs B3[JIAA, PACUET MOJIOKEHHS i OPHEHTAIINH [OJIOBBI,
BKJIIOYAsi IPOrHO3UPOBAHKE €€ TOJ0KEHNHE M OPHEHTALMIO B CIEAYIOMINI MOMEHT BpeMeHH. B oTimmume ot
MPEeABLAYIINX PEIICHHH, OPUSHTUPOBAHHBIX HCKIIFOUUTEIILHO Ha OIICHKY HAMPABICHUS B3IJIsAa, HOCTPOCHHBIE
B JIaHHO# paboTe HEHPOHHBIC CETH IO3BOJISIFOT HE TOJBKO MOBBICUTH TOYHOCTH, HO TaKKe OOECIeYHTh
HEIPEePBIBHYI0 06pabOTKy BHACOJAHHBIX B YCIOBUSIX PEATbHBIX BU3yAIbHBIX TOMEX, CBA3AHHBIX CO CIIOKHON
JOPOXKHOM CcHTyanueil. MHOTOUYHCICHHBIE IKCIEPUMEHTH HA OTKPBITBIX HAa0Opax AaHHBIX B YCIOBHSX
peaNbHOI YIMYIHOM 0OCTAHOBKH JEMOHCTPHPYIOT, 3HAYUTENBHOE PEBOCXOJCTBO MPEIOKEHHOTO PEIICHHS
Ha [JaJbHAX [MCTAHIHUSX, YTO MOBBIIAET JOCTYIHOCTH CKBO3HON OIEHKH YPOBHS KOHTPOJS JOPOKHOM
CHTYallM{ TPH COXPAHEHHH TOYHOCTH OLICHKH HAa YPOBHE, MOIYYCHHOM I10 OINPEICICHHIO HAIpPaBICHHS
B31JIs/1a B 6HaFOl’lpl/lHTHle YCJIOBUSIX.

KimroueBble cjioBa: BHUMaHUE TICHIEXO0A0B; OLICHKA HAIIPAaBJICHU B3IJIs14a; IMOJIOKEHNUE I'OJIOBBI; aBTOHOMHOE
BOXICHHUEC.

Jas umrupoBanmsi: Ban Y., XKpanos J[.JI., XnmanoB A.Jl. I'mOpujHasi JONOJIHEHHAs MOJENb JUIS
obnapysxeHus B3riaa nemexona. Tpynsr UCIT PAH, tom 38, Bbimn. 3, wacts 3, 2026 r., ctp. 115-124 (na
anrauiickoM si3eike). DOIL: 10.15514/ISPRAS-2026-38(3)-39.

1. Introduction

Understanding pedestrian attention is a key requirement for autonomous driving systems operating
in complex urban environments. Compared with highways, urban roads involve dense pedestrian
traffic, frequent interactions, and highly unpredictable behaviors. In such scenarios, recognizing
whether a pedestrian is aware of an approaching vehicle-and whether an imminent crossing action
is likely — can substantially improve planning safety and reaction timing.

Traditional pedestrian perception pipelines primarily rely on full-body detection and motion-based
cues. While effective for coarse localization, these methods often generate large regions of interest
(ROI), increasing computational overhead and diluting intention-related information. Moreover,
full-body pose estimation provides only indirect evidence of attention and suffers from large angular
errors, which limits its effectiveness for fine-grained intention prediction, especially at long
distances.
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In our previous work, we investigated face-based and eye-based perception as a more direct indicator
of pedestrian attention. In our early research, we explored gaze-based pedestrian analysis as a more
direct indicator of attention. We proposed a facial perception-based processing pipeline that uses a
YOLOv8s-face detector trained on WIDER FACE to narrow down the ROI [1], enabling gaze
estimation for pedestrians at a distance. Subsequently, we developed an appearance-based pupil and
gaze tracking model built on EfficientNet-BO [2], which achieved low angular error and high real-
time performance under controlled and near-field conditions.

Despite these advances, real-world deployment revealed a critical limitation shared by most gaze-
centric systems: gaze estimation is inherently brittle in unconstrained street scenes. Eye regions are
frequently degraded by motion blur, occlusions, sunglasses, extreme illumination, and small face
size. In such cases, both eye-based gaze estimation and facial landmark—based geometric head pose
estimation may fail entirely, resulting in missing outputs. From a system perspective, such silent
failures are unacceptable for safety-critical autonomous driving applications.

