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GRAPHICAL ABSTRACT

HIGHLIGHTS
 

● Defines HAIS, its necessary conditions, and boundaries with related paradigms.
● Develops a unified architecture for human–AI interaction, coordination, and governance.
● Synthesizes research and applications to chart trajectories toward deeper human–AI coupling.
● Identifies key technical, safety, and governance challenges in HAIS and establishes priorities for future HAIS research.
 

ABSTRACT　 Advances in foundation models, intelligent agents, embodied AI, and multimodal interfaces are enabling humans and AI to
collaborate  in  increasingly  complex,  dynamic,  and  high-stakes  tasks.  However,  existing  research  remains  fragmented  across  human–AI
interaction,  shared  autonomy,  intelligent  agents,  robotics,  and  brain–computer  interfaces,  with  limited  attention  to  the  behavior  and
performance of the complete Human–AI System. This article presents a system-level perspective on Human–AI Systems (HAIS). We define
HAIS  as  systems  in  which  humans  and  AI  participate  in  a  shared  task  loop,  exchange  task-relevant  information,  and  jointly  influence
decisions  or  actions  toward  a  system-level  objective.  We  clarify  the  necessary  conditions,  design  properties,  conceptual  boundaries,  and
digital, physical, and neural interaction channels of HAIS. We then propose a reference architecture comprising system entities, operational
mechanisms, and cross-cutting safety and governance, and explain task and authority allocation, closed-loop operation, and adaptation across
task cycles. Building on this framework, we review the evolution, enabling technologies, representative applications, deployment ecosystem,
and  future  development  of  HAIS.  We  further  examine  capability  barriers,  emergent  risks,  and  assurance  and  governance  gaps,  including
unreliable human-state modeling,  coordination failures,  trust  miscalibration,  security and privacy threats,  co-evolutionary drift,  and unclear
accountability.  Finally,  we  identify  research  priorities  in  uncertainty-aware  human  modeling,  adaptive  coordination,  safe  reciprocal
adaptation,  runtime  assurance,  system-level  evaluation,  and  traceability.  This  perspective  provides  a  unified  foundation  for  designing  and
evaluating HAIS that preserve human agency while achieving reliable, safe, and accountable collaborative intelligence.
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 1    Introduction

Recent advances in large language models [1], foundation
models  [2],  multimodal  AI  [3,4],  AI  coding  agents  [5],
and embodied AI systems [6] have rapidly expanded the
capabilities  of  artificial  intelligence  (AI).  AI  can  now
combine  information  processing  with  perception,
reasoning,  and  action  [7,8],  allowing  it  to  perform  a
growing  range  of  tasks  once  mainly  carried  out  by
humans. It is also being deployed in open, dynamic, and
high-stakes  environments,  where  conditions  may change
rapidly  and  the  effects  of  decisions  can  be  difficult  to
predict  or  reverse  [9–11].  Such  environments,  including
deep-Earth exploration, offer high scientific and practical
value  but  also  involve  serious  risks  and  uncertainty.
Neither  humans  nor  AI  can  address  these  challenges
alone.  AI  excels  at  large-scale  information  processing,
rapid  computation,  and  precise  execution,  whereas
humans  remain  essential  for  understanding  context,
making  value-based  judgments,  developing  creative
solutions,  and  taking  responsibility  for  important
decisions.  However,  humans  are  limited  by  attention,
physical  and  cognitive  capacity,  while  AI  may  be
unreliable in unfamiliar situations, under unclear goals, or
when  decisions  depend  heavily  on  context  and  values
[12].  Therefore,  the  central  challenge  is  to  design  HAIS
as  shown  in Fig. 1 that  combine  their  complementary

capabilities  while  keeping  AI  aligned  with  human  goals
and  ensuring  effective  oversight,  safety,  and  reliable
system-level performance.

Building  such  systems  requires  more  than  simply
placing  humans  and  AI  in  the  same  task.  In  this  article,
we  use  the  term  HAIS  to  describe  systems  in  which
humans  and  AI  jointly  take  part  in  understanding  tasks,
making  decisions,  and  carrying  out  actions.  The
performance of HAIS depends not only on the individual
capabilities  of  humans  and  AI,  but  also  on  how
information,  tasks,  decision  authority,  and  control  are
coordinated  between  them  [13,14].  A  more  capable  AI
model  may  not  improve  the  overall  result  if  it  is  poorly
integrated  into  human  decision-making  and  control
processes.  Similarly,  human  involvement  alone  cannot
ensure  effective  collaboration  if  people  lack  the
information, time, or authority needed to guide or correct
the system. Therefore, the design and evaluation of HAIS
should  focus  on  the  capability  of  the  complete  system,
extending  the  current  focus  on  AI  autonomy  toward
system-level  collaborative  intelligence.  Here,  system-
level  collaborative  intelligence  does  not  refer  to  an
independent  or  single  quantifiable  intelligence  metric.  It
refers to the overall system capability that emerges from
information  exchange,  task  and  authority  allocation,
feedback,  and  coordination  between  humans  and  AI
within  a  shared  task.  Specifically,  both  humans  and  AI
participate  in  task-related  judgment,  decision-making,  or

  

 
Fig. 1    An illustration of future Human–AI Systems.
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action,  and  each  can  influence  the  other’s  subsequent
behavior.  Their  contributions  are  connected  through
continuous  feedback  and  coordinated  under  explicit  task
and  authority  arrangements.  The  resulting  system
behavior  arises  from  their  ongoing  interaction  within  a
shared  task  loop,  rather  than  from  either  participant
acting alone.

Despite  substantial  progress  in  AI  capability,
human–AI interaction and AI safety, research on coupled
HAIS  remains  fragmented  across  different  fields.  Three
major  limitations  can  be  identified.  (1)  Lack  of  system-
level evaluation: Many studies still evaluate AI models or
individual  interaction  outcomes,  while  a  common
framework  for  assessing  the  overall  capability  and
performance  of  HAIS  is  lacking.  (2)  Limited
understanding  of  long-term  human–AI  adaptation:
Humans  are  often  treated  as  sources  of  input,  feedback,
or supervision, with limited attention to how their states,
decisions,  and  behaviors  change  during  long-term
interaction  with  AI.  (3)  Lack  of  system-level  safety
research: Existing safety research often focuses on model
alignment  and  safeguards  for  individual  components,
while  risks  arising  from human–AI  interaction—such  as
poorly  calibrated  trust,  conflicts  over  decision  authority,
and  harmful  feedback  loops—have  received  less
systematic  attention.  Together,  these  limitations  make  it
difficult  to  explain,  evaluate,  and  manage  HAIS  as
complete and continuously changing systems.

These  limitations  share  a  common cause:  humans,  AI,
and safety mechanisms are often studied separately rather
than as parts of an integrated system. In HAIS, however,
system  behavior  is  shaped  by  their  continuous
interaction.  AI  outputs  can  influence  human  decisions
and actions, while human responses can change the data,
feedback,  and  operating  conditions  of  the  AI.  Thus,
improving  an  individual  AI  model  does  not  necessarily
improve  the  performance  of  the  system,  and  protecting
each component separately does not always prevent risks
that  arise  from  their  interaction.  A  system-level
perspective  is  therefore  needed  to  study  human  and  AI
capabilities,  task  and  authority  allocation,  mutual
adaptation, and safety as closely connected parts.

In  response  to  these  needs,  this  article  presents  a
Perspective on HAIS rather than a systematic review. Our
aim is  to  connect  representative  research from AI agent,
human–AI  interaction,  shared  autonomy,  embodied
intelligence,  and  brain–computer  interfaces  within  a
common  system-level  framework.  Although  these  fields
focus  on  different  forms  of  human–AI  interaction,  they
face  several  shared  questions:  how  human  and  AI
capabilities should complement each other, how tasks and
authority should be allocated, how humans and AI adapt
to  each  in  long-term,  and  how  risks  to  the  complete

Human–AI  System  can  be  assessed,  monitored,
mitigated, and governed throughout operation.

As  a  Perspective,  this  article  does  not  seek  to
exhaustively  review  the  HAIS  literature,  but  instead
selects  representative  studies  in  line  with  the  analytical
framework developed here.  The scope covers human–AI
interaction  and  teaming,  shared  autonomy,  foundation-
model  agents,  embodied  intelligence  and  robotics,
brain–computer  interfaces,  and  system  safety  and
governance.  Studies  are  included  primarily  when  they
satisfy  at  least  one  of  four  criteria:  they  establish
conceptual  or  operational  foundations  for  HAIS;
represent  important  technical  advances  in  digital,
physical, or neural interaction; describe concrete systems
that  permit  analysis  of  human  and  AI  roles,  shared  task
loops,  authority  allocation,  feedback  and  adaptation,  or
system-level  outcomes;  or  provide  representative
approaches  to  safety,  evaluation,  and  lifecycle
governance.  We  also  retain  several  established  systems
that  do  not  fully  satisfy  the  HAIS  criteria  as  boundary
cases.  These  cases  help  clarify  the  continuum  from  AI
tools  and  human-in-the-loop  systems  to  HAIS.  For
rapidly evolving areas, we prioritize representative recent
work  while  retaining  earlier  systems  of  foundational
importance.

This  paper  makes  four  main  contributions.  First,  we
define  HAIS,  identify  the  basic  conditions  of  such
systems,  and  clarify  their  differences  from  conventional
human–AI interaction and autonomous systems.  Second,
we  describe  cognitive,  physical,  and  neural  forms  of
human–AI  interaction  and  present  a  system  architecture
that  connects  humans,  AI,  task  environments,
coordination  and  control,  and  safety  governance.  Third,
we  review  representative  research,  applications,  and
industrial  developments,  and  discuss  how  demonstrated
advances  motivate  longer-term  directions  toward  intent
understanding,  dynamic  shared  autonomy,  mutual
adaptation,  and  deeper  neural  integration.  Fourth,  we
examine  the  main  technical,  safety,  and  governance
challenges  of  HAIS  and  identify  priorities  for  future
research  and  ecosystem  development.  The  overall
organization and logical relationships among the sections
are  illustrated  in Fig. 2,  which  focuses  on  the  main
content  from  Sections  2  to  6;  the  Introduction  and
Conclusion  are  omitted  because  they  follow  the
conventional structure of an academic article.

 

2    Conceptual Foundations and Scope of
HAIS

This  section  defines  the  conceptual  foundations  and
scope  of  HAIS,  whose  principle  is  whether  humans  and
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AI  participate  in  the  same  task  process  and  jointly
influence  its  decisions  or  actions.  Section  2.1  defines
HAIS  and  establishes  its  system  boundary.  Section  2.2
distinguishes  the  necessary  conditions  for  identifying
HAIS  from  the  desirable  properties  of  well-designed
systems.  Section  2.3  clarifies  the  relationship  between
HAIS  and  related  concepts,  including  conventional  AI
tools,  shared  autonomy,  hybrid  intelligence,  and
autonomous  systems.  Section  2.4  describes  the  digital,
physical, and neural channels through which humans and
AI exchange information and influence system behavior.

