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DARPA Video Surveillance and Monitoring, Final Report 
Ramesh Jain 

Introduction 
MPI-Video (Multiple Perspective Interactive Video) is a technique for gathering 

information from a multitude of sensors in a given environment, and integrating it into a coherent 
and comprehensive Environment Model (EM). MPI-Video was developed at the Visual 
Computing Laboratory at UCSD as a tool for integrating data from different cameras, and is 
being pursued both as a research topic and as a commercial opportunity. 

MPI-Video addresses two classes of research issues, both interesting and challenging- 
First there is the problem of building the EM. This includes traditional problems of sensor fusion, 
image and video understanding, as well as new challenges integrating data from sensors as 
diverse as a video camera and a microphone or a GPS receiver. 

Second, we have the problem of making effective use of the information provided by the 
EM The EM is continuously gathering and integrating information from the environment. There 
are two types of use that we can do of this information: real-time and historical. Real-time access 
allows us to develop agents that inhabit a certain area and to shift the burden of cognition from 
the agents to the environment itself. As a typical example, consider a robot placed in a certain 
setting with a goal that requires understanding its surroundings. Rather than building a cognizant 
robot tailored to the specific setting it is possible to build a robot with a very general goal 
satisfaction engine that doesn't take into account the problems of navigation (obstacle avoidance, 
following prescribed routes, and so on). The robot will be in constant contact with the 
environment and it will repeatedly ask the EM for the suitable move needed to satisfy a very short 
term plan ("I have to reach position JC, y; in which direction should I move in order to avoid 
undesirable situations?"). 

Historical access entails accessing information relative to past events. In this case wefäce 
the challenges of developing a spatio-temporal database in which the data can be stored. These 
challenges include designing an appropriate data representation, designing a suitable spatio- 
temporal query language, designing appropriate indexing structures, and so on. Applications of 
historical access include the statistical analysis of the usage patterns of a given physical faculty, 
the off-line interactive view of sporting events, and many others. 

The focus of this paper is on the use of the MPI-Video technology for intelligent video 
monitoring of environments. We assume that a number of sensors (typically cameras) have been 
deployed in a certain area, and that one or more users are interested in monitoring certain 
behaviors in this environment. This application belongs to both application classes outlined 
above On one hand, we are interested in setting real-time alarms if, for instance, somebody is 
trying to steal something or to enter a restricted area. On the other hand, we want to access 
historical data both for monitoring purposes (which area of this office has, on average, the highest 
concentration of people?) and to determine "regular" patterns of behavior that can be used to 
identify—and set alarms on—irregular behaviors. 

We are applying the technology to two scenarios: the surveillance of a room used as a 
library in our lab (quite aptly called the "Orwell Room"), and the surveillance of a parking lot 
that we are developing for the VSAM (Video Surveillance and Monitoring) project The scenarios 
were selected with certain criteria in mind. First we accept a somewhat simplified situation, but 
not a toy example: the applications should be realistic. Second, these scenarios poses some 
meaningful challenges to vision-based systems. For instance, the system has to work rehably 
under very different illumination conditions and the subjects are non-cooperative (therefore it is 
not possible to identify them with an active badge or similar wearable devices). Finally, the 
scenarios present some simplifying circumstances, namely there are relatively few objects, so 
that tracking the individual objects is feasible (as opposed, for instance, to an airport situation). 



MPI-VSAM Architecture 
The goal of MPI-VSAM is to gather information about the environment, incorporate the 

information in an EM, and allow users to query the model. The system is divided in two parts: the 
acquisition subsystem and the query subsystem. The two systems are joined conceptually by the 
EM. Roughly, the acquisition subsystem provides the EM with data from the environment that the 
EM will integrate into a coherent picture of objects and events. The query subsystem gives the 
user the tools to access the information in the EM both in real-time and historically (see Figure 1). 
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The actual organization of the system is slightly different from this conceptualization. 
The major difference is that we consider the EM as part of the acquisition subsystem. As we will 
discuss in the next section, the acquisition subsystem already contains in its components all the 
information necessary to the EM. All we need to do is to coordinate this information and place in 
its proper spatio-temporal location. Consider for instance a component whose task is to segment 
the image from one camera and extract some color information about the objects in the scene. 
(Figure 2). 

