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1  Introduction
Every large city  now runs on video.  Major  metropolitan areas  in
China  operate  camera  networks  with  hundreds  of  thousands  of
streams.  These  cameras  produce  far  more  footage  than  any
control  room  can  watch,  so  modern  intelligent  transportation
systems  depend  on  automated  perception  (Gao  et  al.,  2025).
However,  the  way  we  use  this  footage  has  barely  changed  in  a
decade.  Most  deployed  systems  still  rely  on  a  fixed  catalog  of
pretrained  detectors.  Every  new  event  type  needs  its  own  data,
labels, and retraining, and any question outside the predefined list
ends with an operator scrubbing through hours of recordings.

This design is passive by nature. The system reacts to triggers it
was  built  to  recognize,  and  it  cannot  answer  the  open  questions
that  operators  actually  ask.  A vehicle  that  leaves  one camera and
enters  another  is  treated  as  a  new  object.  A  description  that  any
person  would  use  without  thinking,  such  as  "the  white  van  with
red  lettering  on  its  rear",  has  no  place  in  a  pipeline  built  around
numeric  features.  We  see  this  as  the  real  ceiling  for  smart  city
monitoring,  and  we  believe  that  recent  progress  in  vision
foundation models and multimodal large language models offers a
way past it.

2  Three structural barriers
Three limitations keep current systems from improving. The first
is  identity  that  breaks  across  cameras.  Reidentification  methods
learn  appearance  features  from  large  labeled  datasets,  but
viewpoint  and  lighting  change  quickly  across  a  city,  and  the
learned  features  drift  with  them.  The  second  is  a  rigid  query
interface.  Operators  reason  at  very  different  levels,  from  how
many  wrong-way  vehicles  passed  a  corridor  in  the  last  five
minutes to a request to segment the car that just ran the red light
to  a  question  about  its  make  and  plate  region.  One  detector
trained  for  one  event  type  cannot  cover  that  range.  The  third  is
cost.  Running  large  models  on  every  stream of  a  city  network  is
not feasible in bandwidth, energy, or budget. Pushing all inference
to  the  edge  instead  caps  model  capacity  and  rules  out  reasoning
that needs context from several cameras.

3  Language-driven, networked paradigm
We argue for a shift from single-camera passive detection toward

a  networked  cognitive  paradigm,  one  in  which  operators  query
the city in natural language and perception stays consistent across
cameras. Fig.  1 contrasts  the  two  views.  Consider  how  a  routine
investigation  would  unfold  under  this  paradigm.  An  operator
looking  for  a  vehicle  involved  in  a  minor  collision  could  type  a
plain request. The system searches the relevant cameras and time
window, returns a short list of candidates, and allows the operator
to  confirm  the  correct  one.  What  takes  hours  of  manual  review
today would take minutes, and every step would stay in language
that a nonspecialist can read and check. Three ideas turn the shift
into an engineering plan.

The  first  idea  is  to  use  language  as  a  cross-camera  anchor.  A
multimodal  model  can  describe  a  target  through  attributes  that
stay  fairly  stable,  such  as  vehicle  type,  dominant  color,  visible
markings,  and  body  shape  (Liu  et  al.,  2023).  Cross-camera
perception  then  becomes  a  question  of  whether  a  language-
specified  target  appears  in  each  view  rather  than  a  brittle  match
between  numeric  features.  Open-vocabulary  recognition  and
promptable  segmentation  make  this  practical  because  a
description  from  one  camera  can  be  tested  against  any  tracked
object  downstream  (Kirillov  et  al.,  2023).  Since  the  anchor  is
written in plain language,  an operator  can read it,  correct  it,  and
keep  it  as  an  auditable  record  of  how  a  decision  was  reached.
Language anchors will  fail  in predictable ways,  and those failures
should be treated as  normal  operating conditions.  Occlusion can
hide  the  attributes  that  distinguish  a  target,  low light  washes  out
color  and  markings,  dense  traffic  fills  a  view  with  near-identical
candidates,  and  the  same  vehicle  can  look  different  across
viewpoints. The right response is not to force a single match. The
system  should  return  a  ranked  short  list  with  confidence  scores,
narrow it with camera topology and plausible travel times, and ask
the  operator  for  one  more  distinguishing  detail  when  ambiguity
remains.  When  the  evidence  is  too  thin,  the  honest  answer  is  to
decline  rather  than  guess,  leaving  the  final  confirmation  to  the
operator.

