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Introduction

Background

This project is a modest attempt of modeling a certain aspect of the civilization development, which may or may not be realized in the future world. We try to propose a solution of one of the most serious problem of the modern mankind: the problem of transport traffic and road accidents in which every day people are killed.

One of the reasons for a traffic jam is that too many drivers choose the same road when there are other roads in the same direction that may be less jammed at this time. That happens because drivers have incomplete information about the situation on the roads for this particular moment. There are various attempts to organize traffic information centers, which are in charge of gathering the up-to-date information on the traffic density and to broadcast drivers the recommendations on the most preferable directions, but unfortunately drivers open their radios only when they are already inside a jam.

What is the reason for a traffic accident? A dramatic mistake of a driver, mostly. A sharp unexpected brake. Falling asleep. A possible solution may be of course making the driving more automatically controlled and there are many scientific and technological investigations on creating car equipment, which is purposed to minimize the human factor in a car control. All this can only help but cannot do the entire work.

We are living in the rapidly developing world, tools and services that seemed to be fantastic or too expensive just a few years ago, such as the Internet or cellular communication, are in our everyday use. Similarly we could not imagine how fast and sophisticated the computers of nowadays would become. The power of the modern computers allows us to rely on them more and more in various areas of our life. And it can be expected that the future computers will be able to perform even harder computational tasks than they can do today. And we will entrust them solution of problems, which are under the human control now.

Main idea

Suppose there is a city with brisk traffic. It is not technically impossible nowadays to place a satellite above the city and make it watch the city traffic, find jammed areas and inform the Earth about the current situation on the city roads. It is much more difficult but still possible to make the satellite watch each car taking its way through the streets. It is also possible to establish a mobile connection between the satellite and a car. If the satellite watches every car and has a stable communication line with it, the satellite can receive the car target coordinates and can direct the car and choose the best trace to its target, based on the current state of the city traffic.

In fact, we may simplify the scheme. We can assume the car knows its current coordinates. This will exclude the need in the satellite watching the car: it may transmit its coordinates to the main computer, which can then be placed on the earth, and the computer (given the current coordinates and the target of every car) may procedure the same recommendations as the satellite would do.

Now our main computer seems to have the whole picture of the city traffic: it knows where every car is and what its target is. At this point we have to make one more assumption on the model: there is no interference in the traffic caused by external factors (not by the cars themselves). No pedestrians unexpectedly crossing the road, nor objects lost in the middle of the road, nor other hindrances.

Under this assumption the main computer is able not only to recommend but rather to prescribe the cars their route to the destination. A complicated algorithm, which will run on the main computer, may control a car speed and change its direction dependently on the current situation on the roads, distribute cars on various roads as equable as possible. It shall manage junctions so that each car will have its own trace and no pair of them will suddenly appear in the same point at the same moment. This will make traffic lights useless and dramatically decrease time of a trip.

The entire picture as we see it is as follows: a human enters a car, which has no ordinary control equipment but a local computer, which connects the human to the main computer using the cellular (or any other wireless) principle. The human inputs the desired destination of his/her trip (by typing the address or clicking on a certain point on the city map represented on a screen etc.) and it is translated into the geographical coordinates, which are passed to the main computer. It computes the initial route, according to the current situation on the roads and the car starts moving in this direction. From the main computer’s point of view a new vehicle has appeared on the road and now it may correct routes or speeds of other cars, which are already on the way to their destinations. The human may have options to stop the car at a certain point before reaching the target and also to change the target, but this may cost him a certain penalty in time. A problem of high priority vehicles such as ambulances has to be solved. Also we shall solve a problem of pedestrians, we see two possible solutions: either subways or a mechanism of stopping the cars in each direction once a while according to a pedestrian’s request in specially regimented places.

Problem layout

We suggest the following abstraction of the problem represented above. We build a graphical model, which includes roads and cars that are able to move on the roads. Since we only simulate the entire process on one computer, it is quite natural that the computer prescribes the cars their trajectories and that the computer knows each car's coordinates at each moment.
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The road map

The road map is a graph of streets and their intersections. We assume that streets have one lane in each direction. We use road edges as a good approximation of the lanes so we allow cars to move only on right edges of the road. If a car enters intersection, it has three possibilities (see the picture above):

1. To turn left (A→B→F→G)

2. To go straight (A→B→D→E)

3. To turn right (A→B→C)

A car

Initially we create N cars on the roads. When created, a car is assigned the coordinates of its start and finish points. These coordinates are chosen randomly and uniformly over the entire road map (the uniformity is a simplifying assumption).  When a car reaches the destination point, it is deleted from the map. There could be two possible ways of reproducing the cars: 

1. Immediately after one car’s disappearance. This technique allows preserving the initial cars’ density. 

2. Once a while. This technique allows control of the cars’ density.

All the cars move at equal speed. This prevents accidents, which might have occurred on straight intervals of roads (between intersections). So, our algorithm’s main purpose is to avoid accidents on the intersections.