The color detection subsystem has a partial view of the object: the position of the object 
in the 3D space is not known, and other information like the velocity of the object are unknown. 
This information, however, is built in the EM based on data from all the sensor, and integrated in 
a record containing an object id and all the available information about the object. The object id 
can be fed back to the color detection subsystem which now is capable of integrating the 
information (via the object id) with all the other information contained in the EM. 



Image Plane 

Camera/ Color Histogram 

Image Plane j CoIorhistogram 

Association 

Environment 
Modd 

Figure 2 

Acquisition Subsystem 
The acquisition subsystem collects data from the sensors placed in the environment and 

integrates the data into a coherent picture of the objects and events taking place. This activity is 
composed of the following operations: 

Detection. Events and objects must be detected in the individual data streams. If we have 
cameras, this activity entails segmenting the objects and detecting interesting low-level 
events like, for instance, a flash of light (complex events like the encounter of two objects are 
detected at the EM level, where enough information is available). Detection at this level is in 
the sensor space. In the case of a camera, this is the image space. 

Correspondence. Data from different sensors must be associated. For instance, it is necessary to 
determine whether two visual objects identified in the image plane of two different cameras 
represent two views of the same physical object or not. 

Localization. The data obtained from the different sensors are used to locate an object in space 
and time. 

Back-projection. Since the objects have been placed in the 3D space and labeled, it is possible to 
go back to the individual streams and assign additional features to the object. For instance, it 
we extract color information as part of the segmentation process, it is possible to associate 
that information to the appropriate object in the EM. 



These operations are not independent. For instance, finding correspondences between 
segments in different images is necessary in order to localize objects into the three dimensional 
space. At the same time, localization helps finding correspondences. Localization and 
correspondence can be used to extract information (say, a color histogram) from a single object 
but, at the same time, color characteristics can be used to resolve ambiguities in the 
correspondences. 

The VSAM acquisition subsystem is represented schematically in Figure 3. 
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The system is organized in a series of intercommunicating layers. Each layer operates in 
the video stream or on the results of other layers. The layers operate synchronously under the 
control of a scheduler. Time is discretized naturally according to the granularity of the sensor 
being served. In the case of video, a time step corresponds to the processing of a frame, in the 
case of audio to the processing of an audio sample, and so on. The general operation of the layers 
is modeled after that of the discrete Kaiman filter. 

Each layer defines two methods: estimate (predict the state of the layer at the next time 
step) and update (refine the predicted state using the new data), which are called at every step. 
Each layer can receive the input from every other layer in the system, and must produce one 
output for each time step. Data about the environment is collected in a static model, a small 
database whose only data type is the region. The static environment is modeled as a collection of 
regions of interest. It provides primitives for defining regions and constraints on regions. In the 
parking lot scenario, for instance, the driveway can have the constraint that no car can stop there 
for more than a few seconds, while a parking spot might have the constraint that no car can park 
there for more than two hours. The position, location and other characteristics of every object at 
every instant in time are collected in a Log-book, which is also a short-time database. 

Tracking 
Extracting the 3D position and velocity of objects in a scene is of interest in many 

applications. We have developed the tracking algorithm for use in the surveillance system. 3D 



locations and velocities of objects are needed for recognition of activities in the environment such 
as removing an object from its location, loitering, or speeding through a parking lot. 

Most of the methods for tracking people involve estimating positions using models of 
obiects in 2D [i,ii] or 3D [iii,iv,v]. However, we are not aware of real-time algorithms that 
recover 3D positions of objects from multiple cameras. One can always place an object tracked in 
one image to the world coordinate system by using the terrain map [vi], but such approach would 
fail if for example, a person jumped or if there are errors in locating the bottom of the object, ihe 
algorithm described in [vii] uses multiple cameras, but people are tracked only by one at the time 
and when an object is leaving the field of view of that camera, it is handed off to the one that 
currently covers the object of interest. The method described in this paper assimilates the 
information from multiple cameras simultaneously. It uses cameras with highly overlapping fields 
of view (an example with four cameras is given in Figure 4). 