 2.1    Fundamental concepts

In  this  paper,  we  define  a  HAIS  as  a  system  in  which
humans  and  AI  participate  in  a  shared  task  loop,
exchange task-relevant information, and jointly influence
decisions or actions toward a system-level objective. The
unit  of  analysis  is  the  coupled  human–AI–task–
environment  system,  rather  than  the  human,  the  AI,  or
their interface in isolation.

Humans  contribute  task  intent,  contextual
understanding,  domain  knowledge,  value  judgment,  and
responsibility for consequential decisions. AI contributes
capabilities  in  perception,  information  processing,
reasoning,  planning,  and execution.  Their  roles  need not
be  symmetric,  and  their  influence  need  not  be  equal.
What  matters  is  that  both  can  materially  affect  the  task
process.  Their  influence  may  concern  intermediate
decisions, subsequent actions, authority arrangements, or
final outcomes. Roles and authority may also change with
task demands, uncertainty, risk, and operating conditions.

A  shared  task  loop  requires  more  than  isolated  input
and  output.  Human  and  AI  contributions  must  be

connected  within  an  evolving  task  process.  AI  outputs
may  affect  subsequent  human  judgments  or  actions,
while human decisions, corrections, or interventions may
change  the  information,  constraints,  or  operating
conditions available to the AI. Actions by either side may
also alter the environment observed in later stages. HAIS
are  defined  by  the  organization  of  participation,
influence,  and  feedback  rather  than  by  a  particular
interface, degree of AI autonomy, or learning mechanism.

 2.2    Necessary conditions and design properties

The definition  above leads  to  three  necessary  conditions
for  identifying  an  HAIS:  (1)  humans  and  AI  must
participate  in  the  same  task  process.  A  single  request-
response exchange qualifies only when it forms part of a
wider  process  in  which  human  and  AI  contributions
jointly affect  the task outcome. (2) Both humans and AI
must contribute to the task’s decision or control process.
Each  contribution  must  be  capable  of  changing  an
intermediate  decision,  authority  allocation,  subsequent
action,  or  final  task  outcome.  If  removing  either
participant’s contribution under the same task state leaves
all  of  these  unchanged,  the  system  does  not  satisfy  this
condition [15].  (3) Information or control feedback must
connect  their  contributions,  allowing  the  decision  or
action of one participant to affect the subsequent behavior
of the other.

Several  additional  properties  support  the  effective
design  and  operation  of  HAIS.  Human  and  AI  roles,
decision authority, and intervention conditions should be
identifiable so that control and responsibility remain clear
during  collaboration.  Evaluation  should  address  the
performance  of  the  complete  Human–AI  System,

  

 
Fig. 2    Overall organization and logical relationships among the main sections of this article.
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including  task  outcomes,  human  workload,  safety,  and
observable  coordination  measures  such  as  coordination
cost,  disagreement  frequency,  authority-transfer  success,
and intervention effectiveness.  Repeated interaction may
also  support  reciprocal  adaptation.  AI  may  adjust  to
human  expertise,  preferences,  and  corrections,  while
human  participants  may  refine  their  judgments  and  task
strategies  through  AI-generated  information  and
feedback.  Reciprocal  adaptation  may  occur  without
continuous  online  learning  or  equal  changes  on  both
sides,  and  its  effects  should  be  monitored  at  the  system
level.

 2.3    Boundaries with related concepts

HAIS  overlap  with  several  established  concepts  in
human–AI  research  because  these  concepts  address
related  aspects  of  collaboration,  cognition,  control,  and
system  organization.  They  should  not  be  treated  as
mutually  exclusive  categories.  A  particular  operational
system  may  simultaneously  exhibit  characteristics
associated  with  more  than  one  framework.  The  relevant
distinction  is  therefore  not  whether  an  individual
property—such  as  complementarity,  interdependence,
system-level  analysis,  adaptation,  or  human  control—
appears  in  prior  work,  but  which  properties  are
constitutive,  what  is  taken  as  the  unit  of  analysis,  and
which aspects of system operation the concept is intended
to explain. Table 1 summarizes these differences.

AI-as-tool  primarily  provide  bounded  task  assistance
under  human authority.  The  human defines  the  task  and
directs the use of AI, so the main unit of analysis remains
the  user–AI  tool  interaction  rather  than  an  integrated
Human–AI  System.  Shared  autonomy  focuses  on  the
allocation  of  control  authority  between  humans  and
autonomous components.  Its  defining concern is  joint  or
dynamic control within a Human–autonomy control loop,
rather than the organization of the complete task system.
Hybrid  intelligence  emphasizes  the  complementary
combination  of  human  and  machine  intelligence.
Complementarity,  collective  gain,  and  mutual  learning
are  central  concerns,  and  the  resulting  socio-technical

ensemble  is  typically  considered  as  the  analytical  unit.
human–AI  teaming  focuses  on  team  interdependence.
Humans  and  AI  assume  differentiated  and
complementary  roles,  coordinate  their  activities,  and
work toward a common goal; accordingly, the human–AI
team  is  the  primary  unit  of  analysis.  Joint  cognitive
systems  emphasize  the  cognitive  functioning  that
emerges  from  functional  coupling  between  humans  and
technological  components.  The  joint  cognitive  system,
rather than either component alone, is therefore treated as
the analytical unit. Meaningful human control addresses a
different  dimension.  It  focuses  on  whether  system
behavior  remains  responsive  to  relevant  human  reasons
and  whether  responsibility  for  consequential  outcomes
can  be  traced  to  appropriate  human  actors.  Its  primary
concern  is  therefore  the  human–system  control  relation
rather  than  collaborative  system  organization.
Autonomous  systems  emphasize  independent  machine
perception,  decision-making,  and execution,  with human
intervention  remaining  limited  or  supervisory,  while
HAIS emphasize how this combination operates within a
defined  task  system.  Autonomous  systems  may  also
function  within  HAIS  when  humans  retain  meaningful
roles  in  goal  setting,  supervision,  intervention,  or  shared
decision-making. The classification therefore depends on
the  organization  of  human  and  AI  participation  during
actual system operation.

 2.4    Interaction of HAIS

Humans  and  AI  exchange  task-relevant  information  and
influence  decisions  or  actions  through  three  main
channels:  digital,  physical,  and neural.  The classification
follows  the  interface  through  which  information  crosses
the  human–AI  boundary.  Multiple  channels  can  operate
within  the  same  HAIS,  depending  on  the  task,
environment,  response  time,  and  coordination
requirements, as shown in Fig. 3.

To  make  this  taxonomy  operational,  the  classification
is applied to individual human–AI interaction links rather
than to the HAIS as a whole. The criterion is the interface
through  which  task-relevant  information  or  control

  

Table 1    Comparison of HAIS with related human–AI concepts.
Concept Primary emphasis Distinguishing characteristic Primary unit of analysis
AI-as-tool Task assistance Human authority; user-directed support User–AI tool interaction
Shared autonomy Allocation of control authority Joint/dynamic control Human–autonomy control loop
Hybrid intelligence Complementary intelligence Complementarity; collective gain; mutual learning Socio-technical ensemble
Human–AI teaming Team interdependence Role complementarity; interdependence; common goal Human–AI team
Joint cognitive systems Joint cognitive functioning Functional cognitive coupling Joint cognitive system
Meaningful human control Human control and responsibility Reason-responsiveness; traceable responsibility Human–system control relation
Autonomous systems Autonomous action Independent execution; limited intervention Autonomous system
HAIS Integrated human–AI functioning Reciprocal coupling; task–feedback–adaptation Complete HAIS

HAIS denotes Human–AI Intelligent Systems. The listed characteristics summarize the primary emphasis and distinguishing features of each concept; specific
implementations may vary across tasks and application contexts
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crosses the human–AI boundary. An interaction is digital
when  this  exchange  occurs  through  computational
representations,  such  as  language,  images,  code,  or
structured  data;  physical  when  it  occurs  through
sensorimotor  variables,  such  as  motion,  force,  position,
touch, or changes in the physical environment; and neural
when signals  are acquired directly from, or  delivered to,
the central or peripheral nervous system. These channels
are not mutually exclusive. A single HAIS may combine
multiple  channels  simultaneously  or  sequentially,  and
their  relative  roles  may  change  across  task  stages  and
operating  conditions.  When  an  interaction  pathway
involves  more  than  one  interface,  each  relevant  channel
should  be  identified  rather  than  assigning  the  complete
system  to  a  single  category.  For  example,  a  brain-
controlled  prosthesis  may  combine  neural  signal
acquisition,  digital  information  processing,  and  physical
actuation. The taxonomy characterizes the composition of
human–AI  coupling  within  a  system,  while  the  specific
combination depends on the task,  environment,  response
time, and coordination requirements.

●  Digital  channel:  digital  interaction  uses  natural
language,  images,  code,  structured  data,  and
software  interfaces  [16].  Humans  communicate
objectives,  constraints,  context,  and  corrections,
while  AI  provides  analyses,  recommendations,
generated content, or executable operations. Digital
channels  support  decision  assistance,  software
development,  scientific  research,  and  agent-based
collaboration  [17].  Their  effectiveness  depends  on
consistent  task  context,  clear  communication  of
uncertainty,  and  the  ability  of  exchanged
information  to  guide  subsequent  decisions  or
actions.

●  Physical  channel:  physical  interaction  occurs
through  motion,  force,  position,  touch,  or  changes
in  the  environment  [18].  Human actions  affect  the

state  observed  by  AI,  while  AI-generated
commands  affect  the  environment  or  the  human
participant.  Examples include collaborative robots,
wearable  devices,  intelligent  prostheses,  surgical
robots,  and  shared-control  vehicles  [19].  Since
physical actions may have immediate and difficult-
to-reverse  effects,  these  systems  require  timely
coordination,  clear  control  authority,  effective
intervention, and safe recovery mechanisms.

●  Neural  channel:  neural  interaction  uses  signals
acquired  from,  or  delivered  to,  the  central  or
peripheral  nervous  system.  Brain–computer
interfaces  can  decode  neural  activity  related  to
movement  intention,  attention,  or  other  task-
relevant  states  [20].  Bidirectional  interfaces  can
also  provide  sensory  feedback  through  neural
stimulation.  Applications  include neuroprosthetics,
assistive  communication,  neurorehabilitation,  and
sensory  restoration  [21].  Their  practical  value
depends  on  signal  quality,  individual  differences,
invasiveness,  response  time,  and  long-term
reliability.

These  channels  often  work  together.  A  neural
prosthesis,  for  example,  may  acquire  neural  signals,
process  them  through  digital  models,  and  produce
physical  movement  [22].  The  next  section  explains  how
these interaction channels and other system elements are
organized within an operational HAIS architecture.

