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Abstract

In this paper, we explain a parallel implementation of a traffic micro-simulation model based on the queue model by
Gawron. Within this model, links do not only have a flow capacity that limits the number of vehicles that can leave
the link, but also have a space constraint which limits the number of vehicles that can be on a link simultaneously. The
vehicles in this model follow their precomputed paths as in other route-plan-based simulations such as TRANSIMS.
Since the queue model needs less data and computing power, it runs much faster than TRANSIMS for the same data.
In the parallel implementation of the queue model we distribute the data onto a number of processors, each of which
runs a smaller portion of the simulation. The parallel version gives a maximum speedup of 28 on 64 CPUs using
Myrinet communication. For a realistic simulation of all of Switzerland, computing is up to 190 times faster than real
time. The maximum number of vehicles simultaneously driving in that simulation is about 160 000.
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1 INTRODUCTION

The traditional four step process consists of (1) trip generation, (2) trip distribution, (3) modal choice, and (4) traffic
assignment. An important feature of this approach is that at no point are travelers treated as individual entities –
all information is aggregated into traffic streams. For example, the result of trip distribution is an origin-destination
matrix, which gives constant streams from each origin to each destination. There is some agreement that a higher level
of realism is desirable for these reasons:

• Temporal dynamics. The four step process makes the approximation that traffic streams are static, which cor-
responds to the approximation that the underlying particle process is steady-state. This means that temporal
effects such as peak spreading or time-dependent congestion spillback are not covered.

• Disaggregation. Many aspects of choice behavior, such as modal choice, become more realistic when, say,
demographic data is included. However, there is no access to such variables in the four step process.

The second aspect could in principle be overcome by replacing the three first steps by a method which generates
activity-based travel demand for a whole (synthetic) population. However, activity-based travel demand generation
is time-dependent, and it is difficult to see how the resulting demand could be approximated by a time-independent
steady-state process so that it would fit into static traffic assignment. This leads to the consequence that either both
shortcomings of the four step process need to be overcome simultaneously, or one has to start by making traffic
assignment dynamic.

“Dynamic traffic assignment (DTA)” is indeed a technique which has emerged over the last two decades
(e.g. (1, 2, 3, 4)). The problem can be stated in the way that one has a time-dependent demand and a certain traffic
dynamics, which moves vehicles along links (roads) and across nodes (intersections). For each individual one wants
to find the route so that no traveler would be better off by selecting a different route. This is just a Nash Equilibrium
statement for the dynamic problem.

Since no analytical solution is known for traffic dynamics which includes spillback, many groups have re-
sorted to simulation. The typical simulation approach is systematic relaxation, via a variant of the following procedure:

1. Make some initial guess for the routes.

2. Execute all route plans simultaneously in a traffic micro-simulation. This is sometimes called the network
loading.

3. Re-adjust some or all of the routes using the knowledge from the network loading.

4. Goto 1.

Alternatively, this can be interpreted as a multi-agent learning method.
Many variations of this are possible, such as varying the fraction of routes which are replanned (5), using

a probabilistic route choice based on, say, multinomial logit or probit (1), or using different network loading algo-
rithms (6). It is also straightforward to add departure time choice (7), or other aspects of activity-based demand
generation as indicated above.

This approach looks similar to relaxation methods for static assignment, where the simple link cost function
is replaced by the network loading. What is lost when going from from static to simulation-based dynamic assignment
is the mathematical knowledge. For example, for static assignment one knows that (under certain assumptions) the
solution is unique (in terms of path flows) and therefore any method that converges toward a mathematically correct
solution will converge toward the same solution.

Investigations into the theoretical nature of the dynamic traffic assignment problem have made some progress (8,
4), but so far no general statement about the nature of the problem, including uniqueness, is available. One can, how-
ever, show that the deterministic variants of above solution method will have (attractive or repulsive) fix points in very
high dimensional phase space, and that stochastic variants will, under certain conditions, converge to a steady-state
density in the same very high dimensional phase space (4). Under additional conditions, it will even be ergodic (8).

One needs to notice however that the conditions for these statements are fairly restrictive when confronted
with simulation reality. The main problem with these requirements is that they assume that the whole phase space
is given at the start of the simulation. For example, one needs to know in advance every route that any traveler will
eventually use throughout the procedure. This makes the use of explorative algorithms, which generate new routes as
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they go, inconsistent with the mathematical formulation. Put in a different way, it is clear that a simulation system
that keeps exploring new strategies is not in the steady-state. Similarly, theoretical ergodicity is only valid for the limit
of the number of iterations going to infinity, while in practice one is restricted to about 50 iterations. For such small
numbers of iterations, effects such as broken ergodicity (9) are to be expected. Broken ergodicity refers to the property
of a system to be mathematically ergodic but to remain in sub-areas of the phase space for arbitrarily long periods of
time.