For every frame in the video sequence, a set of centroid locations for segmented objects 
in each of the camera images is available. We use a segmentation algorithm by Sudderth et al 
[viiil that runs at about 7 frames per second on a Pentium 11-400 PC. It is a background 
subtraction method that adapts to the light changes by continuously updating the background 
pixel statistics. Foreground pixels are detecting by hypothesis testing. Segmentation detects as 
foreground both new objects that occlude background pixels as well as holes left by removed 
obiects that used to belong to the background. Stationary objects and holes disappear after a 
certain number of frames as they are absorbed into the background. The tracker tracks both new 
obiects and holes left by removed objects since segmentation does not differentiate between the 
two. Activity recognition part of the system that performs analysis of the tracks and of raw video 
reasons about events that produced such measurements. 

Figure 4. Typical views from four cameras 

Camera calibration parameters are also available. The tracker maintains a list of Kaiman 
filters, one for each object in the scene. Since our algorithm was designed as part of a system for 
video surveillance, one of the requirements for the tracker was to produce updated and predicted 
positions of each object for the current frame. The availability of up-to-date prediction allows us 
to feed back the information to the segmentation algorithm, which can increase its sensitivity in 
the areas where objects are expected to be present. Also, up-to-date tracking is required to reduce 
the overall delay in event detection, a desirable feature in surveillance. 

Several problems need to be solved for successful 3D tracking. One is to match 
measurements from different cameras that originate from the same object. We also need to solve 
the data association problem, i.e. the association of new measurements to established tracks. Ihe 
number of objects is not known or constant, so the tracker also has to handle problems of track 
initialization and termination. In the following sections, each of these problems will be addressed. 



The tracking algorithm 

Camera calibration is performed once, when the cameras are placed in the room. Tsai 
method [ix] is used. Placing a grid of known dimensions in the room and taking the images with 
all four cameras, enables estimation of the parameters in the Tsai's model. The grid defines the 
world coordinate system, with xy plane being the grid plane (usually placed on the floor) and z 
coordinate being the height. 

The equations that relate computer image coordinates (X, Y) to world coordinates 
(xw,yw,Zw) can be easily derived from [ix]: 

aX + bX'+cXY* = r'Xw+r2yw+r'Zw+T* =ox 
r7xw + r&yw + r9zw + T2 

dY + eYi
+fX2Y = r4Xw+t'5yw+r6Zw+Ty =o2 

rixw +rsyw +r9ZW +T2 

(1) 

where r's and Fs are entries to the rotation matrix and translation vector respectively and a, b, c, 
d, e and/depend on other calibration parameters which include radial lens distortion. Obviously, 
the relationship between world and image coordinates is nonlinear. 

Matching measurements from different cameras that originate from the same object 

For known image coordinates of the object, to solve for the world coordinates, one has 
two equations with three unknowns: 

(T-7O, - r, )xw + fao, - r2 )yw + (r9o, - r3 )zw = Tx - Tzox 

(r7o2 -r4)xw+ (r8o2 -r5)yw + (r9o2 -r6)zw=Ty-Tzo27 (2) 

2*4 3^       2*4 

A point in each camera provides two equations. If an object is observed in two or more cameras, 
the number of equations becomes greater than the number of unknowns, and we can solve for the 
world coordinates using least squares: 

xw=      b       ?  xwu(ArA)Vb 
InoCameras^i 3^1      2noCameras*b 

(3) 

The residual 

^HPb-AxJI (4) 

should be very small (ideally zero) if points observed in different cameras belong to the same 
location in the 3D world. However, for two or more points that are not projections of the same 3D 
point, the residual should be significant. This fact is used by the tracker which thresholds the 
residual to decide if the object centroids in different cameras belong to the same object in the 
world. It is, of course, possible to have a small residual for the points that do not belong to the 



same 3D location (analogous to the case of two cameras when two objects lie m the same 
epipolar plane). This, however, is very unlikely to pose a problem for the tracker since predictions 
from already established tracks resolve such cases. Multiple objects would have to enter the scene 
at the very same frame and at special locations for a problem to occur and even then a potentially 
false track would quickly die off as the two objects start moving. In practice, we have not seen 
this simple approach fail. 

Though the transformation from image to world coordinates is nonlinear, there is no need 
to use the extended Kaiman filter. An intermediate result in the process of matching centroids 
from different cameras are the three-dimensional world coordinates of the object. These make an 
obvious choice as the measurements of the Kaiman filter, since motion can be conveniently 
described in the world coordinates. This makes the design of the Kaiman filter very 
straightforward. 