 

3    Architecture and Operation of HAIS

 3.1    Architecture and components

Section  2  defines  the  scope  and  interaction  channels  of
HAIS.  This  section  presents  a  system-level  reference
architecture  that  organizes  these  elements  into  three
layers,  as  shown in Fig. 4.  The  first  layer  contains  three
system  entities:  the  human,  the  AI,  and  the  task  and
environment. The second layer contains three operational
mechanisms: the shared task representation, coordination
and  control  and  adaptation  and  update.  The  third  layer
provides  cross-cutting  safety  and  governance  assurance.
Digital,  physical,  and  neural  channels  connect  these
layers  by  carrying  task  information,  control  signals,
actions, and feedback. Human and AI refer to functional
roles,  each  of  which  may  include  one  or  multiple
participants  or  components.  The  architecture  is  intended
as  a  conceptual  and  design-level  reference  rather  than  a
claim that all of these mechanisms are already realized in
current HAIS.

 

 
Fig. 3    HAIS  realize  information  and  control  coupling  of
varying depths at the digital, physical, and neural channels.
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 3.1.1    System entities

(1) Human. The human contributes task intent, contextual
understanding,  domain  knowledge,  value  judgment,  and
responsibility  for  important  decisions.  Human
participation  may  include  defining  objectives,  reviewing
intermediate  results,  approving  proposed  actions,  or
intervening  during  execution  [23].  The  required
involvement  may  change  with  task  conditions.  The
architecture should represent human roles, authority, and
intervention  mechanisms  explicitly  [24].  It  should  also
provide  the  task  state,  relevant  uncertainty,  proposed
actions,  and  possible  consequences  needed  for  effective
judgment.

(2)  AI.  The  AI  provides  computational  capabilities  in
perception,  prediction,  reasoning,  planning,  and
execution  [25].  Its  functions  vary  across  applications.
Language and multimodal models may support  semantic
reasoning,  while  control  models  may  perform  signal
decoding, state estimation, motion planning, or low-level
control. Agent-based systems may also decompose tasks,
use  external  tools,  and  revise  plans.  The  architecture
should  define  the  AI’s  operational  scope,  access
permissions,  uncertainty,  and  conditions  for  requesting
human input or transferring authority.

(3)  Task  and  environment.  The  task  defines  the
objective,  constraints,  performance  requirements,  and
acceptable  outcomes.  The  environment  contains  the
physical, digital, or social states that affect decisions and
actions  [26].  Both  may  change  as  new  information
becomes  available,  disturbances  occur,  or  previous
actions alter the system state. Time pressure, uncertainty,
and  action  reversibility  may  also  change  the  relative
reliability  of  human  and  AI  contributions.  These  factors

provide  the  context  for  interpreting  decisions,  allocating
authority, and evaluating outcomes.

 3.1.2    Operational mechanisms

(1)  Shared  task  representation.  The  shared  task
representation  maintains  the  information  required  for
human–AI  coordination.  Humans  and  AI  may  use
different  internal  representations  [27];  therefore,  shared
information  should  remain  interpretable  across  the
human–AI  interface.  This  information  includes  the
current  objective,  task  state,  constraints,  uncertainty,
proposed  actions,  and  authority  arrangement.  The
representation  is  updated  as  actions  change  the  task  or
environment.  When  assessments  differ,  it  helps  identify
the source of disagreement and the information requiring
clarification.

(2) Coordination and control. Coordination and control
transform  human  and  AI  contributions  into  proposed
system  actions  [28].  The  mechanism  receives  task
information,  estimates  of  human  and  AI  states,
uncertainty,  and  risk.  Many  of  these  variables  are  only
partially  observable  and  should  be  represented  with
appropriate confidence estimates. Explicit policies, safety
constraints,  or  optimization  criteria  guide  proposal
integration,  conflict  resolution,  and  authority  allocation.
The  mechanism  outputs  a  proposed  action,  an  authority
assignment, and any required intervention or clarification.
Each  proposal  proceeds  through  authority  verification
and safety checks before execution.

(3)  Adaptation  and  update.  Adaptation  and  update
operate across multiple task cycles. Operational feedback
may reveal changes in human behavior, AI performance,

  

 
Fig. 4    Architectural  components  of  HAIS.  Deeply  bridging  human  cognition  and  AI  intelligence  through  multimodal  interaction
interfaces to facilitate reciprocal learning and co-evolution in a closed-loop paradigm.
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task  conditions,  or  observable  coordination  indicators,
such  as  disagreement  frequency,  authority-transfer
success, intervention delay, and revision cycles. Based on
this  evidence,  the system may update AI models,  shared
task  representations,  allocation  policies,  or  interaction
strategies.  Human  participants  may  also  revise  their
knowledge,  expectations,  and  working  practices  through
repeated  interaction  with  AI.  These  updates  should
follow  defined  validation,  approval,  monitoring,  and
rollback  procedures.  Safety  and  governance  assurance
should prevent unverified changes from directly affecting
consequential system operation.

 3.1.3    Cross-cutting safety and governance

Safety and governance assurance monitors and constrains
the  complete  human–AI  task  loop,  including  the
coordination  mechanism  itself.  Requirements  may  arise
from human objectives, organizational policies, technical
standards, and regulatory obligations. Based on available
indicators  of  human  inputs,  AI  outputs,  environmental
states,  authority  transfers,  and  execution  results,  the
system may issue warnings, request confirmation, restrict
actions, transfer control, or enter a safe state.

The  specific  safeguards  depend  on  the  interaction
channels involved. Digital systems require access control,
input  validation,  controlled  tool  execution,  runtime
monitoring, and auditable logs [29,30].  Physical systems
require  force  and  speed  limits,  collision  avoidance,
emergency  stops,  and  safe  recovery.  Neural  systems
require signal-integrity checks, stimulation limits, privacy
protection,  informed  authorization,  and  immediate
suspension under abnormal conditions. These safeguards
support  risk  control,  responsibility  assessment,  and
accountable system operation.

 3.2    Task and authority allocation

Allocation in HAIS involves two related decisions. Task
allocation determines who performs perception, analysis,
planning, execution, and monitoring. Authority allocation
determines who may propose, approve, modify, suspend,
or terminate an action. The two allocations may differ: AI
may  perform  most  of  the  task  while  a  human  retains
approval authority, or a human may direct the task while
AI holds limited authority for time-critical safety actions.

Allocation  strategies  may  be  static,  stage-based,  or
dynamic.  Static  allocation  assigns  stable  roles  under
predictable  conditions.  Stage-based  allocation  changes
roles at predefined points in the task. Dynamic allocation
adjusts  roles  or  authority  during  operation  according  to
changes  in  task  demands,  human  state,  AI  reliability,
uncertainty,  time  pressure,  risk,  and  action  reversibility

[28].  Since many of these factors can only be estimated,
allocation policies should define the evidence, confidence
thresholds,  and  safety  constraints  required  for  each
adjustment.

Human  authority  generally  carries  greater  importance
when objectives are unclear, consequences are difficult to
reverse, or value judgment is central. Greater AI authority
may  be  suitable  for  rapid  computation,  continuous
monitoring,  repeated  execution,  or  precise  control.  Any
change in authority should follow predefined conditions,
remain  visible  to  the  affected  participants,  and  leave
enough  time  for  effective  human  intervention  when
required.

Allocation  should  be  evaluated  at  the  system  level.
Relevant  measures  include  task  performance,  human
workload,  decision  time,  coordination  cost,  intervention
effectiveness, safety, and error recovery. The objective is
to  select  an  allocation  strategy  that  maintains  reliable
system  performance  under  changing  operating
conditions.

 3.3    Closed-loop operation

As shown in Fig. 5, HAIS operate through a closed loop
connecting  goal  setting,  state  perception,  assessment,
coordination,  action,  and  feedback.  The  process  begins
by  defining  task  objectives,  constraints,  and  acceptable
outcomes.  Humans  and  AI  receive  task-relevant
information  through digital,  physical,  or  neural  channels
and  generate  assessments,  recommendations,  or  control
inputs according to their assigned roles.
   

 
Fig. 5    Operational loop and adaptation across task cycles. The
operational loop consists of goal setting, perception, assessment,
coordination, verification, action, and feedback within each task
cycle.

 

The  coordination  mechanism  integrates  these
contributions  and  determines  whether  clarification,
additional  information,  proposal  revision,  or  authority
transfer  is  required.  The  selected  action  then  undergoes
authority  verification  and  safety  checks  before  being
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communicated or executed through the relevant interface.
Acting  changes  the  task  or  environment  and  produces

feedback  for  the  human,  AI,  and  shared  task
representation. Within a task cycle, operational feedback
updates  the  current  state,  uncertainty,  and  authority
arrangement,  providing  the  basis  for  the  next  decision.
Across  multiple  cycles,  accumulated  evidence  may
support  longer-term  adaptation  of  AI  models,  allocation
policies,  interaction  strategies,  or  human  working
practices.  Such  changes  are  managed  through  the
adaptation  and  update  mechanism and  remain  subject  to
validation, monitoring, and rollback.

This  sequence  describes  the  logical  relations  among
system  functions.  Practical  HAIS  may  implement  these
functions  through  parallel,  asynchronous,  or  hierarchical
loops  operating  at  different  time  scales.  High-level
reasoning  may  take  seconds  or  longer,  while  physical
control  and  neural  signal  processing  may  require
millisecond-level  or  continuous responses.  Coordination,
safety  constraints,  and  traceability  should  remain
effective across these loops.

 3.4    Operational design principles

Drawing  on  research  in  human-centered  AI,  human–AI
teaming,  shared  autonomy,  meaningful  human  control,
and accountable AI systems [31–34], we synthesize four
operational  principles  for  HAIS:  complementarity,
negotiability,  intervenability,  and  traceability.  They
respectively  address  capability  allocation,  disagreement
resolution,  control  correction,  and  decision
reconstruction. These principles focus on the operational
relationship  between  humans  and  AI.  Broader
requirements,  including  robustness,  privacy,  fairness,
security,  and  trust  calibration,  are  addressed  through  the
safety  and  governance  layer  described  in  Section  3.1.
Human  agency  is  reflected  across  the  four  principles
through  effective  participation,  explicit  authority,  and
practical intervention.

● Complementarity: tasks and authority should reflect
the  relative  capabilities  of  humans  and  AI  under
current  conditions  [35].  Their  performance  may
vary  with  task  demands,  available  information,
uncertainty,  workload,  and  environmental  change.
Complementarity  can  be  assessed  by  comparing
human-only,  AI-only,  and  joint  system
performance across these conditions.

●  Negotiability:  the  system  should  support
clarification,  challenge,  proposal  revision,  and
conflict  resolution  when  human  and  AI
assessments  differ  [36,37].  The  basis  of  the  final
decision  and  the  resulting  authority  arrangement

should  remain  explicit  before  a  disputed  action
proceeds to execution.

