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Motivating Problem: TUCSON-1 (Border Patrol) 

Å 23-mile long area surrounding the Sasabe port of entry in AZ 

ÅMajor components: sensor towers, communication towers, 

ground sensors, UAVs (Arducopter; Parrot AR.Drone), 

UGVs (Ardurover; primesense/kinect; ODROID), crowds, 

terrain (NASA) 

Eagle Vision Ev3000-D-IR 

Capabilities Up to: 

IR Laser Illuminator 3 km 

Wireless Link 50 km 

IR Thermal Camera Range 20 km  
Uncooled Thermal Camera 

Range 4 km 

Trident Sentry Node Capabilities   

Life Span 30-45 days 

Radio Frequency Range 300 m 
Personal Detection and Tacking 

Range 30-50 m 
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Overview of Project 

Å Problem: A highly complex, uncertain, dynamically changing border 

patrol environment 

Å Goal: To create robust, multi-scale, and effective surveillance and 

crowd control strategies using UAV/UGVs 

ïVarious modules: detection, tracking, motion planning 

Å Approach: Comprehensive planning and control framework based 

on DDDAMS 

ï Involving integrated simulation environment for hardware, 

software (ABM; GIS; Gazebo), human components 

ïKey: What data to use; when to use; how to use[1] 
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Proposed DDDAMS Framework 
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Proposed DDDAMS Framework 
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UAV UGV for Crowd Detection 
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Videos_UA/AR Drone 2.0 Flight Test (Oct-10-2012).mts
Videos_UA/AR Drone 2.0 Wireless Video Streaming Test (Oct-10-2012).mp4
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ÅDetection algorithms  
(using open source computer vision libraries - OpenCV) 

ïHuman detection (upright humans) 
Å Histogram of Oriented Gradient (HOG)[5]   

ïMotion detection (static camera; moving camera) 

ÅBackground subtraction algorithms[6] 

ÅSensors in Arducopter, Ardurover 

ïPrimesense camera (IR, depth CMOS, color) 

ïGPS, Zigbee 

ïODROID U2 computer 

ïRC transmitter and receiver 

ÅSensors in Parrot AR. Drone 2.0 

ïFront Camera: CMOS sensor with a 90      degrees angle lens  

ïUltrasound  sensor, GPS 

ÅEmission frequency: 40kHz  

UAV UGV for Crowd Detection 
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Framework of Proposed Methodology 
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Crowd Tracking Module 

               UGV Negligible observation 

error 

With  

observation error 

Low  

resolution 

UGV autoregressive model 

-> forecasting 

UAV aggregation model -> 

prediction 

UGV state space model -> 

filtering 

UAV aggregation model -> 

prediction 

High  

Resolution 

UGV autoregressive model 

-> forecasting 

UAV state space model -> 

filtering 

UGV state space model -> 

filtering 

UAV state space model -> 

filtering 

Å Crowd Dynamics Identification 

 

Å Crowd Motion Prediction  

 

 

UAV 
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Crowd Representation 

Next waypoints of UGV 

Low density region  

invisible by UAV  

Representation of crowd individuals 

Crowd view by UAV 

Crowd view by UGV 

Coarser visibility cell 

View of dense crowd regions 

Finer visibility cell 

View of individuals  

Next waypoints of UAVs 

High density region  

visible by UAV  

High resolution 

Low resolution 

Hybrid  

Control command generation 

for UAV/UGV motion planning 
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UAV with Low Resolution 

ÅCi,j(t): unit cell at the ith row and the jth column at time t. 

ÅVisibility state: 0 (invisible), 1 (visible). 

ÅSi,j(t)=[Ci-1,j-1(t), Ci-1,j(t), Ci-1,j+1(t), Ci,j-1(t), Ci,j(t), Ci,j+1(t),  

           Ci+1,j-1(t), Ci+1,j(t), Ci+1,j+1(t)]
T.  

Crowd view by UAV at time t 

C3,4(t)=0, invisible 

C2,4(t)=1, visible 

S3,4(t)=[0,1,1,0,0,0,0,0,0]T 

C2,3(t) C2,4(t) C2,5(t) 

C3,3(t) C3,4(t) C3,5(t) 

C4,3(t) C4,4(t) C4,5(t) 
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UAV with Low Resolution ï Visibility Prediction 

Å Let p(i,j)=Pr(Ci,j(t)=1|Si,j(t-1)=s), s ranging from [0,0,0,0,0,0,0,0,0]T to 

[1,1,1,1,1,1,1,1,1]T. 