Instead of immediately trying to match all combinations of centroids from different 
cameras, we first look for those close to predictions from the existing tracks, reducing the number 
of combinations that need to be examined. For each track, the measurement prediction is 
projected onto all four image planes and the closest centroid to each of the projections is 
identified. These are then used to calculate the world coordinates of the object If the residual is 
bigger than the threshold, sub-residuals that correspond to pairs of equations that come from each 
camera are calculated and the centroid that corresponds to the largest one is discarded. Then, the 
world coordinate calculation is again performed with the remaining centroids and the procedure is 
repeated until the residual falls below the predetermined threshold or until only one centroid is 
left. 

If only one centroid is left, we have an underdetermined system and then choose the most 
likely solution, the one that minimizes the Mahalanobis distance from the measurement 
prediction. We assume that measurement z has normal distribution with mean i and. covariance 
matrix S, therefore we minimize the Mahalanobis distance dM =(z-z)TS"I(z-z), subject to 
Az=b. If the resulting Mahalanobis distance is smaller than a threshold that defines the validation 
region, the measurement is accepted. 

The produced measurement is stored in the measurement list and the final association 
decision is made after all measurements are computed. Assigning measurements to tracks that 
helped localize them at this stage would amount to a nearest neighbor filter. 

When the procedure described above is completed for all existing tracks, the number of 
centroids left to be matched is greatly reduced. Now, all possible combinations of those centroids 
are examined in search of possible new objects. All measurements obtained in this search are also 
stored in the measurement list. The residual associated with each measurement and the number of 
cameras from which it was computed are used to estimate the uncertainty of the measurement 
location. 

Kaiman filter design 

To model dynamic behavior of objects moving in the scene, the following equations for 
each of the three world coordinates are used: 

5[*+i]=5W+r^M+lfc+iJ 
Z[k + \]=i[k]+Ta[k] (5) 

£[a[£l|=0 



where _ is one of the three world coordinates and T is the sampling period. The acceleration _ is 
modeled as a zero-mean Gaussian random variable. The variance of the acceleration is a 
parameter that can be modified by the user. The system and measurement equations of the 
Kaiman filter are: 

X[£ + 1]=FX[ä:]+V[ä;] (6) 

Z[£]=HX[£]+W[ä:] (7) 

Therefore, if we choose 

x = [*w    y*    z»   xw   yw    zj and 

F, H and the covariance matrix for v are very easy to derive. S, the covariance matrix for 
w, is chosen to be _2I, where _ is the variance of the object centroid location. There is no reason 
to believe that errors in the three directions would be correlated or have different variances. We 
estimated _ by comparing measured centroids to those calculated from points marked by hand in 
few sequences. 

Data association problem 

In the presence of multiple objects, occlusions and false measurements, it is important to 
assign the correct measurement to each track. This is called the data association problem [x,xi]. 

The Mahalanobis distance from the predicted measurement is proportional to the 
likelihood of a measurement originating from a given track. One can define the validation volume 
in which there is a high probability of finding a measurement, by setting a threshold on the 
Mahalanobis distance. The validation volume is often used for tracking multiple objects, since it 
can reduce the number of measurement assignment combinations that have to be examined. 

Several approaches to data association have been proposed. A nearest neighbor filter [x] 
assigns to the track the measurement that is closest to its predicted location. In situations when 
objects get close to each other, this method can easily fail and lead to loss of track. The track 
splitting algorithm [x,xi,xii] splits the track into hypothesis tracks for every measurement that falls 
into the validation region, forming the track tree. This algorithm does not prevent tracks from 
sharing measurements, so tracks with similar states have to be merged since they are likely to 
originate from the same object. Measurement assignment decisions are made by discarding track 
tree branches, which happens several frames after the frame in which the measurement was 
acquired, thus introducing a delay. In the multiple hypothesis method [x,xi,xiii,xiv], a hypothesis is 
one possible assignment of measurements to tracks and each creates a new branch of the 
hypothesis tree. The hypothesis probability is used for pruning the hypothesis tree. As with the 
track splitting algorithm, the association decision is made with the delay of several frames. Joint 
probabilistic data association filter (JPDAF) [x,xi] produces for each track an innovation that is a 
weighted sum of innovations from all measurements. Each weight is a posterior probability that 
the measurement originated from the track under consideration. A strong assumption is made that 
the number of tracks is fixed and known. 