Motivated by this limitation, this paper presents a paradigm shift from gaze-centric pipelines toward
a failure-aware, learning-centered perception framework. In addition to gaze estimation, we
introduce a learning-based head pose estimation network as a complementary neural component.
Unlike geometric head pose methods that depend on reliable landmark detection, the proposed head
pose network directly operates on face crops and is trained with weak supervision. By integrating
gaze estimation, geometric head pose computation, and neural head pose prediction within a
reliability-gated pipeline, the proposed framework guarantees continuous directional output for
every detected face. This design represents a natural extension of our earlier work toward a robust,
deployable pedestrian attention perception system.

2. Related Work

Pedestrian intention analysis in autonomous driving spans multiple research areas, including object
detection, gaze estimation, head pose estimation, and hybrid perception systems [3].

Early pedestrian perception methods focused on full-body detection and motion analysis, leveraging
handcrafted features or deep convolutional models. With the advent of single-stage detectors such
as YOLO, real-time pedestrian detection has become feasible even in dense urban scenes. Recent
studies have shown that narrowing the perception focus to facial regions can significantly reduce
ROI size and computational overhead, particularly for intention-related analysis. Training face
detectors on large-scale datasets such as WIDER FACE enables robust detection under extreme
variations in scale, pose, and occlusion.

Gaze estimation has evolved rapidly with the availability of large-scale datasets such as MPIIGaze
and Gaze360 [4]-[5]. Appearance-based methods that directly regress gaze direction from eye
images have become dominant due to their flexibility under varying lighting and head poses. In our
prior pupil tracking work, we demonstrated that lightweight attention mechanisms and distance-
simulation modules can substantially improve robustness for low-resolution eye regions.
Nevertheless, most gaze estimation approaches implicitly assume reliable eye visibility and degrade
silently when this assumption is violated.

Head pose estimation is commonly addressed either through geometric formulations based on facial
landmarks and Perspective-n-Point optimization or through learning-based regression models [6].
While head orientation does not always coincide with eye gaze, it provides a stable proxy when eye
information is unreliable. Several works have explored combining gaze and head pose cues; however,
most treat head pose as an auxiliary signal rather than a functional fallback.

Hybrid perception frameworks are increasingly adopted in autonomous driving, particularly in the
context of multi-sensor fusion [7]. In contrast, fewer studies focus on semantic hybridization
between gaze and pose estimation. The present work differs from existing approaches by explicitly
elevating neural networks to a robustness-driven role, using learning-based estimators to compensate
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for geometric and appearance-based failures. This failure-aware design directly addresses
limitations observed in our previous gaze-centric systems.

3. Method

3.1 Problem Formulation

Given an input image /, the objective of the proposed framework is to detect all visible faces and
output a reliable direction vector for each detected face. The direction represents either the estimated
gaze direction or a head-orientation surrogate when gaze evidence is unreliable. The system outputs

— N
0 ={(bi,di)}i=1

where N denotes the number of detected faces. Due to severe challenges in real-world street imagery

—including small face size, motion blur, occlusions, and extreme illumination—direct gaze estimation

is often unreliable. Therefore, we explicitly design the output direction d; to be adaptively selected
between gaze and head pose estimates according to their reliability, as shown in Fig. 1.
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Fig. 1. Hybrid Model Workflow.

3.2 Overview of the Hybrid Pipeline
Our approach follows a hybrid analysis paradigm that integrates detection, geometric reasoning, and
learning-based estimation in a unified pipeline. First, a one-class face detector Fy based on YOLO
is applied to the input image to produce a set of face bounding boxes:

{bi,si} = Fo(I)
where s; denotes the detection confidence. Each detected face region is then processed
independently by two complementary branches: a gaze estimation branch and a head pose estimation
branch. A reliability gate determines which branch provides the final output direction.
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This hybrid design is motivated by the observation that gaze estimation is more semantically
meaningful but brittle, whereas head pose estimation is geometrically stable but less precise in
reflecting actual eye attention. By combining both, the proposed system achieves robust end-to-end
direction estimation in the wild.

3.3 Gaze Estimation Branch

For each detected face, the system attempts gaze estimation as the primary branch. When facial
landmarks are available, eye regions are localized, normalized, and fed into a learning-based gaze
estimator G built upon an EfficientNet-BO backbone. The network regresses a three-dimensional
gaze vector:

4. = Gy (eye(, b))
L 165 Ol

The gaze estimator is trained on the MPIIGaze dataset following the appearance-based paradigm
established in our previous work, with additional robustness mechanisms for low-resolution eye
regions.