The camera

We would like to enable variety of actions with the camera:

· Zoom in / zoom out. Initially we have a general look at the picture and then we can get closer to see more details (change the camera’s vertical coordinate).

· Move left / move right. If the camera’s orientation is fixed we can move it (change its horizontal coordinates) in order to see different parts of the picture.

· Turn left / turn right. When the camera is placed in certain coordinates we can turn it around (change its orientation in horizontal plane).

· Turn up / turn down. When the camera is placed in certain coordinates we can move its eye up and down (change its coordinates in vertical plane).
Prototype

At an initial stage of the project development we built a 2-dimensional prototype of the system without dealing with the camera. Here is the layout of this prototype:

· We implemented the map editor, which allowed us to build the city map from small bitmaps (16X16 pixels) of various forms. The road elements were intersection quarters and short pieces of lanes.  

· By using this tool we have generated the simplest map – a grid of roads. Since all the cars moved at equal speed, accidents could occur only on junctions so we let the map have as many junctions as it made sense for the most demonstrativeness.

· The prototype had no algorithm for preventing accidents. Cars moved chaotically and could bump into each other. The only responsibility of the algorithm module was to draw the cars at every clock of the timer. The module removed a car from the car array when it reached its target.

· For the drawing simplification of the prototype, the cars were just white circles. Given the start and destination points a car module itself generated a route to the destination. The only restriction on the route was to preserve the driving rules of right handed traffic scheme, short right turns and long left turns. In fact the cars chose a route that minimized the air distance to the destination: they went by zigzag to the goal.

· We defined an accident to be an event when two or more cars fall on the same bitmap (the basic road element). We traced all the cars in order to recognize the accident, stopped the ones which bumped into each other and marked them by red color on the graphic model. Then we removed them from the road map after a short delay. In addition we incremented a collision counter and represented it on the screen as well.

· We used the second technique of the two ones for reproducing cars (see subsection “A car” in “Problem Layout”). We added a slider, which allowed us to change the cars density on the roads. In fact the slider controled the time period that passed until a new car appeared. The shorter was the period the more cars were displayed and respectively the longer was the period the less cars were on the roads. 

This prototype allowed us to obtain a general view of the problem. But the modest graphical tools of a small GDI application could not satisfy our appetites.

Implementation tools

In order to build a modern graphical system we decided to use 3-dimensional graphics, which is supported by the MS Visual Studio 6.0. The technology we chose is DirectX 7 SDK, which seriously simplifies the process of creating animations. For example, if we have a graphical model of a car being placed in certain coordinates, all we have to do is to change its coordinates and the angles of its direction vector and the 3 of the coordinate axes. And the whole job of drawing the car in the specified angles and coordinates is performed by the DirectX itself. In addition we can easily use features of moving the camera, having more general or more partial look at the picture. 

Note that all the features are supported by DirectX of version 7, while its previous versions lack many of its current performance abilities. And in addition, DirectX 7 cannot be run under the Windows NT operating system, but only under Windows 95 / 98. And there are no computers with Windows 95 / 98 in our disposal, all the accessible computers run Windows NT. Fortunately, Microsoft has launched a new operating system named Windows 2000, which is both WinNT- and Win95-portable. This OS supports DirectX 7 SDK, so we decided to use it for our purposes.

After choosing the OS and technology, we had to decide how we would draw the city map, which has to look as realistic as it is possible. One of the suggestions was to use a real map of a city. Such a map can be easily obtained from the Internet, but the problem is that the map requires an extensive (manual?) processing. Roads have to be extracted from the whole view. We did not want to devote our project to the problem of image processing. Finally, we obtained a 3D map of Haifa’s Carmel district from Mr. Vladimir Awerbuch to whom we would like to express our grateful appreciation. The map is built using the AutoCAD tool. It exposes a real landscape of the Carmel district with about 1000 real buildings and about 30 real streets. The most distinguished part of the map is the Dan Panorama Hotel skyscrapers and the Central Carmel Square. 