We have first implemented the nearest neighbor filter, which was often losing tracks 
when objects got close together. Track splitting algorithm introduces a delay and if forced to 
make a decision at a current frame, amounts to the nearest neighbor filter. The multiple 
hypothesis filter also introduces a delay. One could force this algorithm to choose the most likely 
hypothesis at a current frame, but it requires the estimates of the probabilities of track detection 



and deletion which are difficult to estimate as they depend on object location and many 
parameters that determine the sensitivity of the segmentation algorithm. That is the reason we 
decided to optimize a criterion that does not require these parameters. 

We chose the likelihood of the measurements-tracks assignment as the optimality 
criterion. It is the probability of the encountered measurements Z(k) given the assignment under 
consideration, _(k): 

A(e(k))=p(z(k)/e(k))=Q /4(*)M*))=c fcfcfcD}^* 

m(k) T. 

= r-(*)cexp _     ^) ? (g) 

where d^ is the Mahalanobis distance of zt[k] from the measurement prediction for track 
tt, m(k) is the number of measurements, _, is the indicator of whether measurement i was assigned 
to an existing track, _ is the number of measurements that are assigned to existing tracks, fA (z) is 
a Gaussian pdf of a new measurement for track tt and V is the observation volume. 

New objects can appear anywhere in the environment since they can be people entering 
the scene, objects left by people, moved objects and holes where the moved objects used to be. 
False measurements can come from shadows, object that are close together and are segmented as 
one object by segmentation, etc. It is, therefore, assumed that the probability distribution of false 
measurements and new tracks is uniform in the observation volume. The multiple hypothesis 
algorithm also requires these parameters. 

Therefore in (8), P(z, (k)e(k))= fu (z, [*}, if z, [k] is assigned to an existing track t, by _(k). 
If a measurement is marked by _(k as originating from a false measurement or a new track, then 

To maximize the defined optimality function, we need to minimize the sum of the 
Mahalanobis distances for measurements that are assigned to existing tracks and also to maximize 
the number of measurements that get assigned to existing tracks. The search for the optimal 
solution is done by constructing a distance table. This is a matrix where each row represents a 
track and each column represents a measurement. The Mahalanobis distances for all track- 
measurement pairs are computed and stored in this matrix. Values larger than a given threshold 
are discarded and replaced with a very large number (measurement outside the validation region). 
Then, a search through the table is performed and the combination of track-measurement pairs 
which minimizes the sum of Mahalanobis distances is chosen (tracks are not allowed to share 
measurements). If the search assigns to a track a measurement to which the distance is replaced 
by a large number, it simply means that there is no good measurement for that track. An example 
of this procedure is given in Figure 5. 

Track initialization. The measurements that are not assigned to existing tracks will be 
used to initialize new tracks. However, even though a new Kaiman filter is initialized and added 
to the list of filters, the track is considered established only after it was assigned a measurement 
for a fixed number of consecutive frames. If during those first few frames, appropriate 
measurements were not found, the track is discontinued and it never enters the output list of 
established tracks. 

Track termination. Occlusion is possible in the tracking scenario described (objects that 
are too close together are segmented as one object). If no measurements were found for a track, it 
is continued for a fixed number of consecutive frames. If the measurement does not appear during 
that time, the track is terminated. 
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Figure 5. Example of data association. Top: /,- is the i-th track's predicted position, /«, is the i-th measurement 
and ellipses illustrate the validation regions. Bottom: Distance table. Circled entries in the distance table indicate 
optimal matches. Circled measurement number indicates that a measurement will start a new track. Note that 
neither of the tracks 0 and 1 get assigned measurement 2 even though it is the closest measurement to both. 
Nearest neighbor filter would assign it to track 0 and that would leave track 2 with no measurement. 