●  Intervenability:  authorized  human  participants
should  be  able  to  review,  modify,  suspend,  or
terminate consequential actions within an effective
time  window  [34,38].  Intervention  mechanisms
should  remain  available  during  normal  and
degraded  operation,  with  clear  information  about
system state, risk, and available control options.

●  Traceability:  the  system should  preserve  sufficient
evidence  to  reconstruct  important  decisions  and
actions  [39,40].  Relevant  records  include  task
states, human and AI inputs, uncertainty estimates,
proposed actions, authority changes, safety checks,
interventions,  and  execution  outcomes.  These
records  support  diagnosis,  safety  analysis,
responsibility  assessment,  and  system
improvement.

Together, these principles provide an operational basis
for  evaluating  whether  human  and  AI  capabilities  are
coordinated  through  suitable  allocation,  explicit  conflict
resolution,  effective  intervention,  and  accountable
decision processes.

 3.5    Real-world case

A  representative  digital  HAIS  can  be  found  in  agentic
software development. We use the GitHub Copilot cloud
agent as a real-world example because it operates within
a  shared  software-development  workflow  rather  than  as
an  isolated  code-generation  model.  A  developer  can
assign an issue or task to the agent, which then analyzes
repository context, modifies code, executes tests or linters
in an isolated environment, and creates a pull request for
human  review  [41].  The  developer  may  inspect  the
proposed changes, request revisions, or approve the final
contribution.  This  workflow  forms  a  digital  human–AI
task  loop  in  which  both  parties  materially  influence  the
software outcome.

(1)  Operational  mechanisms.  The  human  defines
development  goals,  constraints,  and  acceptance  criteria,
while  the  AI  performs  code  analysis,  planning,
modification,  and  validation.  The  task  environment
consists  of  the  repository,  issue  specification,
dependencies,  development  tools,  and  CI  infrastructure.
The  shared  task  representation  is  distributed  across  the
issue  description,  repository  state,  working  branch,  pull
request  diff,  test  results,  and  review  discussion.
Coordination  occurs  through  task  assignment,  agent-
generated changes, automated checks, and human review
comments.  When  the  developer  requests  changes,  the
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updated  pull  request  state  becomes  new  input  to  the
agent, producing an iterative feedback loop.

(2)  Authority  allocation.  The  case  illustrates  the
distinction between task execution and decision authority.
After  a  task  is  delegated,  the  agent  receives  bounded
authority  to  modify  code,  run  development  tools,  and
update  its  working  branch.  However,  this  execution
authority  does  not  extend  to  final  integration.  Agent-
generated  pull  requests  require  human  review,  and  the
agent cannot approve or merge its own contribution [42].
Authority  therefore  shifts  across  the  workflow:  the
human specifies  and delegates  the  task,  the  AI  performs
bounded execution, and control returns to the human for
evaluation  and  integration.  If  revisions  are  requested,
execution is delegated back to the AI while final approval
remains  human-held.  This  repeated  delegation–review
cycle  provides  a  concrete  instance  of  dynamic  authority
allocation  without  removing  human  control  over
consequential repository changes.

(3)  Safety,  governance,  and  traceability.  Safety
constraints  are  embedded  in  the  execution  environment.
The  agent  is  restricted  to  designated  repository  and
branch  contexts,  operates  in  an  ephemeral  environment,
and  is  subject  to  branch  protection  and  required  checks.
Generated  changes  can  be  examined  using  CodeQL,
secret  scanning,  and  dependency  analysis,  while
outbound  network  access  is  restricted  by  a  firewall
[42,43].  Human  review  provides  an  additional
verification  layer  before  integration.  Agent-authored
commits  and  session  records  also  preserve  the
provenance  of  generated  changes  and  the  human  who
initiated the task, supporting subsequent audit and failure
analysis [42].

(4)  Closed-loop  operation  and  evaluation.  A  typical
task  proceeds  from  human  goal  specification  to  AI
analysis,  code  modification,  automated  validation,  pull
request  generation,  human  assessment,  and  either
revision or integration. The pull request and its associated
checks therefore function as both an action boundary and
a  feedback  interface.  Evaluation  should  address  the
complete  workflow  rather  than  code-generation  quality
alone.  Relevant  measures  include  task  completion  and
pull  request  acceptance,  test  and  validation  outcomes,
development  time,  number  of  revision  cycles,  human
review  effort,  intervention  frequency,  security  findings,
recovery  from  unsuccessful  changes,  and  traceability  of
the final contribution. Empirical studies of coding agents
already  use  real-world  pull  request  acceptance  as  one
measure  of  task  effectiveness  [5];  the  HAIS  perspective
extends such evaluation to coordination quality, authority
handling, human effort, and safety.

 

4    Development and Applications of HAIS

The  development  of  HAIS  reflects  a  broader  transition
from using  AI  as  an  external  tool  to  integrating  humans
and AI within shared task loops. This transition involves
changes  in  their  roles,  mutual  influence,  decision
authority,  and capacity for adaptation,  although different
forms  of  interaction  may  coexist  across  applications.
Section  4.1  describes  the  evolution  from  tool-oriented
interaction  and  human-in-the-loop  collaboration  to
system-level  human–AI  collaboration.  Section  4.2
reviews  the  enabling  technologies,  representative
applications,  and  deployment  ecosystems  supporting
current  HAIS.  Section  4.3  discusses  future  directions  in
uncertainty-aware  human-state  understanding,  adaptive
coordination  and  authority  allocation,  safe  reciprocal
adaptation, deeper multimodal and neural interaction, and
proactive system-level assurance.

 4.1    Evolution toward HAIS

The  development  toward  HAIS  can  be  understood
through  changes  in  how humans  and  AI  participate  in  a
task,  influence  intermediate  decisions,  and  share  control
and  responsibility.  Three  broad  stages  can  be  identified:
tool-oriented  interaction,  human-in-the-loop
collaboration,  and system-level  human–AI collaboration.
These  stages  represent  different  forms  of  system
organization  rather  than  a  strict  chronological  sequence,
and  they  may  coexist  across  applications.  The  main
transition  is  from  using  AI  as  an  external  capability  to
integrating  humans  and  AI  within  a  shared  and
continuously updated task loop.

 4.1.1    Tool-oriented human–AI interaction

In  tool-oriented  interaction,  the  human  defines  the  task,
provides  the  input,  initiates  execution,  and interprets  the
result.  The  AI  performs  a  bounded  function,  such  as
information  retrieval,  prediction,  optimization,  or
automated  execution  [44].  Expert  systems,  search
engines, conventional decision-support systems, and task-
specific  automation  commonly  follow  this  arrangement.
Their  division  of  labor  is  relatively  stable:  the  human
retains  decision  authority,  while  the  AI  supplies
computational  support  through  explicit  commands  and
predefined interfaces.

This model improves the speed, scale, and consistency
of  human  work,  but  provides  limited  support  for  joint
decision-making.  Human  knowledge  and  intentions  are
expressed  mainly  through  initial  inputs,  while  the  AI
rarely  represents  the  user’s  workload,  uncertainty,
expertise,  or  changing  goals.  Intermediate  decisions
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generally  remain  outside  a  shared  task  loop,  and
evaluation focuses on model accuracy, output quality, or
user  performance.  These  limitations  motivated  the
integration  of  human  feedback  into  model  learning  and
task execution.

 4.1.2    Human-in-the-loop collaboration

Human-in-the-loop  approaches  incorporate  human  input
at  intermediate  stages  of  learning  or  decision-making.
Humans may provide labels, demonstrations, corrections,
preferences,  approvals,  or  interventions,  while  AI
systems  perform  data-intensive  analysis,  generate
alternatives, or execute selected actions. Active learning,
interactive machine learning, reinforcement learning from
human  feedback,  and  many  shared-control  systems
follow  this  pattern.  Repeated  interaction  allows  human
feedback  to  refine  AI  outputs  and  helps  reduce  errors
under uncertainty [45].

This  stage  establishes  an  iterative  task  loop,  although
collaboration  often  remains  asymmetric.  Human input  is
commonly  treated  as  supervision  for  improving  AI
performance,  while  changes  in  human  judgment,
behavior, and workload receive less systematic attention.
Roles  and  authority  are  frequently  specified  in  advance,
and evaluation continues to emphasize the AI component
or a single interaction outcome. Consequently, human-in-
the-loop  participation  provides  an  important  foundation
for  HAIS  but  does  not  automatically  constitute  system-
level human–AI collaboration.

 4.1.3    System-level human–AI collaboration

System-level  human–AI  collaboration  integrates  human
and  AI  participation  within  the  same  task  loop.  Both
sides can influence intermediate decisions and subsequent
actions  according  to  their  capabilities,  states,  and
operating  conditions.  A  shared  task  representation
maintains relevant information about goals, system state,
uncertainty,  constraints,  and  available  actions.
Coordination  mechanisms  allocate  tasks  and  decision
authority,  manage  disagreements,  and  support
intervention or control transfer when conditions change.

At this stage, the human, AI, task, and environment are
treated as parts of one operational system [46]. Roles and
authority  remain  identifiable  even  when  their  allocation
changes dynamically. Evaluation therefore considers joint
task  performance,  human  workload,  uncertainty
communication,  authority  transfer,  safety,  and  recovery,
in  addition  to  model  capability.  Interaction  records  may
also  support  longer-term  adaptation  of  AI  models,
allocation  policies,  interaction  strategies,  or  human
working  practices.  Such  adaptation  remains  controlled

through  validation,  monitoring,  and  rollback.  These
characteristics  distinguish  HAIS  from  conventional  AI
tools  and  from  human-in-the-loop  systems  whose
primary  purpose  is  to  supervise  or  improve  an  AI
component [47].

 4.2    Current development and applications

Current  HAIS  development  is  supported  by  foundation-
model  agents,  embodied  intelligence,  multimodal
interfaces,  collaborative  control,  and  runtime  assurance.
These  technologies  alone  do  not  define  an  HAIS.  As
established in Section 2, humans and AI must participate
in a shared task loop, influence intermediate decisions or
actions, and operate under identifiable roles and authority
arrangements. Current systems satisfy these conditions to
different degrees. This subsection therefore reviews their
enabling  technologies,  representative  applications,  and
deployment  ecosystem.  The  discussion  focuses  on
capabilities  and  system  configurations  that  have  been
demonstrated  in  existing  research  or  deployed  systems.
Their  maturity  and  level  of  integration,  however,  vary
substantially across applications.

 4.2.1    Enabling technologies

Foundation-model agents support collaboration in digital
environments  by  interpreting  objectives,  decomposing
tasks,  retrieving  information,  using  tools,  and  revising
plans.  ReAct  connects  language-based  reasoning  with
external  actions  [48],  while  AutoGen  [49]  supports
structured interaction among humans, specialized agents,
and  tools.  Reliable  use  in  HAIS  further  requires  shared
state  representation,  uncertainty  communication,
permission control, and clear intervention conditions.