Our next problem was to transfer the map into a DirectX representation. Initially we were not sure the goal could be theoretically achieved. But then we found a DirectX tool named conv3ds. This utility is able to create a DirectX object representation from a 3ds format. The 3ds format is an internal format of the 3D Studio Max, manufactured by Discreet. And the AutoCAD can export its files into the 3ds format. So that, by a couple of transformations (AutoCAD →3D Studio→DirectX) we achieved our goal. Note that the computer we use is dual Pentium III 600 MHz 2G RAM. It takes it about 5 minutes to perform the two transformations.

But still we could not see the map in the DirectX viewer. It took us a while to understand what the problem could be. First of all, we checked the stage of transformation into the 3ds. The 3D Studio tool showed the picture as it was supposed to. So, we inferred that the problem was on the stage of transformation into the DirectX. Finally, by an absolute occasion it was found out that the AutoCAD view is placed in real Mediterranean geodesic coordinates, which axes center is located in Cairo. In the DirectX the picture was present, but too far away to be recognized. So, we placed the model in (0,0,0) and solved the problem.

Then we had to accommodate the map to our needs. It required some manual cleaning, for example, not all the roads were connected properly at their intersections, some of them were placed a little bit above the ground, some were unrealistically inclined. Some of the ground areas were “put their inside out” after the transformation into DirectX. Using AutoCAD 2000 we had to clean the model up.

Now, we had to look for a car model. We obtained two of them: one of a passenger car from the DirectX sample models set and the other one of a truck from the AutoCAD models collection. We used the same transformation chain to build its DirectX view.

And only then we had all the tools to start implementing our idea.

Road map and its representation

After transferring the city map into the DirectX we had to study its format and to extract the roads. The internal representation of the map (as obtained from the AutoCAD) is a list of layers where each layer represents a structural part of the model, for example, a layer of buildings, a layer of ground and among them a layer of roads. The layer of roads is a list of polygons, which together compose the roads. A polygon is a triangle specified by coordinates of its vertices. All the roads are composed of such triangles in the following way:









Here we showed 6 polygons from which a piece of a road is built. 

Our first problem was to find out which polygon edges belong to the road edges and which are inside the roads. On the figure, line AC is a road edge but line BC is not. So the algorithm is to calculate how many polygons of the road layer an edge belongs to. A road edge is an edge, which belongs to only one polygon. For example, AC belongs only to polygon #1, while BC belongs to both polygons #1 and #2.

Our second problem was to determine whether a road edge is a right one or a left one, or in other words whether a car has to move from A to C or from C to A, according to the right-hand traffic rules. 



To solve this problem we considered two vectors: 
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 and 
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. All we had to ensure is that the point B is placed to the left from the line AC. If the cross product between 
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 and 
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 is directed up, then B is from the left, i.e. the road edge CA is right. Otherwise the road edge (AC) is left and we have to swap its start and finish nodes.

So that we reached the stage when our cars could move on the right side of the roads and make right turns because only right turns keep the car moving on the road edges. But they could not turn left nor go straight (at an intersection) because in this case they had to move on internal edges of the polygons. So we had to deal with the intersections. If we look at intersections built of polygons, the picture is like this (let us start with the simpler case of a T-junction):





So that a left turn from Q includes a move on PR. Note that a left turn from U includes a move on RS and also a straight way from V includes a move on SP. This led us to an idea that the polygon PRS is a crucial part of the problem. And its basic feature is that all of its three edges are internal. We called such a polygon “a hidden triangle”.

We have considered the case of T-junctions. And what about X-junctions?





Here we have a problem, which cannot be easily fixed. There are 2 hidden triangles in an X-junction. And it cannot be predicted if the triangles are ABD and BCD (as on the left figure) or ABC and ACD (as on the right one). So, in the first case the left turn looks quite strange while in the second case it looks all right. But we really did not want to deal with “virtual” paths (i.e. paths which could be artificially added, like AC on the left figure). So, we decided to let it be as it is.

So, our approach is that a car can move either on a road edge or on a hidden triangle edge. This allows a car to turn left and go straight through an intersection. From now our road map has a structure of a directed graph:



In the graph up to 3 edges can go from a vertex and up to 3 edges can enter a vertex (see nodes D and B on the figure). This is our representation of the road map. Now we can apply standard methods of the Graphs Theory.