Results 

We applied the described algorithm to both synthetic and real data. Synthetic paths were 
created using the system equation of the Kaiman filter (6) and adding sharp turns. The noise was 
added according to the measurement equation (7) and the measurement was then projected to the 
four image planes. These points were then used as input to the algorithm. Tracking was evaluated 
for one and two objects present in the scene. When projecting to the image plane, subpixel 
locations were rounded off since the segmentation algorithm used for real data also gives integer 
coordinates of object centroids. This can introduce error in computed world coordinates of up to 
30mm (we ran simulations to estimate this error). 

To produce real data, we marked three different paths on the floor of the room (Figure 6) 
and measured their positions with respect to the 3D coordinate system. 
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Figure 6. The world coordinate system and the measured paths 

First set of sequences was recorded with three different persons walking each of the 
paths. For the second set, two people would walk at the same time on two different paths. Four 
cameras were attached to a video quad, which was connected to a Pentium II-400MHz PC. AVI 
movies of image size 320x240 were grabbed, thus one camera image was grabbed at 160x120. 
The system runs at about the same rate it performs at without the tracker (segmentation and 
display of object centroids over the original video). It is hard to notice any degradation in speed 
with the tracker running. 

All sequences, both synthetic and real were tracked with the same set of parameters that 
were tuned on real sequences. Sampling period was 0.1s. 

First three experiments were done with each of the three paths being walked by three 
different people. Figure 7 shows results of tracking them walking path 2. Table 1 gives mean and 
standard deviation of the error. Negative error means that track was closer to (0,0) than the ideal 
path. 

-10001 '— 
-1000 -500 

person 1 
person 2 
persona 
ktealpalh 

Figure 7. xy plots of the ideal and tracked paths for three persons walking path 2 
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Mean/ 
Std.dev.[mm] 

Pathl Path2 Path3 

Pers 
onl 

6 
.2/39.6 8.2/79.8 

6 
3.2/71.8 

Pers 
on2 

4 
7.4/60.4 7.5/87.9 

9 
.6/72.4 

Pers 
on3 

3 
0.4/29.2 36.2/114.5 

3 
4.2/58.9 

Table 1. Mean and standard deviation of the error for tracks with one person in the scene 

Figure 8 shows an example frame from one sequence with two people. First image shows 
the captured frame, second shows segmentation results and third shows projections of the 3D 
tracks back on the image planes. Segmentation produces many errors as seen in the second image. 
In two cameras, the two persons were close and were segmented as one object. In one camera, 
colors of persons' legs were similar to the background and were not segmented, therefore 
centroids in that camera were higher than the true centroids. Measurements in one image were 
accurate and the objects are successfully tracked. 

(a) 

(b) 
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(c) 

Figure 8. An example from the test sequence. (a)Captured images from four cameras. (b)Segmentation results. 
Red crosshairs are centroids of segmented regions larger than a threshold. (c)Tracking results. Blue and yellow 
crosshairs are projections of 3D tracks back onto the image planes. 

Query Subsystem 
The query subsystem allows user to access the data in the EM, and provides facilities to 

store and query historical data. The architecture of the query subsystem is shown in Figure 9. 

The data from the Log-book are transformed into a state transition diagram that describes 
the dynamic evolution of the object with respect of the static model. The extraction of the state 
model is done by the integration of a series of "feature change" detectors and a rule system. The 
feature change detectors are application specific, and are attached to the database by the 
application developers. They keep track of the object features represented in the log book, and at 
any time give the rule system a measure of the confidence that a significant change took place in 
the feature they track. 

The detectors keep track of the evolution of certain features of the objects (e.g., their 
shape, their velocity, or their color) and alert the rule system when a significant change occurs. 
The rule system determines whether the change is significant to determine a change of state. At 
the same time, the rule system keeps track of the position of the object, and may determine a 
change of state when an object enters or leaves one of the regions of interest. 
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Filters 

.Rule 
1/ System    / 

1 
.Change 

IJÖitectorS 

Logbook 

Figure 9 

In the instance of Figure 10, the region of interests are A and B. 

Object 2 
Object 1 changes shape 

Figure 10 

Object 1 starts in state "moving in region A." When the object leaves region A its state 
changes to "out of regions." Then, when it enters region B, its state changes to "moving in region 
B", and so on for the following changes of regions. The sequence of regions visited can be used 
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to identify certain behavior. The behavior of Figure 10 is definitely suspicious: the pattern of 
region changes agrees with that of a person looking for an open car to steal. 

