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Abstract. The aim of this study was to demonstrate that the theory of functional systems is appropriate for describing
interaction of the driver with the vehicle and environment. Well-known driver behaviour models describe the different stages
of the human cognitive process, but do not describe how humans control their actions. Description of the cognitive process of
drivers in terms of the results of their actions, will make it possible to explore various aspects of the human factors in different
road situations. We employed the methods of the P. K. Anokhin’s theory of functional systems to create a conceptual model
of the «driver — automated vehicle» system. The proposed conceptual model allows to describe the driver’s cognitive process
gradually, stage by stage based on a dynamic coupling mechanism that evaluates the deviations of the actual values of the
result parameters of the driver’s actions from the expected values. The theory of functional systems is promising and has the
potential for describing the driver-vehicle interaction. The proposed conceptual model can be used as a framework to develop
computational models of the driver-vehicle interaction for understanding how driver-vehicle interface must be designed for
comfort and safety.
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Introduction.

Currently, a gradual transition from human-driven vehicles to autonomous vehicles is taking place
in the world [1-3]. This process is characterized by increasingly complex electronic systems to improve
the safety, efficiency and comfort of the driving [4-6]. On the one hand, such trend makes it easier for the
drivers to work, but on the other hand, poses new issues associated with their complacency, lack of
attention to the road, loss of situation awareness, sudden changes in workload, and degradation of driving
skills and abilities due to the fact that the highly automated vehicles allow the drivers to be out of the
control loop for extended periods but don’t exclude resuming of the manual control at any
time [2, 4, 7 — 9]. The aforementioned factors can affect driver’s performance negatively during
transitions between an automated and manual vehicle control and therefore need to be carefully studied
for providing the safety and efficiency of the automated vehicles [1, 2, 9 — 13]. For this objective, it is
important to develop an appropriate conceptual model of the interactions between the driver and the
automated vehicle that could serve as a theoretical basis for developing computational models to
investigate different aspects of driver behaviour in different traffic situations.

Traditionally, the driver is treated as an information processing unit (figure 1) that receives data
from its sensory systems, processes them to gain situation awareness for decision-making, and executes
appropriate control responses [14-17]. Herewith, it is assumed that driver errors occur because of the
limitations in the human abilities to allocate attention and process information. Such approach to the
modelling and analysis of the interactions between the driver and the automated vehicle allows to
investigate the influence of different stages of the cognitive process of drivers and their functional abilities
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on driving performance. But well-known driver behaviour models [14-19] do not take into account the
dynamic coupling mechanism between the decision making of a driver to perform a particular action and
changes of road conditions which evaluates the deviations of the actual values of the driver’s actions
result parameters from the expected values. A more complete description of the cognitive process of
drivers, including the evaluation of the results of their actions, will allows developing new mathematical
and simulation models of driving an automated vehicle to examine different aspects of human factor in
transitions between driver and automated driving. The practical application of large-scale simulation
models for these purposes will require the use of cloud technologies, since the highly automated vehicles
are not only consuming but also generating a huge amount and heterogeneous types of data, which is
referred to as Big Data [20].
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Figure 1. A basic diagram of the vehicle driver as an information processing unit

The aim of this article is to propose a conceptual model of the «driver — automated vehicle» system
based on the theory of functional systems according to which the future result model is the primary factor
that controls the activity of all living systems.

Theory of functional systems.

The theory of functional systems was proposed by P. K. Anokhin as a theoretical framework for
describing internal structures and processes of the purposeful systems. According to this theory the
functional system is a mechanism of self-regulation that dynamically and adequately adapts the
purposeful system’s behaviour to changes in external environment [21]. A basic diagram of the functional
system as a mechanism of self-regulation in humans is depicted in figure 2. This self-regulation process
is a dynamic and cyclical process comprising four main stages (1) afferent synthesis (2) decision making
(3) action execution (4) result analysis.
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Figure 2. A basic diagram of the functional system as a mechanism of self-regulation. E is the
beneficial end effect of the functional system; E1 and E2 are the deviations from E due to various
influences; R is the receptor of the functional system precisely adapted to the characteristics of the
beneficial or adaptive effect; CNS is the central nervous system which effects the afferent synthesis of
all the information from the receptors of the system [21]

YVVY
—® 0 Q

The afferent synthesis is the initial stage of the behavioural act at which the central nervous system
(CNS) processes information from internal and external environment (situational and triggering
afferentation) taking into account motivational excitation and memory (previous experience). This stage
is essential to set a goal of the behavioural act and define a desired effect (result) of its attainment.

Then at the stage of decision making the CNS generates the program of action (complex of efferent
impulses) that is only one particular form of behaviour appropriate to achieve the desired goal and
generates a model of the expected result of action that contains various parameters of the desired result.
The decision making stage is a critical point of the functional system at which there occurs the
organization of a complex of efferent impulses capable of producing a quite specific action. After the
decision making stage all combinations of impulses assume an executive, efferent character.