The main algorithm

We used the same scheme as in the prototype: a car is created arbitrarily on the map and its destination point is assigned arbitrarily too. When the car reaches its destination it is deleted from the picture. Initially N cars are created. Since we prefer to keep the initial cars density, we immediately create another car when one is deleted. Our goal is to implement an algorithm for a car to reach its destination while spending minimal time and avoiding accidents.

First of all we had to compute a trajectory of every car over the road map, being represented as explained above. We suggested using the minimal distance between the source and destination points. We supposed it would be quite expensive computationally to build the trajectory in real time, so our idea was to find the shortest path between every two points on the map and then to use this information in real time.

Floyd’s Algorithm

We implemented Floyd’s Algorithm for finding shortest paths between every two nodes in a directed graph. Given a graph of the map, the algorithm works as following:

Let G(V, E) be a finite directed graph with V = {1, 2, ..., n}. The length of edge e is denoted by len(e) where len(e) is a physical distance between the two nodes in the graph. Let us define:
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Let (k(i, j) be the length of a shortest path from i to j among all paths which may pass through vertices 1, 2,..., k but do not pass through vertices k + 1,k+2, ...,n. 

Floyd’s algorithm is as follows:

1. k ( 1

2. For every 1 ( i, j ( n compute:

(k(i, j) ( Min{(k-1(i, j), (k-1(i, k) + (k-1(k, j)}.

3. If k = n, stop. If not, increment k and go to step 2.

The complexity of the algorithm is O(|V|3) which is quite sufficient on our view of thousands of vertices. But since our map is not often changed, we can apply it only once, store its output in a file and then read the file at the beginning of every new run of the program. If we change the map, we should rerun the algorithm. 

Now, since minimal distances from each to each vertex are computed, we can launch the cars to the shortest paths to their destination. Since all the cars move in the same speed, there could be no accident on road pieces between the intersections. So, we have to mainly focus on the intersections.

Intersections

Our current map contains about 40 intersections, while some of them are topologically complex (like the Central Carmel square, which is composed of 2 separated hidden triangles). However, most of the intersections are just one hidden triangle (in case of a T-junction) or two hidden triangles, which have one mutual edge (in case of an X-junction).

Since an intersection is potentially a place of an accident, our initial approach is to let only one car move on the intersection. When one car is out, we let another car in. This is implemented in the following way:

A car, which is approaching an intersection, is supposed to stop a little bit before it. If there are cars that are moving right behind the stopped car, they also have to be stopped. If there is only one car, which pretends to enter the intersection, we let it in. If there are a few such cars, we stop all of them but one, which is chosen according to a certain strategy. When the car leaves the intersection, we choose another one to enter it. Let us go into more details:

· Approaching an intersection. Since we cannot relay on the fact that the road edges are long enough, we have to assume that there could be road edges, which are shorter than a car length. That is why we apply two methods to detect if a car is close to an intersection: we look 3 edges ahead for a junction start point and in addition we check if the physical distance between the car front and the intersection start point is less than two thirds of the car length.

                                               [image: image6.wmf]


This guarantees us that the car is close enough but not on the intersection. The first condition (3-edge look ahead) allows us to detect an intersection early. The second condition makes the car stop not too far away from the intersection.

· Recursive check for followers. When a car A is stopped in front of an intersection, we have to ensure that every other car B, which follows A, is stopped also. Note that this is the only case in which two cars can get into accident on a road piece between intersections.

So, our algorithm runs over the list of the cars and looks for a follower. It uses a method, which is similar to the one described above: 

For each car B (other than A itself):

1. Look 3 edges ahead in order to detect A.

2. If A is detected, check that the distance between B’s front and A’s back is less than a half of B’s length. 

3. If yes, stop B and run the same test recursively on B.

· Strategy of preferences for entering an intersection. Since all the cars are initially stopped before entering an intersection, we have now to decide what car to let go first. In order to avoid traffic jams, the strategy is to firstly release the car, which has maximum followers. At the previous stage of recursive checking for followers we simply count them. And then we let go the car, which number of followers is maximal.

So, the above is our solution of the intersection problem.

Implementation problems

The initial goal of the project was to create and realize a sophisticated algorithm, which would find the best route for all the cars and avoid accidents. We considered the project as a theoretical work in the Graphs algorithms field. However we wanted the results to look as impressive as possible, so we did not intend to ignore the consideration of the animation representation quality.

But during the realization of the idea, we were faced with many problems, which were not initially taken into account. And most of the problems were related to the Computer Graphics.