Object 2 (a pedestrian) is standing in region A. When he lies down, the change in shape is 
detected by a shape tracking algorithm, and the algorithm triggers a rule changing the state to 
"lying outside the regions." 

When a state change is detected, the rule systems triggers the creation of a new record. 
The record is formed attaching the new state, the position of the object, and the time stamp to the 
record of the Log-book. The record in the Log-book can be quite large, since it contains visual 
features extracted by the video processing layers. In order to arrive to a more efficient 
representation, the user is allow to insert filters between the Log-book and the storage process. 
Filters can be used to synthesize information that doesn't need to be stored in full. For instance, 
the Log-book might contain a color histogram of the objects in the scene. On the other hand, the 
application designer has decided that all the database needs is information about whether an 
object is "reddish," "bluish," or none of the above. 

The designer can then create a filter that takes the color histogram field of the Log-book 
record, processes it, and extracts the required information which can be stored as a simple label. 
This applies only to ancillary features attached to the objects. Space and time are treated 
differently. The position of the center of every object and the time stamps go directly to the 
database. This happens because—in a somewhat Kantian perspective—we consider space and 
time as general a priori concept that unify the whole operation of video databases, and not simple 
features that are accidentally extracted from the objects. 

The Temporal Database 
Let us assume that the event database consists of a set of tuples where each tuple has 

attributes (TimeStamp, Objectld, Regionld, Event). The "TimeStamp" attribute has the domain of 
all real numbers as its domain. In this simplified example, "Event" attribute has the set {"Enter", 
"Exit", "StartLeft", "EndLeft", "StartRight", "EndLeft", "LoudNoise", "Stop", "ExitCar"} as its 
domain. These events relate to the movement of the centroids of objects in the environment, or 
other sensory data related to objects. Table 1.1 shows a snapshot of the database with 10 tuples. 
We use the numbers in the first column to identify the tuples in the discussion that follows, they 
are not part of the database instance. 

TimeStamp Objectld Regionld Event 

1 1.5 1 5 Enter 

2 1.2 4 2 Exit 

3 2 1 5 Startlefi 

4 5 2 3 Exit 

5 3.2 3 5 StartLeft 

6 4.3 2 3 Enter 

7 3 1 5 EndLeft 

8 1.5 2 2 EndRight 

9 5.5 1 5 StartRight 

10 7 1 5 EndRight 

Table 1,1: A simplified snapshot of an event database in an activity recognition system. 

Like most event models, we would like to capture the fact that tuples in this database do 
not form a set, because they are temporally ordered. However, we may represent this temporal 
order under different ordering assumptions. Let us construct a temporal relation called 
occursjbefore and place the tuples in the relation. 
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Total Order: The first and most naive representation is that of total order (TO) shown in 

Figure 1 1: Total order, weak order, and semiorder 
representations of the environment 

Figure 1 1(a). Here x occurs_before y, if and only if timestamp of v is strictly greater that that of 
x. A representation of the environment instance as a totally ordered set is shown in figure 1 1(a). 
In this figure, the node numbers correspond to the tuple numbers in table 1.1. Note that our 
environment instance is not completely modeled by a totally ordered set since both tuple 1 and 
tuple 8 cannot be present at the same time. 

Weak Order: The problem above can be rectified by including the notion of concurrent 
events. Two events are said to occur concurrently if they have exactly the same timestamps. 
Figure 1 1(b) depicts the representation of our example environment based on this "point-based" 
definition of concurrency and "occurs_before" relation. Such ordered sets are known as weakly 
ordered (WO) sets. In this representation, although we recognize concurrent events, we impose 
the condition that concurrency is transitive, i.e., if A is concurrent to B and B is concurrent to C 
then A and C are concurrent. As discussed in Section 2, this is the most common way of modeling 
simultaneous events in temporal database models. 