Given this state of affairs, computation will remain one of the tools to be used, both for research and for
real-world applications. Real-world applications are typically large scale, with on the order of 10 million travelers.
This means that also some of the research should be done with large-scale systems, both in order to understand the
computational problems, and to check if results obtained for smaller-scale systems also hold for those larger-scale
systems. The main focus of our research will be: (1) exploration of computational problems and solutions for large
scale problems; and (2) exploration of the general dynamics of a multi-agent learning system.

The paper is organized as follows: We start by reviewing parallel computing aspects for transportation sim-
ulations (Sec. 2). In Sec. 3, possible traffic models are discussed, and the selection of the queue model is justified.
Details of our queue model implementation are discussed in Sec. 4. Sec. 5 then describes the parallel computing
implementation of the queue model, and reports computational speed results. The paper is concluded by a discussion
and a summary.

2 PARALLEL COMPUTING FOR TRANSPORTATION SIMULATIONS

2.1 Discussion of Parallel Computing with a Special View Toward Transportation Simula-
tion

Ultimately, we are interested in the agent-based simulation of large scale transportation scenarios. A typical scenario
would be the 24-hour (about 105 seconds) simulation of a metropolitan area consisting of 10 million travelers. Typical
computational speeds of micro-simulations with 1-second update steps are 100 000 vehicles in real time (10, 11, 5).
This results in a computation time of 105 × 107/105 = 107 seconds ≈ 100 days. This number is just a rough estimate
and subject to the following changes: Increases in CPU speed will reduce the number; more realistic driving logic will
increase the number; smaller time steps (12, 13) will increase the number.

This means that the traffic simulation is too slow for practical or academic treatment of large scale problems.
In addition, computer time is needed for activity generation, route generation, learning, etc. In consequence, it makes
sense to explore parallel/distributed computing as an option.

The idea behind parallel computing is that a task can be achieved faster if it is divided into a set of subtasks,
each of which is assigned to a different processor. A possible parallel computation environment is a cluster of standard
Pentium computers, coupled via standard 100 Mbit Ethernet LAN (Local Area Network). In order to generate a
parallel program, one must think about (i) how to partition the tasks into subtasks, and (ii) how to provide the data
exchange between the subtasks. Since (i) depends on (ii), the discussion will be started with (ii).

With respect to communication, there are in general two main approaches to inter-processor communication.
One of them is called message passing between processors; its alternative is to use shared-address space, where
variables are kept in a common pool where they are globally available to all processors. Each paradigm has its own
advantages and disadvantages.

In the shared-address space approach, all variables are globally accessible by all processors. Despite multi-
ple processors operating independently, they share the same memory resources. The shared-address space approach
makes it simpler for the user to achieve parallelism but since the memory bandwidth is limited, severe bottlenecks are
unavoidable with an increasing number of processors, or alternatively such shared memory parallel computers become
very expensive. For those reasons, our work concentrates on message passing.

In the message passing approach, there are independent cooperating processors. Each processor has a private
local memory in order to keep the variables and data, and thus can access local data very rapidly. If an exchange of
the information is needed between the processors, the processors communicate and synchronize by passing messages
which are simple send and receive instructions. Message passing can be imagined to be similar to sending a letter. The
following phases happen during a message passing operation.

1. The message needs to be packed. Here, one tells the computer which data needs to be sent.
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2. The message is sent away.

3. The message then may take some time on the network until it finally arrives in the receiver’s inbox.

4. The receiver has to officially receive the message, i.e. to take it out of the inbox.

5. The receiver has to unpack the message and tell the computer where to store the received data.

There are time delays associated with each of these phases. It is important to note that some of these time
delays are incurred even for an empty message (“latency”), whereas others depend on the size of the message (“band-
width restriction”). We will come back to this later.