Despite its semantic relevance, this branch is sensitive to landmark fitting quality and image
degradation. In practice, failure cases frequently arise when eye regions are heavily blurred,
occluded, or extremely small, which motivates the introduction of a complementary head pose
estimation mechanism.

3.4 Head Pose Estimation and Pose-Based Fallback

When gaze estimation becomes unreliable or unavailable, the system falls back to head pose
estimation. Two complementary head pose estimators are employed.

If facial landmarks are successfully detected, a geometric head pose is computed using a
Perspective-n-Point formulation. The resulting rotation is projected onto the image plane to produce
a two-dimensional head orientation vector Ef ¢®_This method provides accurate pose estimates when
landmark detection is reliable but degrades sharply under occlusion or severe blur.

To address landmark failure cases, we introduce a lightweight learning-based head pose estimator
Hy,. This network directly operates on the face crop and predicts discretized yaw and pitch angles,
which are subsequently mapped to a direction vector R, The head pose network is trained using
weak supervision: pseudo labels are generated by applying the geometric head pose estimator to
reliably detected faces in the WIDER _FACE dataset. This strategy enables the network to learn head
orientation cues without requiring additional manual annotations.

Importantly, the learning-based head pose estimator is not designed as an auxiliary refinement
module. Instead, it serves as a functional replacement when geometric methods fail, ensuring that
the perception pipeline does not collapse due to missing landmarks.

3.5 Reliability-Gated Direction Selection
The final output direction is determined by a reliability-gated mechanism:
g9, ifr@d=zrt,
d; = Tligeo, if landmarks available,
ht,  otherwise,
where r(-) denotes a confidence measure derived from eye-region validity and landmark
completeness. This hierarchical selection strategy ensures that gaze estimation is used whenever

reliable, geometric head pose is preferred when landmarks are available, and learning-based head
pose estimation guarantees a valid output under extreme degradation.
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Unlike conventional systems where neural networks primarily serve accuracy optimization, the
proposed framework assigns neural estimators a system-level responsibility: maintaining
operational continuity under failure.

3.6 Training Strategy

The proposed system is trained in a multi-stage manner. The face detector is trained with strong
supervision on the WIDER FACE dataset, focusing on high recall under small-scale and occluded
faces [8]. The gaze estimator is trained using MPIIGaze with supervised gaze annotations and
auxiliary pupil localization when available. Finally, the learning-based head pose estimator is trained
on WIDER FACE using pseudo labels obtained from geometric pose estimation, enabling robust
head orientation prediction even in the absence of facial landmarks.

4. Experiments

Given that this study intends to tackle the challenges of autonomous driving under complex road
conditions, distance limitations have been imposed on data collection in accordance with the speed
limits of actual urban roads. For a typical family car equipped with an Anti-lock Braking System
(ABS) on dry asphalt or concrete roads, the typical deceleration achievable during full braking is
approximately 7 to 9 m/s%.. We adopt the mid-point value of 8 m/s? for our computations. Taking the
speed limit of 60 km/h in most towns as an instance, the distance required to decelerate from 60
km/h to 0 km/h is:
vs
= 2ar
(29
T 2x8
Considering the practical application of this part, we used a long focal length camera to collect street
view materials of 15 meters or more for verification.
Furthermore, we conduct a comparison and evaluation between the original hybrid script and an
enhanced version that integrates head pose and face determination on 101 real-world street view and
crowd gathering photos. When comparing the Hybird system without the incorporation of head pose
constraints with the Kingstand system after the integration of the HeadPose module using the same
street scene data, a notable performance disparity can be discerned, as shown in Table. 1.

~ 17.36 meters

Table 1. Experimental comparison results.

Model Fps vr VFR TTFD lat mean p50
Hybird 2.29 0.950 2.17 450.0 294.8 342.2
Kingstand 10.39 0.990 10.29 264.5 118.5 126.5

The average processing frame rate of the Hybird system on this dataset is 2.29 frames per second
(fps), and the Valid Frame Rate (VFR) is 2.17. When the valid ratio is 0.950, the overall processing
delay is substantial, with an average delay of 294.8 milliseconds (ms). Moreover, there remains a
notable tail delay in the high quantiles (407.7 ms at the 90th percentile, 438.0 ms at the 99th
percentile). The Time to First Detection (TTFD) is 450.0 ms, suggesting that the system requires a
considerable initialization and calculation time before reaching a stable operation state in a multi-
target street scene.