Embodied  intelligence  extends  collaboration  into
physical  environments.  Vision–language–action  models
such as RT-2 and OpenVLA connect visual observations
and  semantic  instructions  with  robot  actions  [50,51].
Their  integration  with  shared  control,  low-level
controllers, and human intervention enables collaborative
physical execution. Remaining limitations include scarce
interaction  data,  long-horizon  error  accumulation,
latency,  embodiment  differences,  and  unreliable
performance under unfamiliar conditions.

Multimodal  sensing  expands  the  information  available
to  the  task  loop.  Language,  gaze,  gesture,  movement,
physiological signals, and interaction history can support
estimates  of  human  attention,  workload,  and  intended
action.  Brain–computer  interfaces  provide  a  specialized
neural  channel  for  decoding  intended  actions  and,  in
some  cases,  returning  sensory  information  through
stimulation  [52–55].  Signal  variability,  invasiveness,
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individual  differences,  long-term  stability,  and  clinical
safety continue to limit their deployment.

Runtime  assurance  connects  these  capabilities  to
dependable  operation.  Digital  agents  require  controlled
tool  access,  source  tracing,  and  protection  against
adversarial  inputs,  while  embodied  systems  also  require
constrained  planning,  collision  avoidance,  and  safe-state
recovery.  ToolEmu and  AgentDojo  provide  methods  for
evaluating  unsafe  tool  use  and  prompt-injection  attacks
[56, 57].  Integrating  these  capabilities  into  a  reliable
collaborative  loop  remains  a  central  system-level
challenge.

 4.2.2    Representative applications

Current  applications  range  from  AI-assisted  work  to
system-level  human–AI  collaboration.  Their
classification  should  depend  on  the  structure  of  the  task
loop,  mutual  influence,  authority  allocation,  and
adaptation,  rather  than  the  technical  capability  or
application label alone.

In scientific discovery,  AlphaFold mainly serves as an
advanced prediction tool whose results are interpreted by
researchers  [58].  More  integrated  platforms  connect
prediction,  experiment  selection,  execution,  and
feedback.  GNoME  supports  large-scale  material
candidate  generation,  while  the  A-Lab  combines
machine-learning-guided  planning,  robotic  synthesis,
measurement,  and  iterative  updating  [59,60].  When
scientists  influence  intermediate  decisions  and
experimental  outcomes  guide  subsequent  analysis,  these
platforms  approach  an  HAIS.  Their  evaluation  should
consider  experimental  validity,  reproducibility,  human
contribution, and overall discovery efficiency.

In  cyber  defense,  AI  agents  can  analyze  alerts,  logs,
code, and threat intelligence, while human analysts assess
attribution,  operational  impact,  and  response  priorities.
Such  systems  approach  HAIS  when  analysts  can  revise
intermediate  plans,  consequential  actions  follow  defined
authorization  rules,  and  execution  results  update  the
shared  operational  state.  Least-privilege  access,  source
provenance,  human  confirmation,  and  auditable
execution  are  essential  because  external  content  may
contain adversarial instructions.

Health  care  and  assistive  robotics  illustrate  physical
collaboration.  The  da  Vinci  surgical  system  maps  a
surgeon’s commands to robotic instruments and improves
precision  through  motion  scaling  and  tremor  reduction
[61].  Its  conventional  master–slave  structure  provides
limited AI autonomy and is better regarded as a precursor
to  advanced  HAIS.  The  HAL  exoskeleton  estimates
intended  movement  from  physiological  signals  and
adjusts  assistance  through  repeated  perception–

action–feedback cycles [62], although its shared decision-
making remains limited to motor support.

Remote  systems  such  as  Robonaut  2  extend  human
action  into  hazardous  environments  [63].  Remote
operation  constitutes  teleoperation;  qualification  as  an
HAIS additionally requires AI participation in perception,
planning, execution, or risk control within the shared task
loop.  The  level  of  autonomy,  conditions  for  control
transfer, and allocation of responsibility should therefore
be reported explicitly.

Neural  systems  provide  another  form  of  human–AI
collaboration.  Lee  et  al.  combined  a  brain–computer
interface with an AI copilot  to support  shared control  of
cursor  and  robotic  tasks,  illustrating  how  neural  intent
decoding  and  AI  assistance  can  jointly  determine  task
actions  [64].  Other  systems  have  enabled  real-time
robotic  hand  control  from  EEG  signals  [65]  and  high-
dimensional digital control through intracortical decoding
[66].  Long-term  independent  use  of  intracortical
interfaces  for  communication  and  computer  control
further  demonstrates  the  importance  of  sustained
reliability,  recalibration,  and  user  control  beyond  short
laboratory sessions [67].

These  cases  demonstrate  a  continuum  of  human–AI
integration.  Comparative  analysis  should  identify  the
roles of humans and AI, the task-loop structure, authority
allocation,  adaptation  mechanisms,  and  system-level
outcomes. These properties provide a consistent basis for
determining whether an application qualifies as an HAIS.

 4.2.3    Deployment and ecosystem development

Deployable  HAIS  require  coordinated  sensing,
computation,  interaction,  control,  data  management,  and
safety  assurance.  Their  ecosystem  includes  hardware
providers,  model  developers,  system integrators,  domain
organizations,  users,  standards  bodies,  and  regulators.
The  main  deployment  challenge  is  to  integrate  these
participants  and  technologies  into  systems  that  remain
effective and accountable throughout their lifecycle.

Hardware  infrastructure  includes  multimodal  sensors,
computing  devices,  communication  modules,  actuators,
and  interaction  interfaces.  Cloud  resources  can  support
training  and  long-horizon  reasoning,  while  edge  and
device-side  computing  provide  low-latency  perception,
control,  and  safety  functions.  Software  infrastructure
includes  foundation  models,  robot  operating  systems,
simulation  platforms,  digital  twins,  shared  task
representations,  and  coordination  modules.  Platforms
such  as  ROS  2  and  NVIDIA  Isaac  connect  simulation,
software,  and  physical  systems  [68].  HAIS  deployment
additionally  requires  synchronized  state,  bounded
latency, controlled permissions, and traceable execution.
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Deployment  forms  a  lifecycle  loop  involving
adaptation,  validation,  monitoring,  incident  analysis,  and
updates. Changes to models, users, tools, or environments
may require renewed evaluation. Initiatives such as Open
X-Embodiment  support  data  and  policy  transfer  across
devices and tasks [69], although differences in hardware,
semantics, data quality, privacy, and intellectual-property
rules continue to limit interoperability.

Standards  and  regulations  provide  further  support.
ISO/TS 15066 addresses  safety  requirements  for
collaborative  industrial  robots  [70],  while  the  European
Union  Artificial  Intelligence  Act  establishes  broader
requirements  for  risk  management,  human  oversight,
documentation,  and  accountability  [71].  Further  work  is
required  to  address  system-level  evaluation,  dynamic
authority transfer, interaction-data governance, reciprocal
adaptation, and cross-domain failure propagation.

 4.3    Development trajectories

Section  3  defines  human-state  assessment,  dynamic
coordination,  reciprocal  adaptation,  and safety  assurance
as  core  mechanisms  of  HAIS.  Current  HAIS,  however,
remain  constrained  by  uncertain  human-state  inference,
fixed  authority  arrangements,  one-way  adaptation,
limited  interaction  channels,  and  fragmented  safeguards.
This  section  therefore  outlines  the  major  directions  in
which  HAIS  are  evolving.  As  shown  in Fig. 6,  five
development  trajectories  are  particularly  important:
implicit  intent  understanding,  adaptive  coordination  and

authority  allocation,  safe  reciprocal  adaptation,  deeper
multimodal and neural interaction, and proactive system-
level  assurance.  The  directions  discussed  in  this
subsection are prospective research directions rather than
capabilities  assumed  to  be  generally  available  in  current
HAIS. They build on demonstrated advances reviewed in
Section  4.2,  but  their  system-level  reliability,
generalizability, and long-term effectiveness remain open
research questions.

 4.3.1    Human-state inference

HAIS  are  moving  from  explicit  user  commands  toward
richer  inference  of  task-relevant  human  states,  including
goals,  attention,  workload,  and  intended  actions.
Multimodal  evidence  from  language,  gaze,  gesture,
behavior,  physiological  signals,  and  interaction  history
can  support  such  inference  [72].  Because  these  signals
are  incomplete  and  context  dependent,  future  systems
will  need  to  represent  uncertainty  rather  than  treat
inferred  states  as  direct  or  definitive  access  to  human
intent.  The  objective  is  to  support  more  responsive
interaction  while  keeping  inferred  intentions
distinguishable from explicit human authorization.

 4.3.2    Adaptive coordination and authority allocation

Current  systems  often  rely  on  fixed  task  assignments  or
predefined  control  transfers.  HAIS  are  increasingly
moving  toward  adaptive  coordination  in  which  task
allocation  and  decision  authority  change  with  human
state,  AI  capability,  uncertainty,  environmental  risk,  and
available  response  time  [73].  Such  arrangements  may
range from AI assistance under human control  to  shared
execution,  conditional  autonomy,  and  transfer  of  control
to  a  human  decision  maker.  The  key  shift  is  from static
role  assignment  toward  context-dependent  coordination
while keeping current authority arrangements visible and
understandable to the participants.

 4.3.3    Safe reciprocal adaptation

HAIS are also moving from one-sided adaptation toward
reciprocal  adaptation  across  repeated  interactions.  AI
systems  may  adjust  to  human  instructions,  corrections,
and  preferences,  while  humans  may  change  their
strategies  and  expectations  in  response  to  AI  behavior
[74].  This  development  requires  a  distinction  between
operational feedback within a task cycle and longer-term
adaptation across cycles.  The former updates the current
task  state  and  coordination  process,  whereas  the  latter
may  change  models,  allocation  policies,  interaction
strategies,  or  human  procedures.  Neural  interfaces

 

 
Fig. 6    Conceptual  research  directions  for  HAIS.  The  right-
hand  side  represents  prospective  capabilities,  including  intent
understanding,  adaptive  coordination,  safe  reciprocity,  neural
interaction,  and  proactive  assurance.  These  directions  denote
research  objectives  rather  than  capabilities  generally
demonstrated in current systems.

Chao Shen et al. ENGINEERING Artificial Intelligence https://doi.org/10.2738/ENGAI.2026.0012

 

https://journal.hep.com.cn/eai 13

https://doi.org/10.2738/ENGAI.2026.0012


provide  one  example,  where  prolonged  use  may  require
decoder  recalibration  as  neural  signals  and  user
interaction patterns change [75].

 4.3.4    Deeper multimodal and neural interaction

Human–AI  interaction  is  expanding  from predominantly
explicit  digital  input  toward  multimodal  and,  in
specialized  applications,  neural  interaction.  Language,
vision,  gesture,  touch,  physiological  signals,  and
environmental  context  can  provide  complementary
information  for  understanding  task  state  and  human
intent. Neural interfaces further extend this interaction by
decoding  intended  movement  or  communication  and,  in
some  systems,  returning  sensory  information  through
stimulation [76].  These developments  may support  more
direct  control  and  feedback  in  assistive,  rehabilitation,
and  remote-operation  settings.  Neural  interaction,
however,  represents  one  specialized  interaction  channel
rather than a universal endpoint of HAIS.