The communication among the processors can be achieved by using a message passing library which provides
the functions to send and receive data. There are several libraries such as MPI (14) (Message Passing Interface)
or PVM (15) (Parallel Virtual Machine) for this purpose. Both PVM and MPI are software packages/libraries that
allow heterogeneous PCs interconnected by a computer network to exchange data. They both define an interface for
the different programming languages such as C/C++ or Fortran. For the purposes of parallel traffic simulation, the
differences between PVM and MPI are negligible; we use MPI since it has slightly more focus on computational
performance. – In principle, CORBA (Common Object Request Broker Architecture; www.corba.org) would be an
alternative to MPI or PVM, in particular for task parallelization (see below); in practice, our own and other people’s
experiences are that it is difficult to use and because of the strict client-server paradigm is not well suited to our
simulations, which assume that all tasks are on equal hierarchical levels.

Because of cost/benefit reasons, our work concentrates on clusters of coupled PCs. We expect this to be the
dominant technology in the area for many years to come. Near the end of this paper, it will be explored what perfor-
mance gains can be expected of when improving the communication hardware via Myrinet. Two general strategies are
possible for parallelization on such an architecture:

• Task parallelization – The different modules of a transportation simulation package (traffic simulation, rout-
ing, activities generation, learning, pre-/postprocessing) are run on different computers. This approach is for
example used by DYNAMIT (16) or DYNASMART (17).

The advantage of this approach is that it is conceptually straightforward, and fairly insensitive to network
bottlenecks. The disadvantage with this approach is that the slowest module will dominate the computing
speed – for example, if the traffic-simulation is using up most of the computing time, then task parallelization
of the modules will not help.

• Domain decomposition – In this approach, each module is distributed across several CPUs. In fact, for most
of the modules, this is straightforward since in current practical implementations activity generation, route
generation, and learning are done for each traveler separately. Only the traffic simulation has tight interaction
between the travelers. This will be considered in the following.

For clusters of PCs, the most costly communication operation is the initiation of a message (“latency”). In
consequence, one needs to minimize the number of CPUs that need to communicate with each other. This is achieved
with a domain decomposition (see Fig. 2(c)) of the traffic network graph. As long as the domains remain compact,
each CPU will in the average have at most six neighbors (Euler’s theorem for planar graphs). Since network graphs
are irregular structures, one needs a method to deal with this irregularity. METIS (18) is a software package that
specifically deals with decomposing graphs for parallel computation.

The quality of the graph decomposition has consequences for parallel efficiency (load balancing): If one
CPU has a lot more work to do than all other CPUs, then all other CPUs will need wait for it, which is inefficient.
For our current work with ∼ 100 CPUs and networks with ∼ 20 000 links, the “latency problem” (see below) always
dominates load balancing issues; however it is generally useful to use the actual computational load per network entity
for the graph decomposition (19).

For shared memory machines, other forms of parallelization become possible, for example based on indi-
vidual network links or individual travelers. One could have a dispatcher that distributes links for computation in a
round-robin fashion to the CPUs of the shared memory machine (20); technically, one would use threads (21) for this.
This would be called fine-grained parallelism, as opposed to the coarse-grained parallelism that is more appropriate
for message passing architectures. As said before, the main drawback of this method is that one needs an expensive
machine if one wants to use large numbers of CPUs.

Important numbers for parallel implementations are real time ratio, speed-up, and efficiency:
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• Real time ratio (RTR) – describes how much faster than reality the simulation is. For example, an RTR of
100 means that 100 minutes of traffic are simulated in 1 minute of computing time. This number is important
no matter if the simulation is parallel or not.

• Speed-up – describes how much faster the parallel simulation is when compared to a simulation on a single
CPU. For the single CPU algorithm one either uses the parallel algorithm running on a single CPU, or an
algorithm specifically tailored to a single CPU system.

• Efficiency – is obtained by dividing Speed-up by the number p of CPUs that were used.

These numbers are all related, but they carry different meanings. As we will describe in more detail later, the main
restriction that we are up against is the latency of the Ethernet communication hardware. Under the assumption of
1-second time-steps and 2 message exchanges per time step, this latency imposes a limit on the real time ratio of about
150. That is, no matter what kind of simulation model one uses, how good the load balancing is, or how many CPUs
one adds, that number is a fixed quantity for this type of simulation and this type of parallel computer.

2.2 Parallel Computing in Transportation Simulations

Parallel computing has been employed in several transportation simulation projects. One of the first was PARAM-
ICS (22), which started as a high performance computing project on a Connection Machine CM-2. In order to fit
the specific architecture of that machine, cars/travelers were not truly objects but particles with a limited amount of
internal state information. PARAMICS was later ported to a CM-5, where it was simultaneously made more object-
oriented. In ref. (23), a computational speed of 120 000 vehicles with an RTR of 3 is reported, on 32 CPUs of a Cray
T3E.