The next step is the action program execution during which the CNS receives feedback information
about the current result (beneficial end effect E) of the action from the receptor R (figure 2). Then at the
stage of result analysis the current result parameters are compared with the required parameters in the
previously created model. Based on this comparison of the actual result with its model, the behaviour is
corrected or the action is terminated. Thus, the theory of functional systems can be used as a method for
analyzing self-regulating adaptations and resistance of an organism under different normal and extreme
conditions [22].

A conceptual model of the «driver — automated vehicle» system.

In general, the «man-machine» system can be represented as a set of interacting biological and
technical components combined into a single system with goal-directed behaviour. From the point of view
of the theory of functional systems the driver of a vehicle is a multilevel functional system for performing
the tasks related to driving. The structure and behaviour of such a functional system at each current point
in time are determined by deviations of the actual driver’s actions result parameters from the desired
ones.In the proposed conceptual model, the automated vehicle is represented by its mechanical
components and assemblies, driving controls, vehicle and environment state sensors, automated driving
system, control mode switch, driver functional state (DFS) estimation system, central display, and
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driver/vehicle/environment state analyzer (figure 3).
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Figure 3. A conceptual model of the «Driver — automated vehicle» system. S is the summation block

The vehicle state sensors provide information about the current vehicle operation, motion, and
position. The environment state sensors provide information about the current location and motion of
other vehicles and pedestrians, road and lane information, information about the road infrastructure
facilities, and weather conditions. The driver state sensors provide information about the current
psychophysiological and behavioural characteristics such as, for example, heart rate, heart rate variability,
skin conductance, electroencephalography, and distraction from the road. The DFS can be estimated
based on these characteristics.

The overall functional structure of the automated vehicle in the proposed conceptual model includes
a driver/vehicle/environment state analyzer to control the interaction between driver and vehicle that is
necessary, for example, to organize transitions between automated and manual control. The information
about the driver, vehicle, and environment states is presented to the driver through the display.

For practical applications of the proposed conceptual model the driver, vehicle, and environment
states can be represented by vectors of their significant parameters (such as DFS, vehicle’s position,
velocity and acceleration, number of lanes on the road, other vehicle position, velocity, and acceleration,
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visibility, temperature and other essential weather conditions).

The interaction between the driver and the vehicle occurs as follows. During driving, the CNS of
the driver continuously receives multimodal information about the driver psychophysiological and
behavioural characteristics, the vehicle’s state, and the traffic situation through the sensory receptors
(interoceptors, proprioceptors and exteroceptors). All this information undergoes an afferent synthesis
process to gain situation awareness for decision making under the influence of the current dominant
motivation and the memory representation of the suitable prior experience (behaviour models) of the
driver. The information about the actual result of the driver’s actions is also involved in the afferent
synthesis, but this will be discussed later. The current dominant motivation is determined by the driver’s
current needs that are formed by the internal and external afferentation, life experience extracted from the
memory, and a personal value system. The afferent synthesis is carried out continuously, and is the basis
for decision-making on the current behaviour model.

The decision-making process produces a final choice of what action program (the program of
interaction with the vehicle) to use in the current traffic situation, and at the same time creates a
corresponding model of expected results. The model of expected results anticipates the afferent properties
of the various multimodal features of the result that should be obtained in accordance with the decision
taken, and therefore is ahead of the events in the interaction between the driver, the vehicle and the
environment.

Further, the action program’s implementation is carried out step by step. During the program
execution the driver on each of these steps acts on the vehicle controls, receiving feedback information
about the current traffic situation as also a result of own actions both directly from the environment and
through the central display. If the values of the current traffic situation parameters match those in the
model of expected results the implementation of the planned program continues. If not, then the program
and model of expected results are corrected or replaced by another at the decision-making stage based on
the current afferent synthesis that also includes the information about the actual result of driver’s actions.
The comparison of the current traffic situation parameters with those in the model of expected results is
performed in the summation block S (figure 3).

As can be seen from the figure 3, the aggregate of such components as the decision-making, model
of expected results, summation block S and action program represents a dynamic mechanism which is a
key mechanism of the proposed model. This mechanism is a dynamic coupling mechanism between the
decision making of a driver to perform a particular action and changes of road conditions due to the
driver’s actions. It is based on the step by step evaluation of the deviations of the actual values of the
driver’s actions result parameters from the expected values, what allows to examine the driver’s
performance during numerical simulation of transitions between an automated and manual vehicle
control. If the current result of the driver’s actions is acceptable, then the output signal from the program
of action activates the next one in the model of expected results, and so on. If not, the program of action
and model of expected results are changed in accordance with the change of the current road situation.
When the current program of action is finished, its output signal will give the command to switch to the
next action program (with the relevant model of expected results) and/or to a higher level program of
action (for example general plan of trip). In the latter case, a higher level expected results model will be
activated. Thus, the structure of such dynamic coupling mechanism shown in the figure 3 can be used to
describe the transitions between different levels in the multilevel functional systems for performing the
tasks related to driving. In this case, both the program of action and the model of expected results should
have a hierarchical structure.

Conclusion.