 4.3.5    Proactive system-level assurance

As  human–AI  coupling  becomes  deeper,  assurance  is
moving  from  separate  component  safeguards  toward
monitoring  and  constraining  the  complete  task  loop.
Failures  may  propagate  across  models,  tools,  human
decisions,  physical  controllers,  and  neural  interfaces,
making isolated safeguards insufficient. Future HAIS will
increasingly  incorporate  system-level  constraints  on
goals,  authority,  permitted  actions,  and  acceptable  risk
before or during execution. Proactive assurance is treated
here as a long-term system design objective rather than a
claim that complete system safety can be guaranteed. The
main  transition  is  from  fragmented  and  reactive
protection  toward  proactive  assurance  that  remains
effective  across  interacting  human–AI  components  and
operating conditions.

 

5    Challenges and Risks in HAIS

Deeper  human–AI  coupling  can  improve  joint
performance,  while  also  creating  new  paths  through
which errors, attacks, and harmful adaptations can spread
across humans, AI components, tools, and environments.
These  problems  arise  at  three  connected  levels.
Capability  barriers  reduce  the  accuracy  of  human-state
modeling,  collective  coordination,  and  interaction-based
learning. Emergent risks appear when incorrect estimates,
unsafe actions, or malicious inputs propagate through the
collaborative loop. Assurance and governance gaps make
these  failures  difficult  to  detect,  contain,  and  attribute.

This section examines how HAIS may fail and why such
failures occur. The corresponding research directions are
discussed in Section 6.

 5.1    Capability barriers

Reliable  HAIS  require  task-relevant  models  of  human
states,  effective  coordination  among  heterogeneous
participants,  and  interaction  data  that  preserve  temporal
and causal context. Current methods remain limited in all
three  areas.  These  limitations  can  distort  the  shared  task
state,  weaken  task  and  authority  allocation,  and  reduce
the reliability of system-level adaptation.

 5.1.1    Human-state modeling

Effective  collaboration  depends  on  the  ability  of  an  AI
system to  estimate  task-relevant  human  states,  including
goals,  knowledge,  attention,  workload,  preferences,  and
intended actions. These states cannot be observed directly
[75].  They  must  be  inferred  from  incomplete  evidence
such as language, behavior, gaze, interaction history, and,
in  specialized  applications,  physiological  or  neural
signals.

The  relationship  between  observable  signals  and
internal  states  is  uncertain.  Hesitation  may  indicate
fatigue,  disagreement,  confusion,  or  careful  reflection.
The  same  instruction  may  also  express  different  goals
across  users  and  situations.  Differences  in  expertise,
culture,  physical  condition,  and  task  context  further
reduce the reliability of fixed inference rules. Foundation
models  can  integrate  multimodal  evidence,  yet  strong
performance  on  controlled  benchmarks  does  not  ensure
reliable  understanding  across  unfamiliar  users  and
environments. A model may rely on familiar linguistic or
behavioral  patterns  while  appearing  to  possess  a  stable
representation of human beliefs or intentions [78].

Errors in human-state modeling can propagate directly
into system operation. An incorrect estimate of workload
may  cause  the  AI  to  transfer  authority  at  an  unsuitable
time.  A  mistaken  inference  of  intention  may  trigger  an
unwanted  action,  while  an  outdated  preference  model
may  bias  later  recommendations.  Model  opacity,
unsupported  outputs,  and  poorly  calibrated  confidence
make  these  errors  harder  to  identify  [79].  The  system
may produce a coherent interpretation even when several
explanations  remain  possible.  This  uncertainty  weakens
the  basis  for  deciding  when  the  AI  should  act,  seek
clarification, or defer to human judgment.

 5.1.2    Collective coordination

Many real-world HAIS involve teams of human experts,

Chao Shen et al. ENGINEERING Artificial Intelligence https://doi.org/10.2738/ENGAI.2026.0012

 

14 https://journal.hep.com.cn/eai

https://doi.org/10.2738/ENGAI.2026.0012


multiple AI agents, and external tools. Moving from one
human  and  one  AI  to  a  mixed  collective  introduces
differences  in  expertise,  objectives,  information  access,
workload,  and  authority.  Existing  coordination  methods
provide  limited  support  for  this  many-to-many  structure
[80].

Failures  may  originate  in  task  allocation,
communication,  or  shared  state  representation.
Participants  may  receive  overlapping  tasks,  depend  on
inconsistent  information,  or  remain  unaware  of  changes
made  by  other  members.  Shared  memory  can  improve
access  to  information,  while  also  allowing  an  incorrect
claim  to  influence  the  whole  group.  Agents  based  on
similar  models  may produce correlated errors  and create
an  appearance  of  agreement  without  independent
evidence.  Repeated  exchanges  may  also  generate
communication  loops,  duplicated  work,  and  high
computational cost.

Authority  becomes  difficult  to  trace  when  several
agents act for different people or organizations. An agent
may  follow  one  participant’s  instruction  while  affecting
the  interests  of  others.  Conflicting  goals  can  remain
hidden  until  they  influence  an  important  decision  or
action.  Current  multi-agent  evaluations  mainly  measure
task  completion  and  provide  limited  evidence  about
human workload,  distribution of influence,  disagreement
resolution, and decision traceability [81]. Consequently, a
collective  may  achieve  a  strong  task  score  while
remaining  vulnerable  to  correlated  errors,  coordination
breakdown, or unclear responsibility [82].

 5.1.3    Interaction data

HAIS  operate  through  sequences  of  interdependent
decisions.  A  useful  interaction  record  may  need  to
include  the  task  objective,  environmental  state,  human
behavior,  AI  estimates  and  recommendations,  tool  calls,
authority  transfers,  interventions,  and  final  outcomes.
Model versions and previous interactions may also affect
later  decisions.  Conventional  datasets  built  around
independent  input–label  pairs  cannot  represent  this
structure adequately.

Available  interaction  datasets  are  commonly  short,
small,  and  collected  under  controlled  conditions.  They
often overrepresent healthy adults, trained operators, and
a limited range of languages, cultures, devices, and tasks
[83].  Rare  failures,  emergencies,  long-term  dependence,
and  gradual  changes  in  human  behavior  are  particularly
difficult  to  observe.  Systems  trained  on  such  data  may
treat  patterns  from  a  narrow  population  as  general
indicators of intention, workload, or preference.

Interaction  data  are  also  shaped by the  AI  system that
produces  them.  Once  a  user  follows  an  AI

recommendation, the observed outcome reflects both the
user’s  preference  and  the  system’s  influence.
Counterfactual  outcomes  under  a  different
recommendation  or  without  AI  assistance  are  usually
unavailable. This makes causal evaluation and preference
learning difficult. Detailed behavioral, physiological, and
neural  records  also  create  privacy  constraints  that  limit
collection  and  sharing  [81].  Weak  temporal  coverage,
limited  diversity,  feedback  bias,  and  missing
counterfactuals  can  therefore  lead  to  poor  generalization
and unreliable long-term adaptation.

 5.2    Emergent system risks

Tightly  coupled  HAIS  can  produce  system-level  risks
even  when  individual  components  satisfy  their  local
requirements.  Human  decisions  affect  AI  updates,  AI
recommendations  influence  human  behavior,  and  digital
outputs  may  trigger  physical  actions.  This  coupling
allows small errors or malicious inputs to spread through
feedback loops and produce consequences that cannot be
explained by one component alone.

 5.2.1    Trust and autonomy

Human  participants  must  decide  when  to  accept,
question, or reject AI outputs. Their decisions depend on
perceived  competence,  past  performance,  interface
design,  explanations,  and  organizational  expectations.
These signals may differ from the actual reliability of the
AI under current operating conditions.

Fluent  language,  confident  recommendations,  and
plausible explanations can create excessive trust when the
underlying  output  is  uncertain  or  incorrect.
Conversational interfaces may further encourage users to
attribute  understanding  or  intention  to  the  AI.  Repeated
success under routine conditions can produce automation
bias,  causing  users  to  accept  recommendations  without
sufficient  verification.  Repeated  errors  or  unexplained
changes can produce the opposite response, leading users
to reject  useful  assistance.  Both forms of trust  mismatch
reduce  joint  performance  and  can  delay  appropriate
intervention [79].

Autonomy risks  increase  when the  AI  infers  a  goal  or
initiates  an  action  before  receiving  clear  authorization.
An inferred intention may reflect an outdated preference,
a  temporary  response,  or  an  incorrect  interpretation  of
hesitation.  Proactive  assistance  can  also  narrow  the
options shown to the user and influence later choices. In
organizational  settings,  AI  recommendations may reflect
institutional objectives that differ from the interests of the
affected  person.  These  mechanisms  can  weaken
meaningful  human  control  even  when  the  user  formally
retains final authority.
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 5.2.2    Security and privacy

HAIS often connect AI models to memory, external data,
software  tools,  communication  services,  sensors,  and
physical actuators. Each connection creates an additional
path  for  unauthorized  access  or  manipulation.  An  attack
on  one  component  can  propagate  through  the  same
channels used for legitimate collaboration.

Foundation-model  agents  are  exposed  to  adversarial
inputs,  indirect  prompt  injection,  malicious  external
content,  unauthorized  tool  use,  and  excessive  privileges
[56,57].  A  harmful  instruction  embedded  in  a  document
or website may influence an agent to disclose information
or execute an action outside the user’s intended task. In a
multi-agent  system,  a  compromised  agent  may  modify
shared memory, distort task allocation, or influence other
agents.  Unsafe  or  malicious  human instructions  can also
be  amplified  when  AI  systems  execute  them  at  greater
speed and scale.

Physical  and  neural  integration  increases  the  possible
consequences. A manipulated digital output may become
an  unsafe  control  command,  while  compromised  sensor
data  may  distort  the  system’s  estimate  of  the  human  or
environment. Failures involving robots, vehicles, medical
devices, or assistive systems may produce direct physical
harm.  Neural  interfaces  create  additional  concerns
because  altered  decoding  or  stimulation  may  affect  user
control, sensation, or health.

Privacy  risks  extend  beyond  conventional  identifiers.
Interaction  histories  may  reveal  expertise,  routines,
preferences,  workload,  emotional  state,  or  personal
vulnerabilities.  Physiological  and  neural  signals  may
expose  health  conditions  and  intended  movements.
Persistent  records  can  also  reveal  information  about
colleagues,  patients,  or  family  members  who  did  not
directly interact with the system. Longitudinal behavioral
data  may  remain  identifiable  after  direct  identifiers  are
removed.