We have had to deal with the following aspects:

· Compatibility of different graphical tools, such as AutoCAD, 3D Studio and DirectX. Since the DirectX technology is relatively new, we were not able to obtain a proper reference on transferring models across different formats: DWG→3DS→X.
· Adapting the AutoCAD model to our needs. We had to study the AutoCAD in order to fix problems of the city map. 
· Extracting relevant data from list of polygons. We had to detect road edges (in particular right-hand edges) and road intersections. It required certain knowledge in Vector Algebra and the theory of Computer Graphics.
· Controlling cars and the camera. These are standard DirectX techniques, which had to be studied and probed. 
· Detecting accident cases. Because of the city map constraints, we could not consider any overlapping of cars images to be an accident. For example, certain road intervals are very narrow, so that two cars, which pass by in the opposite directions, may touch each other. So, we had to develop a technique of considering an intersection as the start point of possible clashes and then stopping a car and its followers recursively before entering the intersection.
· Early detecting of intersections. Since a car has to stop in front of the intersection, we had to create a mechanism of looking ahead for early detection of intersections. The mechanism is described above.
· Efficiency considerations. We did not intend to compute the next step of a car route in real time, while a car is already moving. This might have taken too much time and slowed the animation dramatically. So, we decided to pre-compute all the possible routes and to only use this information while working in real time. But the computation of the routes (even being performed offline) took too much time (about 5 minutes), so we decided to compute them only once and store the calculated results into a file, and then load it at the program start point.
· Rendering constraints. Since the whole animation view is very heavy, the cars are moving slowly. The view is changing sometimes only twice a second. In order to make the picture look more realistically, we had to develop a technique of independence of the car speed on the frequency of the view change. The less is the frequency, the further a car jumps at each step. It means that if the computer facilities allow the program to change its view more often, the cars will not go more quickly but more smoothly.
· A problem of cars’ caravans. If we had used dynamic routing of a car, there probably would have been no cars’ caravans at all. But especially due to the fact that there are just a couple of roads on this specific city map which connect the eastern and western parts of the district, we can see quite a few cars’ caravans on this way. The problem is if the caravan is longer than a road interval between two intersections. It means that if the heading car of a caravan has to be stopped in front of an intersection, then the last car of the caravan happens to stop right on the previous intersection, which messes all our algorithms. To fix the problem, we suggested the following workaround: for a car A, which is entering an intersection 
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, we have to check if there is no other car which stands right behind 
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. If there is such a car, we stop the car A in front of 
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.
Moreover, the whole amount of problems look much heavier because the standard debugging techniques provided by the Visual Studio cannot be applied here. If there is a bug in a certain place on the view, it is very hard to localize it in the code and even to reproduce it, because the processes are random, and in addition each road interval may have its own puzzle because it is not similar to others.

Discussion and possible extensions

Our work as it is represented now has several limitations. Most of them are caused by our preference to design the system as clear and simple as possible, taking into account the debugging difficulties.

The simplicity is our reason for:

· Using the ordinary Floyd algorithm and not to provide a technique of dynamic route variation. In fact since our map has relatively small number of intersections, there hardly are a few different routes leading to the same place. But, in a general case the map can be much more complicated, so we left it as a possible extension of our project.

· Letting only one car enter an intersection. Since our road intersections are pretty narrow in comparison with the cars size, we decided not to deal with a multiple access to intersection territory, because this may cause an illusion of accident when actually there is no accident.
So, these are two cases we did not deal with in our project. If the project has a continuation, the first step we would do is to add the dynamic routing, which would fix all the problems of cars density.
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Conclusion

We have built a sophisticated graphical system, which models a road traffic control in an urban district. All the cars are controlled by the “central computer”, which chooses the best route for each car and cares for absence of accidents. This system (if being actually realized) can drastically simplify our life: we will no more need to drive and to worry about our relatives and friends who are on their way on the roads. 

Just for now the system seems quite unreal to be implemented for the following reasons:

· No computer provides service, which is so safe that we can entrust it our lives. Especially when speaking about cellular communication between the cars and the central computer.

· There exists a problem of pedestrians who can cross the roads. And while this problem can be generally solved (for example, by providing any human with an outlet which would be connected to the cellular network and would disclose his/her location), other problems (for example, of animals or different objects which can suddenly appear in a roadway) look impossible to be solved.

But elements of such a system can be realized, for instance, on highways where the chance of a pedestrian appearance is very low. Probably, the system should work as an analogy of a plane autopilot, which is in operation only on simple intervals of a plane route. In addition cars can have photo-detectors for an early recognition of external objects on roadways.
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