The  second  idea  is  to  build  the  system  around  the  natural
hierarchy  of  operator  intent.  Queries  fall  into  three  levels.  Area-
level queries ask for counts, flows, and anomaly rates over a region
and a time window. Instance-level queries point to a single object
that  must  be  pinned  down.  Attribute-level  queries  then
interrogate  that  object  for  its  make,  color,  or  plate  region.  The
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three  levels  should  work  as  one  flow,  so  an  operator  can  find
events, select a target, and ask about it, all in natural language.

The hierarchy is not a one-way funnel. A plate region read on
one vehicle may widen the instance search to every camera in the
district,  and  an  attribute  answer  about  a  damaged  bumper  may
spawn an area-level count over the corridor. The interface should
therefore  carry  the  anchored target,  the  active  time window,  and
earlier answers as session states so that each follow-up refines the
investigation rather than restarting it.

The third idea is to schedule computation across the edge and
cloud by the complexity of each query. Light models at the camera
or  a  local  node  handle  continuous  work  such  as  scene  change
detection,  candidate  filtering,  and  simple  single-view  questions.
The cloud is reserved for harder cases that span several cameras or
longer time windows, and only a short clip is sent up when deeper
analysis  is  needed.  None  of  this  requires  waiting  for  a  single
breakthrough  model.  The  building  blocks  already  exist  across
separate  communities,  and  the  real  work  is  integration.  The
harder  questions  are  practical.  How  should  a  query  be
decomposed and routed when the latency budget is tight? When a
description fits  several  objects  at  once,  how many candidates  are
worth  an  operator's  attention?  How  should  confidence  be
calibrated and displayed so that an operator knows when to trust a
result?  Treating  these  as  first-class  design  problems,  rather  than
afterthoughts, is what will move language-driven monitoring from
demonstrations to dependable infrastructure.

4  Agenda for the community
Turning  this  vision  into  practice  is  a  research  and  engineering
program, not a single model (Chen et al., 2025), and we close with
four priorities.  First,  the field needs open,  city-scale,  multicamera
datasets that pair natural-language queries with cross-view identity

labels.  A  traffic  video  question-answering  benchmark  is  a  useful
step in this direction (Zhou et al., 2025), but resources at the scale
of real deployments are still missing. Second, governance must be
designed from the start.  Query authorization,  data minimization,
and  audit  logging  belong  in  the  architecture  rather  than  being
added later because a system that can find any described person or
vehicle  across  a  city  carries  clear  risks.  These  principles  map
directly onto the edge and cloud design. Continuous raw footage
never leaves the edge node that captured it and is kept only for a
short  rolling  window  set  by  local  regulation.  The  cloud  receives
only  language  anchors,  detection  metadata,  and  brief  clips  of
query  triggers,  and  that  material  is  purged  when  its  case  closes.
Authorization  can  follow  the  three  query  levels,  from  broadly
available  area-level  statistics  to  case-authorized  instance  tracking
and  role-restricted  attribute  requests,  and  every  query  enters  an
append-only audit log recording that asks what and when. Third,
this  is  an  interdisciplinary  effort.  Progress  will  come  from  joint
work  across  computer  vision,  natural  language  processing,
networked systems, and urban governance.

Fourth, evaluation deserves attention. The field still lacks agreed
ways  to  measure  how  well  a  system  understands  a  query,  how
consistently it holds an identity across views, and how gracefully it
fails. Accuracy on a fixed set of events says little about open-ended
language  use,  so  new  metrics  are  needed  that  reward  correct
refusals and calibrated uncertainty as much as correct detections.
A correct refusal has a concrete meaning here. When two similar
white sport-utility vehicles (SUVs) pass the same junction in poor
light,  the  right  output  is  a  statement  that  no  confident  match
exists,  not  a  forced choice.  The consequences are not symmetric.
A confident wrong answer can send officers to the wrong vehicle,
and  every  later  step  inherits  the  error,  while  a  refusal  simply
returns  the  case  to  a  human  reviewer.  Benchmarks  should

 

Fig. 1    From  single-camera  passive  monitoring  to  a  networked,  language-driven  cognitive  paradigm.  Conventional  systems  rely  on  isolated  cameras,  fixed  event
detectors, and manual review. The proposed paradigm couples cross-view identity, hierarchical natural-language queries, multimodal reasoning, and edge and cloud
routing to support interactive, consistent, and scalable traffic monitoring
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therefore score an abstention as correct when the ground truth is
genuinely ambiguous and penalize a confident error more heavily
than a refusal. Shared evaluation of this kind would allow groups
to compare their methods honestly.

The shift  we describe is  not a better detector.  It  is  a  change in
what  a  monitoring  system  is  for.  Today's  systems  watch  the  city
and wait for the events they already know. A language-driven and
networked system lets operators ask and let the city answer. That
is the capability worth building toward.
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