Consent  becomes  difficult  to  maintain  as  data  are
reused  across  personalization,  monitoring,  evaluation,
and  model  updates.  Users  may  agree  to  immediate  task
assistance  without  expecting  their  data  to  support
employee  assessment  or  behavioral  prediction.  The
combination  of  broad  system  access,  sensitive  data,  and
repeated interaction creates security and privacy risks that
can spread across individuals, organizations, and physical
environments.

 5.2.3    Co-evolutionary drift

Reciprocal  adaptation  can  improve  collaboration,  but  it
can  also  move  the  joint  system  away  from  its  original
objectives.  AI  recommendations  influence  human

decisions, and these decisions may later become training
or personalization data [81].  The system therefore learns
from behavior that it has already helped to shape.

Observed  acceptance  does  not  always  represent
genuine preference. Users may follow a recommendation
because  it  is  prominent,  easy  to  select,  or  supported  by
organizational  procedures.  Repeated  exposure  may  turn
the recommended option into a habit. If the AI treats this
behavior  as  positive  feedback,  it  may reinforce  interface
effects,  authority  effects,  or  learned  dependence.  Early
biases can grow as the human and AI repeatedly respond
to one another.

Long-term use can also change human capabilities and
organizational  practices.  Users  may  lose  experience  in
tasks that are routinely delegated to AI, while workflows
and data formats become dependent on a specific system.
Short-term  performance  may  continue  to  improve  as
independent  human  capability,  alternative  procedures,
and organizational resilience decline. This creates lock-in
and increases the impact of later model failure or system
withdrawal.

Co-evolutionary  drift  develops  across  many
interactions  and  may  remain  invisible  in  short
evaluations. No individual update needs to appear unsafe.
Harm  emerges  as  user  behavior,  model  policies,  data
distributions,  and  institutional  practices  gradually
reinforce  one  another  [84].  The  resulting  system  may
continue to perform efficiently while pursuing objectives
that  differ  from  those  under  which  it  was  originally
designed and evaluated.

 5.3    Assurance and governance gaps

Section  3  describes  safety  assurance  as  a  cross-cutting
part  of  the  HAIS  architecture,  and  Section  4  identifies
proactive  assurance  as  an  important  development
direction.  In  practice,  existing  evaluation,  monitoring,
and  accountability  methods  still  focus  heavily  on
individual models or fixed products. These gaps limit the
ability to identify system-level failures, trace their causes,
and determine who could have prevented them.

 5.3.1    System-level evaluation gaps

Most  AI  evaluations  measure  properties  of  individual
models,  such  as  accuracy,  robustness,  calibration,
fairness,  or  computational  performance.  A  strong  model
score  does  not  ensure  reliable  performance  of  the
complete  human–AI–task–environment  configuration.
Joint  failure  may  result  from  a  misunderstood
recommendation,  delayed  intervention,  inconsistent
shared  state,  unsuitable  authority  allocation,  or  an
incorrect  connection  between  high-level  planning  and
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physical control.
HAIS evaluation must cover joint task performance and

the  quality  of  interaction.  Relevant  properties  include
human  workload,  uncertainty  communication,  trust
calibration,  conflict  frequency, authority-transfer quality,
error  detection,  and  recovery.  Agentic  systems  also
require  evaluation  of  tool  selection,  permission
compliance,  source  provenance,  and  unauthorized
actions.  Embodied  and  neural  systems  introduce  further
requirements  related  to  latency,  physical  safety,  signal
reliability, reversibility, and recovery.

Current  benchmarks  rarely  represent  long-term
adaptation,  rare  emergencies,  adversarial  interference,  or
multiple  interacting  failures  [85].  They  also  provide
limited evidence about performance across different users
and  operating  conditions.  As  a  result,  systems  may  pass
component-level  tests  while  important  failure  paths
within  the  complete  task  loop  remain  unexamined.
Existing  risk-management  and  organizational  standards
provide  useful  foundations  [86],  but  they  do  not  fully
address  dynamic  authority,  reciprocal  adaptation,  and
cross-domain failure propagation.

 5.3.2    Lifecycle monitoring gaps

HAIS  can  change  after  deployment  even  when  their
initial components have been validated. Models and tools
may  be  updated,  data  distributions  may  shift,  users  may
alter their working practices, and operating environments
may  move  beyond  their  original  boundaries.  Long-term
human  adaptation  can  also  change  the  behavior  of  the
joint  system  without  any  formal  software  update  [87].
One-time  evaluation  therefore  provides  limited  evidence
about  continued  system  performance.  This  issue  is
particularly  relevant  to  neural  HAIS,  where  signal
characteristics,  decoder  performance,  and  user
capabilities may change over extended periods of use, as
observed in long-term implanted BCI studies [88].

Post-deployment monitoring often focuses on technical
indicators  such  as  model  errors  or  system  availability.
These  measures  may  miss  changes  in  user  reliance,
intervention  quality,  workload,  control  conflicts,  or
independent  human  capability.  Slow  changes  are
especially difficult to detect because each interaction may
appear acceptable when examined separately. Monitoring
can  also  fail  when  the  same  model  or  communication
channel  is  used  both  for  operation  and  for  detecting  its
own failures.

Incident  analysis  faces  similar  limitations.  Logs  from
models,  interfaces,  tools,  controllers,  and  human  actions
may  use  different  time  scales  or  remain  stored  by
different  organizations.  Missing  or  unsynchronized
records  make  it  difficult  to  reconstruct  how  an  initial

error  became  a  system-level  outcome.  Near  misses  may
remain  unreported,  preventing  organizations  from
identifying  recurring  failure  paths  before  severe  harm
occurs.

 5.3.3    Accountability and oversight gaps

HAIS  distribute  influence  across  model  providers,  data
suppliers,  software  developers,  hardware  manufacturers,
system  integrators,  deploying  organizations,  managers,
and  operators  [89].  The  person  who  issues  the  final
command  may  have  limited  control  over  the  model,
available  information,  interface  design,  or  time  allowed
for intervention. Assigning responsibility only at the final
decision point can therefore conceal earlier technical and
organizational causes.

Formal  human  oversight  may  also  lack  practical
meaning. An operator may retain nominal authority while
receiving  insufficient  information,  time,  training,  or
control to challenge the system. AI recommendations can
shape  which  options  and  evidence  are  visible  before  the
human makes a decision. In such cases, placing a human
in the loop may shift liability without providing effective
control.  Conversely,  the  use  of  AI  does  not  remove  the
responsibility of organizations that select,  configure, and
deploy it.

Traceability  is  required  to  identify  how  humans  and
technical  components  influenced  an  outcome,  yet
extensive  logging  may  conflict  with  privacy  and  data-
minimization  requirements.  Records  of  human  behavior,
physiological state, or neural signals can support incident
analysis while also creating sensitive datasets. Incomplete
logging  weakens  accountability,  whereas  excessive
logging increases surveillance and privacy risks.

HAIS  also  cross  regulatory  boundaries  involving  AI,
cybersecurity,  robotics,  medical  devices,  transportation,
privacy,  and  employment  [90].  Compliance  with  one
domain-specific  framework  cannot  demonstrate  the
safety  of  the  complete  system.  Dynamic  authority
allocation and shared decision-making further complicate
the  division  of  operational  control,  causal  responsibility,
and  legal  liability.  These  evaluation,  monitoring,  and
accountability gaps explain why safety mechanisms at the
component  level  cannot  fully  contain the risks  of  HAIS.
Section  6  develops  research  priorities  and  strategic
actions for addressing these limitations.

 

6    Research Agenda for HAIS

Section 4.3 describes the major  development  trajectories
of  HAIS.  This  section  focuses  instead  on  the  research
needed  to  make  these  trajectories  reliable,  safe,  and
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accountable.  The  challenges  identified  in  Section  5
provide  the  basis  for  this  research  agenda.  Capability
barriers  require  stronger  methods  for  human-state
modeling,  interaction  representation,  and  coordination.
Emergent  system  risks  require  mechanisms  for
preserving  human  agency,  containing  cross-domain
failures, and controlling long-term adaptation. Assurance
and  governance  gaps  require  system-level  evaluation,
lifecycle  monitoring,  traceability,  and  responsibility
allocation. Accordingly, we organize the research agenda
into  three  priorities:  foundations  for  reliable
collaboration,  safe  interaction  and  adaptation,  and
lifecycle  assurance  and  accountability.  These  priorities
are supported by interdisciplinary testbeds, standards and
lifecycle  governance,  and  ecosystem  collaboration.  The
following  priorities  are  open  research  problems  derived
from  the  limitations  identified  in  Section  5,  rather  than
capabilities  assumed  to  have  been  achieved. Fig. 7
connects  the  capability  barriers,  emergent  risks,  and
assurance  gaps  identified  in  Section  5  with  the  research
priorities and strategic enablers proposed in Section 6.

 6.1    Research priorities

The  three  research  priorities  correspond  to  the  three
categories  of  challenges  introduced  in  Section  5.  Each
priority addresses a distinct level of HAIS behavior. The
first  focuses  on  the  information  and  coordination
capabilities  required  for  effective  collaboration.  The
second  addresses  risks  generated  through  interaction,
authority  allocation,  and  long-term adaptation.  The  third
concerns  the  evidence  and  governance  mechanisms

needed  to  evaluate,  monitor,  and  manage  HAIS
throughout their lifecycle.

 6.1.1    Foundations for reliable collaboration

This priority addresses human-state modeling, interaction
data, and coordination among heterogeneous participants.
Reliable collaboration requires task-relevant estimates of
human  states,  representations  that  preserve  the  temporal
structure  of  interaction,  and  coordination  mechanisms
that  account  for  differences  in  capability,  information,
uncertainty, and authority.

Human-state  modeling  should  represent  goals,
knowledge,  attention,  workload,  preferences,  and
intended  actions  from  incomplete  multimodal  evidence.
Because  the  same  observation  may  support  several
interpretations,  models  should  maintain  alternative
hypotheses,  estimate  their  uncertainty,  and  request
clarification  when  the  available  evidence  is  insufficient
for  reliable  action  [77,78].  They  should  also  distinguish
relatively  stable  preferences  from  temporary  behavior
caused  by  fatigue,  time  pressure,  unfamiliar  tasks,  or
earlier AI recommendations.

Progress also depends on interaction data that preserve
complete  task  trajectories.  Relevant  records  include  task
objectives,  environmental  states,  human  behavior,  AI
recommendations,  tool  calls,  authority  transfers,
interventions,  and  outcomes.  Datasets  should  cover
different  users,  tasks,  operating  conditions,  successful
interactions,  and  failure  cases.  Longitudinal  data  are
particularly  important  for  studying  changes  in  trust,

  

 
Fig. 7    Correspondence between the major challenges, research priorities, and strategic enablers for HAIS.
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working  practices,  and  human  capabilities.  Because  AI
recommendations  can  influence  later  human  behavior,
observed  acceptance  should  not  automatically  be  treated
as  evidence  of  an  independent  human  preference.
Controlled comparisons and causal analysis are needed to
separate  prior  preferences  from  behavior  shaped  by  the
system.