In comparison, the Kingstand system exhibits a substantial improvement in overall performance on
the same dataset. The average frame rate has increased to 10.39 fps, with the corresponding VFR
reaching 10.29 - approximately 4.5 times higher than that of the original script. Concurrently, the
valid detection ratio has improved to 0.990, indicating that detection accuracy has been preserved
despite the performance acceleration. System latency characteristics have also been significantly
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enhanced: the average delay has decreased from 294.8 ms to 118.5 ms, the p90 latency has reduced
from 407.7 ms to 159.6 ms, and the p99 latency has declined from 438.0 ms to 255.4 ms, reflecting
a more consistent and reliable real-time response in complex urban street environments. Notably,
the TTFD has been reduced from 450.0 ms to 264.5 ms, suggesting that the integration of head pose
estimation and frontal view determination mechanisms not only enhances steady-state efficiency but
also enables faster achievement of effective detection. The experimental results are shown in
Fig. 2 and 3.

Fig. 2 and 3. Visualization of results.

It should be noted that we have added a compensation mechanism to the algorithm, which
determines the direction of gaze by comparing the black pixels of the pupil with the white pixels of
the sclera when the human eye region can be completely recognized. As shown in the figure, because
the human sclera is not completely symmetrical, this compensation mechanism may sometimes lead
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to a small probability of misjudgment. In general, we have achieved the function of vision detection
at a medium and long distance and greatly improved the distance of vision detection.

Furthermore, approximately 75.2% of the faces in the dataset were classified as nearly frontal
(frontal% = 0.752). In such cases, the system outputs a neutral label rather than generating an
enforced directional estimate, thereby avoiding unreliable predictions when gaze cues are
insufficient. This finding demonstrates that by incorporating a head-pose-based frontal detection
mechanism, the system can substantially reduce unnecessary computational overhead in large-scale
street view analysis, allowing resources to be allocated more efficiently to samples with clearer pose
or gaze signals. As a result, an improved balance among processing speed, system stability, and
output reliability is achieved.

5. Discussion

The introduction of a learning-based head pose estimator fundamentally changes the role of neural
networks in the perception pipeline. In our earlier studies, neural networks were primarily employed
to improve gaze estimation accuracy under favorable conditions. In contrast, the present framework
leverages multiple neural networks to explicitly absorb uncertainty and compensate for structural
failure at different perceptual stages. The model replaces geometric reasoning when landmark
detection collapses, a scenario frequently encountered in real-world street imagery. By training the
model with weak supervision derived from geometric estimates, the system bridges the gap between
data-driven learning and classical geometry. This design enables graceful degradation: as visual
evidence deteriorates, the system transitions from gaze estimation to geometric head pose, and
finally to neural head pose prediction, without producing missing outputs.

Importantly, the introduction of an explicit frontal state further refines this degradation process by
allowing the system to abstain from unreliable directional inference when head orientation remains
near frontal. Rather than forcing uncertain predictions, the system outputs a neutral representation,
which both improves perceptual reliability and significantly reduces unnecessary computational
overhead. This behavior is reflected in the substantial gains in processing speed and latency stability
observed in large-scale street experiments.

From a system design perspective, this work demonstrates that robustness in autonomous driving
perception cannot be achieved by accuracy-driven optimization alone. Instead, neural networks must
be integrated as functional components responsible for sustaining system availability, regulating
decision confidence, and preserving temporal stability under adverse and information-degraded
conditions.

6. Conclusion

This paper presents a robust hybrid framework for pedestrian direction analysis in autonomous
driving scenarios. Building upon our prior work on face-based gaze detection and pupil tracking, we
introduce a failure-aware perception pipeline that integrates gaze estimation, geometric head pose
computation, and a weakly supervised learning-based head pose estimator. By elevating neural
networks to system-level components responsible for both accuracy and robustness, the proposed
approach significantly improves end-to-end direction availability while preserving gaze precision
whenever reliable eye evidence exists.

Furthermore, by explicitly modeling near-frontal configurations as a distinct perceptual state, the
system avoids unreliable direction inference in the absence of sufficient visual cues, leading to
substantial improvements in processing efficiency and temporal stability in large-scale street
environments. The results demonstrate that explicitly modeling failure and incorporating learning-
based head pose estimation are critical steps toward deployable pedestrian attention analysis in
complex urban environments.
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