Å Predict Ci,j(t+1)ôs visibility 

Observation at time t Prediction at time t+1 

C3,4(t+1)=0 

C3,4(t+1)=1 

If p(3,4)>0.5 

If p(3,4)<0.5 

p(3,4)=Pr(C3,4(t+1)=1|S3,4(t)=s),where s=[0,1,1,0,0,0,0,0,0]T 

Estimate p(i,j) 
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Crowd Prediction by UAV  

Å Bayesian estimation of p(i,j) 

Beta prior: 

 
 

 

 

 

  p(3,4) ~ beta(a (3,4), b (3,4))

(3,4, 1) ~ Binomial( (3,4, 1), (3,4))Y t N t p+ +

Example: p(3,4), s=[0,1,1,0,0,0,0,0,0]T  

Prior knowledge of visibility 

t 

t+1 

é 

1,..., yt t t¢

Total # of observations 

(3,4, 1)Y t+ counts 

t1 

t1+1 

tô1 

tô1+1 

ty 

ty+1 

tôN-y 

tôN-y+1 

é 

(3,4, 1) (3,4, 1)N t Y t+ - +

counts 

Data:  
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Crowd Prediction by UAV (Contôd) 

t+1 

Posterior: updated belief of cell (3, 4) 

being visible. 

 

 

 

 

where  

 

 

 

 

 

 

 

 

 

A A A(3,4) | (3,4, 1) ~ beta( (3,4), (3,4))p y t a b+

A (3,4) (3,4, 1) (3,4, 1) (3,4)N t y tb b= + - + +

A (3,4) (3,4) (3,4, 1)y ta a= + +

Based on UAVôs information 

Prediction at t+2 

AĔ(3,4) 0.5p <
AĔ(3,4) 0.5p >

UAVôs prior 

UAVôs prior 

UAVôs data 

UAVôs data 

A AĔ(3,4) [ (3,4) | (3,4, 1)]p E p y t= +

Bayesian estimator: expected probability for  

cell (3, 4) to be visible. 
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Crowd Prediction by UAV with  

UGVsô Information Aggregation 

G G G(3,4) ~ beta( (3,4), (3,4))p a b Individual dynamics captured by UGVs 

G (3,4)p

UGVsô prediction at t+2 

G1 (3,4)p-

t+1 

t+1 

A (3,4)p

A1 (3,4)p-

C(3,4)p

Combined prediction  

at t+2 

C1 (3,4)p-
UAVôs prediction at t+2 
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Crowd Prediction by UAV with UGVsô  

Information Aggregation (Contôd) 

C C C(3,4) ~ beta( (3,4), (3,4))p a b

With aggregated information:  

C G(3,4) (3,4) (3,4) (1 (3,4))( (3,4) (3,4, 1))w w y ta a a= + - + +where 

C G(3,4) (3,4) (3,4) (1 (3,4))( (3,4, 1) (3,4, 1) (3,4))w w N t y tb b b= + - + - + +

UAVôs information UGVôs information 

UAVôs information UGVôs information 

Balance weight:                            (3,4) [0,1]w Í

Close-to-one weight assigned if UGVôs prediction is accurate  

Close-to-zero weight assigned if UGVôs prediction is inaccurate  

UGVôs information = predicted individual dynamics by UGVs 

Crowd Dynamics Identification 
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Crowd Dynamics Identification for UGV 

ÅAutoregressive model with exogenous input (ARX model) 

ïEquivalent to state-space model neglecting measurement 

error[7]. 

ïLess computational intensive for model identification  

 

 

 

 

 

 

 

 

predicted location 

at time t+1  

Update UAV prior 

observed location 

at time t  observations 

up to time t 
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When certain cell becomes dense according to prediction   
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Numerical Simulation Study 

ÅSimulation setting 
ï 50 individuals with changing dynamics (e.g. changing speed)  

ï One UAV (monitor whole crowd) and two UGVs (track two subgroups of 

individuals) 

ï UGV tracking: ARX model prediction 

ï UAV tracking: proposed Bayesian updating approach 

ï Crowd dynamics 

 

 

 

 

 

 

 

 
Time 1 to 4 Time 5 to 6 Time 7 to 15 

UGV view range 

UAV view range 
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Crowd Tracking Outcome 
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Crowd Tracking Outcome 
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Crowd Tracking Outcome 
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Crowd Tracking Outcome 
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               UGV Without  

observation error 

With  

observation error 

Low  

resolution 

UGV autoregressive model 

-> forecasting 

UAV aggregation model -> 

prediction 

UGV state space model -> 

filtering 

UAV aggregation model -> 

prediction 

High  

resolution 

UGV autoregressive model 

-> forecasting 

UAV state space model -> 

filtering 

UGV state space model -> 

filtering 

UAV state space model -> 

filtering 

 

 

UAV 
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Physical-Space Tracking 

goal 

visibility: 

30% 

Objective: Follow and maximize visibility of a group of targets 