Coordination  research  should  develop  methods  for
allocating  tasks,  information,  and  authority  among
humans and AI.  Allocation decisions  should account  for
human  expertise  and  workload,  AI  capability  and
uncertainty,  environmental  risk,  action  reversibility,
available  intervention  time,  and  the  consequences  of
error.  These  methods  should  also  support  mixed
collectives  containing  multiple  humans,  AI  agents,  and
external  tools.  Evaluation  should  consider  collective
decision  quality,  communication  and  coordination  cost,
disagreement-resolution  rate,  authority-transfer  success
rate, distribution of influence, resilience to compromised
participants,  and  preservation  of  predefined  human
authority and intervention rights [82].

 6.1.2    Safe interaction and adaptation

This priority addresses risks that arise through interaction
among humans, AI components, tools, and environments.
Research  is  needed  to  maintain  appropriate  human
reliance,  preserve  effective  intervention  and  authority,
contain  failures  across  interaction  channels,  protect
sensitive  data,  and  keep  long-term  adaptation  within
defined operating boundaries.

Trust research should examine whether human reliance
matches  the  actual  capabilities  and  limitations  of  AI
under current conditions.  Interfaces should communicate
system  state,  uncertainty,  operating  boundaries,  and
changes  in  authority  in  forms  that  support  informed
human  judgment.  Evaluation  should  examine
overreliance,  underuse,  delayed  intervention,  error
detection,  and the transfer of trust  from familiar  tasks to
unfamiliar or higher-risk settings.

Human  agency  also  depends  on  maintaining  clear
distinctions  among  assistance,  recommendation,
approval,  shared  execution,  and  autonomous  action.
Inferred  intention  should  not  automatically  be  treated  as
authorization.  Consequential  actions  and  authority
changes should remain perceptible to affected users, with
sufficient information and time for intervention. Research
is  therefore needed on authority constraints,  intervention
conditions,  and  fallback  mechanisms  that  remain
effective  when  communication,  perception,  or  control
degrades.

Security  research  should  address  how  attacks  and
component failures propagate across digital, physical, and

neural channels. Digital agents require protection against
indirect  prompt  injection,  malicious  external  content,
unauthorized tool use, and excessive execution privileges
[56,57].  Relevant  mechanisms  include  identity
verification,  least-privilege  access,  source  provenance,
isolation  of  untrusted  execution,  and  independent
confirmation  of  high-impact  actions.  Embodied  systems
additionally require monitoring of unsafe plans, abnormal
sensor  inputs,  controller  failures,  and  actions  outside
approved  operating  boundaries  [91].  Neural  applications
require  additional  safeguards  for  signal  reliability,
stimulation limits, privacy, and reversibility.

Privacy  research  should  address  information  inferred
from long-term interaction, including expertise,  routines,
workload,  health-related  states,  and  personal
vulnerabilities. Behavioral, physiological, and neural data
should  be  collected  only  when  relevant  to  the  task  and
should  be  subject  to  purpose  limitation,  access  control,
controlled reuse, and appropriate retention policies [81].

Safe  adaptation  requires  a  clear  separation  between
operational  feedback  and  persistent  system  updates.
Methods  should  determine  whether  observed  behavior
reflects  a  stable  preference,  a  temporary  response,  an
interface  effect,  or  adaptation  to  previous  AI
recommendations.  They  should  also  detect  harmful
dependence,  capability  degradation,  feedback
amplification,  and  coordination  drift.  Model  and  policy
updates should remain bounded, traceable, and reversible
through  validation,  staged  deployment,  monitoring,
version control, and rollback [84].

 6.1.3    Lifecycle assurance and accountability

This priority addresses system-level evaluation, lifecycle
monitoring,  traceability,  and  accountability.  Because
HAIS  may  change  through  model  updates,  new  tools,
environmental  shifts,  and  changes  in  human  behavior,
assurance  must  cover  the  complete  human–AI–task–
environment  configuration  across  design,  deployment,
operation, adaptation, and retirement.

System-level evaluation should examine both joint task
outcomes and observable interaction processes.  Relevant
measures  include  task  success,  task  quality,  completion
time,  human  workload,  uncertainty  communication,
disagreement frequency and resolution, authority-transfer
success  and  latency,  intervention  effectiveness,  error
detection,  recovery,  and  safety  outcomes.  Agentic
systems additionally require  evaluation of  tool  selection,
permission  compliance,  source  provenance,  and
containment  of  unauthorized  actions.  Embodied  and
neural systems require application-specific measures such
as latency, physical safety, signal reliability, reversibility,
and recovery.
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Benchmark  design  should  represent  complete
interaction trajectories rather than isolated model outputs.
The  same  or  matched  task  instances  should,  where
applicable, be evaluated under human-only, AI-only, and
HAIS  conditions,  as  well  as  under  alternative  task  and
authority  allocation  strategies.  Benchmarks  should
include  normal,  uncertain,  degraded,  and  adversarial
conditions  and  record  human  and  AI  inputs,
disagreements,  authority transfers,  interventions,  actions,
and outcomes.  Long-duration settings are also needed to
examine  adaptation  and  gradual  changes  in  system
behavior.

Lifecycle  monitoring  should  track  both  technical  and
human  changes  after  deployment.  Relevant  indicators
include  task  outcomes,  AI  uncertainty,  human  reliance,
intervention  frequency,  control  conflicts,  workload,
security  incidents,  and  performance  across  users  and
operating  conditions.  Monitoring  should  detect  gradual
drift  as  well  as  immediate  failures,  and  should  include
near misses that  reveal failure paths before serious harm
occurs.

Changes  to  models,  tools,  allocation  policies,
interfaces,  or  operating conditions may invalidate  earlier
assurance  evidence.  Research  is  therefore  needed  on
change-impact  analysis  and  risk-based  re-evaluation.
Significant  modifications  may  require  renewed
simulation, adversarial testing, controlled trials, or staged
deployment.  Monitoring  and  recovery  mechanisms
should  also  define  when  normal  operation  can  continue,
when autonomy should be reduced, and when the system
should return to a previously validated state.

Traceability  should  connect  task  states,  model  and
policy  versions,  AI  recommendations,  uncertainty
estimates,  human  inputs,  tool  calls,  authority  transfers,
interventions,  and  final  outcomes.  Records  should  be
sufficient  to  reconstruct  consequential  decisions  while
remaining proportional  to  risk and avoiding unnecessary
collection of sensitive behavioral, physiological, or neural
data.

Accountability  research  should  distinguish  operational
control,  causal  influence,  decision  authority,  and
organizational  responsibility.  Developers,  model
providers,  hardware  manufacturers,  system  integrators,
deploying  organizations,  managers,  and  operators
influence  different  stages  of  HAIS  behavior.
Responsibility  should  therefore  reflect  each  actor’s
practical ability to anticipate, prevent, monitor, or correct
a failure.

 6.2    Strategic enablers

The  three  research  priorities  require  common  technical,
institutional,  and  organizational  support.  Three  enablers

are  particularly  important:  interdisciplinary  research  and
shared  testbeds,  standards  and  lifecycle  governance,  and
ecosystem and translational collaboration.

 6.2.1    Interdisciplinary research and shared testbeds

HAIS  research  spans  AI,  human  factors,  cognitive
science,  control  engineering,  robotics,  cybersecurity,
neuroscience,  ethics,  law,  and  application-specific
expertise.  These  perspectives  should  be  integrated  when
defining  operating  boundaries,  evaluation  criteria,  and
safety  requirements.  Shared  testbeds  should  support
controlled  and  repeatable  study  of  long-duration
interaction,  dynamic  authority  allocation,  adversarial
conditions,  physical  simulation,  and  controlled  system
updates.  Common  experimental  protocols  and  reporting
formats  can  improve  reproducibility  and  comparison
across research groups.

 6.2.2    Standards and lifecycle governance

Standards  should  extend  beyond  model-level  properties
to  cover  joint  system  performance,  authority  allocation,
adaptation,  recovery,  traceability,  and  human
intervention.  They  should  specify  the  evidence  required
to  support  claims  concerning  intended  use,  operating
boundaries,  autonomous  action,  human  oversight,  and
safe  degradation.  Governance  should  cover  system
design,  data  use,  integration,  testing,  deployment,
updating,  incident  response,  and  retirement.  Existing
frameworks  such  as  the  NIST  AI  Risk  Management
Framework,  ISO/IEC 42001,  and  the  European  Union
Artificial  Intelligence  Act  provide  useful  foundations
[71,85,86],  while  additional  guidance  is  needed  for
dynamic authority, reciprocal adaptation, neural data, and
cross-domain failure propagation.

 6.2.3    Ecosystem and translational collaboration

Operational  HAIS  involve  model  providers,  hardware
manufacturers,  software  developers,  system  integrators,
domain  organizations,  users,  standards  bodies,  and
regulators.  Their  responsibilities  for  validation,
monitoring,  maintenance,  data  governance,  and  incident
response  should  be  defined  before  deployment.  The
transition  from  research  prototypes  to  operational
systems  should  proceed  through  simulation,  controlled
trials,  limited  deployment,  and  continued  monitoring.
Shared  datasets,  interoperable  interfaces,  reference
implementations,  and  governed  testing  facilities  can
further  improve  reproducibility  and  reduce  duplicated
effort.
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7    Conclusions

This article presents HAIS as integrated systems in which
humans  and  AI  participate  in  a  shared  task  loop,
influence intermediate decisions and actions, and operate
under  identifiable  roles  and  authority  arrangements.
Based  on  this  definition,  it  establishes  the  conceptual
boundaries of HAIS and proposes a reference architecture
comprising system entities, operational mechanisms, and
cross-cutting  safety  and  governance.  The  architecture
supports closed-loop collaboration within individual tasks
and controlled adaptation across repeated task cycles. The
review further shows that current applications range from
AI-assisted  tools  to  system-level  Human–AI
collaboration,  with  substantial  differences  in  mutual
influence,  authority  allocation,  and  adaptation.  As
coupling  becomes  deeper,  limitations  in  human-state
modeling,  coordination,  and  interaction  data  can
propagate  into  trust  miscalibration,  security  and  privacy
threats,  co-evolutionary drift,  and unclear accountability.
HAIS  should  therefore  be  evaluated  as  complete
human–AI–task–environment  configurations  throughout
their  lifecycle.  Future  progress  depends  on  uncertainty-
aware  human  modeling,  adaptive  coordination,  safe
reciprocal  adaptation,  runtime  assurance,  system-level
evaluation,  and  traceability,  supported  by
interdisciplinary  testbeds,  lifecycle  standards,  and
coordinated deployment ecosystems. These developments
can  enable  HAIS  to  extend  complementary  human  and
AI  capabilities  while  preserving  meaningful  human
agency, operational reliability, and accountable control.
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