Semiorder: The transitivity assumption of weakly ordered sets does not adequately 
model many applications. In activity recognition systems, the timestamps on events are always 
approximate, and depend on parameters like the hysteresis built into the algorithms executed by 
signal processing modules. So we relax the definition of concurrency by assuming that there is an 
interval A of uncertainty associated with an event occurrence, and this interval is fixed across a 
given set of events. Two events are concurrent if they occur within A of each other. This 
assumption gives rise to an ordered structure over the set of tuples where concurrency of events is 
not transitive, and is known as semiorder (SO) set. A semiorder representation of the example is 
depicted in figure 1 1 (c) under A=l, and tuples 4, 6 and 9 show the effect of removing the 
transitivity assumption. 
The event model described in this paper considers the universe of events to be structured as a semiorder set. 
Of course, more complex temporal ordering structures can be obtained by relaxing the assumption that the 
interval of uncertainty is fixed across the given set of events. If this interval could take any value, then the 
corresponding order is known as interval order (10). In section 2 we show that most of the event 
composition models in literature are either operational systems representing weak order, or very expressive 
systems with high computational complexity. 
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Example Queries: Next, let us present a set of increasingly complex queries for the 
system. Queries 4, 5, 6, and 7 refer to figure 1 2 which shows an example of a complex activity 

Figure 12: Pattern for various query examples 

query in the multi-sensory monitoring environment. The query represents the activity of a car 
"hitting" a wall. Here nodes may represent a car entering the environment (node 1), car entering 
the region near the wall (node 2), car stopping (node 4), occurrence of loud noise in the region 
near the wall (node 3), and finally a person coming out of the car (node 5). In these queries, we 
further simplify by not specifying the region attribute etc. which represent the environment, 
region near wall etc. 

1. (CONCURRENT) Find all events that occur concurrently with object 2 exiting region 
3. 

2. (LAST) Find the last event associated with object 2. 

3. (NEXT) Find the "immediate" next event(s) of object 2 after it exited region 3. 

4. (UNLABELED PATTERN) Find an activity whose temporal structure is depicted by 
the semiorder in figure 12. 

5. (LABELED PATTERN) Find the activity, whose temporal structure is depicted in 
figure 1 2, and its event node labels are specified as below: 

node 1 label: (Event = "Enter"); //comment: Enter the environment 

node 2 label: (Event = "Enter"); //comment: Enter the region near the wall 

node 3 label: (Event = "LoudNoise"); 

node 4 label: (Event = "Stop");//comment: car stops 

node 5 label: (Event = "ExitCar"); 

6. (LABELED PATTERN with Local Constraint) Find the activity whose temporal 
structure is depicted by the semiorder in figure 1 2, and its set of event labels are: 

node 1 label: (Event e {"Enter", "StartLeft"}); 

node 2 label: (Event e {"Exit"}); 

node 3 label: (Event = "LoudNoise"); 

node 4 label: (Event = "Stop"); 

node 5 label: (Event = "ExitCar"); 

7. (LABELED PATTERN with Global Constraint) Find the activity whose temporal 
structure is depicted by the semiorder in figure 1 2, and its set of event labels are: 

node 1 label: (Event = "Enter"); 

node 2 label: (Event g {"ExitRegion"}); 
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node 3 label: (Event = "LoudNoise"); 

node 4 label: (Event = "Stop"); 

node 5 label: (Event = "ExitCar"); 

with the global constraint given by the predicate p: (Node4.RegionID = 
Node3 .RegionID) 

8. (MAXIMAL) Find the maximal common activities of object 1 and object 2 between 
times Tl and T2. 

This set of queries is ordered according to the increasing computational difficulty of 
answering them in the semiorder data model. 

These queries illustrate the need for a number of basic properties in the query language we develop: 

• it answers all relational queries. 

• recursion is supported for temporal attributes to express queries, like CONCURRENT and 
NEXT, under the assumption of uncertainty intervals. 

• the language includes a "pattern description" component where a pattern is a set of 
semiorders. 

• it support aggregate operators. 

Results 
We have been working on two scenarios: the surveillance of a room and the surveillance 

of a parking lot. For the first scenario, the system has been installed in a library adjacent the 
laboratory. Four cameras are used to monitor the activity in the room. We defined several regions 
of interest and placed objects to be monitored in the room. The system works on two PCs and 
monitors activities like "stealing an object," "loitering near a bookshelf," "jumping on a table." 

A second system was installed on a parking lot outside the lab, and includes three 
cameras. It monitors activities like pedestrians going near several cars, cars entering the parking 
lot at excessive speed, and cars remaining parked in the same spot for more than a specified 
amount of time. 
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