The objective of this work was to build a conceptual model of the «driver — automated vehicle»
system based on the P. K. Anokhin's theory of functional systems. The key mechanism of the proposed
model is a dynamic coupling mechanism between the decision making of a driver to perform a particular
action and changes of road conditions. This mechanism is based on the stage by stage evaluation of the
deviations of the actual values of the driver’s actions result parameters from the expected values. The
structure of such dynamic coupling mechanism can be used to describe the transitions between different
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levels in the multilevel functional systems for performing the tasks related to driving. This conceptual
model can be used to develop appropriate computational models of driving an automated vehicle to
examine different aspects of human factor in transitions between driver and automated driving. Such
computational models can be also used to develop and investigate new methods for optimization of the
interaction between driver and automated vehicle.
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OBIIUH ITOJIXO0JI K OMUCAHUIO B3AUMOJIENCTBUSA BOJIUTEJIA U
TPAHCIIOPTHOI'O CPEJICTBA

B.A. TYFOBCKHH B.B. CABYEHKO
Cmapuiuil HayyHbLl COMPYOHUK, KAHOUOAM MeXHUYECKUX Hauanenux yenmpa «bopmosvie cucmemuvl
HAYK, VIPABIEeHUSL MOOUTIbHBIX MAWUK *, KAHOUOAm

mMexXHu4YeCcKux HayKk

Obvedunennviti uncmumym mawunocmpoenus Hayuonanvnou axademuu nayx benapycu, Pecnyonuxa benapyce

AunHotanusi. JlaHHOE HCCNEOBaHHE IIPOBEIACHO C IENBI0 IMPOAEMOHCTPUPOBATH BO3MOKHOCTH —TEOPHH
¢GbyHknnoHa bHBIX cucteM I1. K. AHOXMHA 151 OIHCaHUs B3aUMOICHCTBHSI BOAUTESI ¢ TPAHCIIOPTHBIM CPEACTBOM. XOPOIIO
HU3BECTHBIE MOACIN ITIOBCIACHHUA BO}IHTCJ’Ieﬁ OIMUCBIBAIOT PA3JIMYHBIC CTAJIMU KOIHUTHBHOI'O IIpoHEcCa 4YCIOBEKa, HO HE
ONHUCBHIBAIOT, KaK BOAUTEIIb YIIPABJISAACT CBOUMU ﬂeﬁCTBHﬂMH. Omnucanre KOTHUTUBHOT'O rporiecca BOHHTCHCﬁ C TOYKH 3pCHUA
PE3yabTATOB MX JACHCTBHUIA, MTO3BOJIMT HUCCIEMOBATh PA3TMYHBIC ACMICKTHI YEIOBEUECKOTr0 (paKkTopa B PasIMUHBIX TOPOXKHBIX
CUTyaluAax. Ha ocHoBe METOA0B TEOPUU d)yHKLU/IOHaJ'[I)HI)IX CHCTEM CO3/J1aHa KOHIICNTYaJIbHasA MOACIIb CUCTEMBI «BOAUTEIIb -
ABTOMATHU3UPOBAHHOE TPAHCIIOPTHOE CPEACTBO». lIpemokeHHass KOHIIENTyalbHAs MOJENb MO3BOJISET ONHCHIBATH
KOTHUTUBHBIH TIPOLIECC BOAMTEIA HA OCHOBE MEXaHW3Ma AWHAMHYECKH CBS3YIOLIETO MPUHATHE PEIICHUs BOAUTEIEM U
HW3MEHEHUE IOPOXKHOU CUTyauuu. JlaHHBI MEXaHU3M OCHOBAH Ha IIOLIATOBOM OLICHKE OTKJIOHEHUH NapaMeTpoB TEKYIIETO
pesynbTaTta JEHCTBHH BOOWTENS OT IapaMeTPOB OXKHAAeMOro MM pesynbraTa. [lokasaHo, 4To Teopus (yHKIHOHATBHBIX
CHCTEM SIBJISCTCS IEPCIEKTUBHOW [UIS ONMCaHUS B3aMMOACIHCTBHS BOAMTENS M TPAHCIOPTHOro cpexnctsa. Ilpennmaraemas
KOHIIENTyaJIbHasl MOJEIb MOXKET CIY)KUTh B KAUECTBE OCHOBBI JJIs pa3paOOTKH BBIYUCIUTEIBHBIX MOJEIEl B3aUMOICHCTBUS
BOJIUTEINSI C TPAHCIIOPTHBIM CPEACTBOM, MCCIIEIOBAHUSI KOTOPBIX MO3BONIMIN Obl pa3paborath TpeOoBaHus K HHTEphEHcy
B3aUMOJICHCTBHS BOAUTEIS C TPAHCIIOPTHBIM CPEACTBOM AL oOecrieueHust KoM(popTa U 0e3011acHOCTH.

KnioueBble cioBa: aBTOMaTH3alUs TPAHCIOPTHBIX CPEICTB, COCTOSHHE BOAWTEINS, B3aMMOICHCTBHE YeNOBEKa C
MAIIMHOM, YeIOBEYECKH (haKkTop.
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