About at the same time, our own work showed that on coupled workstation architectures it was possible to
efficiently implement vehicles in object-like fashion, and a parallel computing prototype with “intelligent” vehicles
was written (11). This later resulted in the research code PAMINA (5), which was the technical basis for the parallel
version of TRANSIMS (19). In our tests (with Ethernet only, on a network with 20 000 links, about 100 000 vehicles
simultaneously in the simulation), TRANSIMS ran about 10 times faster than real time with the default parameters,
and about 65 times faster than real time after tuning. These numbers refer to 32 CPUs; adding more CPUs did not
yield further improvement. The parallel concepts behind TRANSIMS are the same as behind the queue model from
this paper, and in consequence TRANSIMS is up against the same latency problem as the queue model. However, for
unknown reasons the computational speed is a factor of two smaller than predicted by latency alone.

Some other early implementations of parallel traffic simulations are (24, 25). A parallel implementation of
AIMSUN reports a speed-up of 3.5 on 8 CPUS using threads (which uses the shared memory technology as explained
above) (26).

DYNEMO is a macroparticle model, similar to DYNASMART described below. A parallel version was
implemented about two years ago (27). A speed-up of 15 on 19 CPUs connected by 100 Mbit Ethernet was reported
on a traffic network of Berlin and Brandenburg with 13738 links. Larger numbers of CPUs were reported to be
inefficient. The speed-up corresponded to a real time ratio of 6, implying that it was not the latency that caused the
inefficiency, since the latency inefficiency should not set in before the RTR reaches 150 as explained earlier.

DynaMIT uses functional decomposition (task parallelization) as a parallelization concept (16). This means
that different modules, such as the router, the traffic (supply) simulation, the demand estimation, etc., can be run in
parallel, but the traffic (supply) simulation runs on a single CPU only. Functional decomposition is outside the scope
of this paper. DYNASMART also reports the intention to implement functional decomposition (17).

3 POSSIBLE TRAFFIC MODELS

From the previous discussions it follows that we want the following conditions to be fulfilled for a traffic simulation:

• The model should have individual travelers/vehicles in order to be consistent with all agent-oriented learning
approaches.

• The model should be simple in order to be comparable with static assignment and in order to allow concen-
tration on computational issues rather than modeling issues.

This includes the fact that in the future we want to be able to include task parallelization into the software.
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• The model should be computationally fast so that scenarios of a meaningful size can be run within acceptable
periods of time.

For our own work, we also state a third condition:

• The model should be somewhat realistic so that meaningful comparisons to real-world results can be made.

These conditions make the use of existing software packages, such as DYNAMIT, DYNASMART, or TRAN-
SIMS, difficult, since these software packages are already fairly complex and complicated. An alternative is the se-
lection of a simple model for large scale microscopic network simulations, and to re-implement it. If one wants queue
spill-back, there are essentially two starting points: queuing theory, and the theory of kinematic waves.

In queuing theory, one can build networks of queues and servers ((28, 29, 30)). Packets enter the network
at an arbitrary queue. Once in a queue, they wait, typically in a first-in first-out (FIFO) queue until they are served;
servers serve queues with a given rate. Once the packet was served, it will enter the next queue.

This can be directly applied to traffic, where packets correspond to vehicles, queues correspond to links,
and serving rates correspond to capacity. The decision which link to enter after a vehicle was served is given by the
vehicle’s route plan.

A shortcoming of this type of approach is that it does not model spill-back. If queues have size restrictions,
then packets exceeding that restriction are typically dropped (28). Since this is not realistic for traffic, an alternative
is to refuse further acceptance of vehicles once the queue is full (“physical queues”). This however means that the
serving rate of the upstream server is influenced by a full queue downstream. Such a model was for example used by
Gawron (31). A detailed algorithmic description is given in Fig. 1(a).

An important issue with physical queues is that the intersection logic needs to be adapted. Since without
physical queues (i.e. with “point queues”) the outgoing links can always accept all incoming vehicles, the maximum
flow through each incoming link is just given by each link’s capacity. However, when outgoing links have limited
space, then that space needs to be distributed to the incoming links which compete for it.

In the original algorithm (Fig. 1(a)), links are processed in arbitrary but fixed sequence. This has the conse-
quence that the most favoured link in a given intersection is the one that is processed next after the congested outgoing
link has been processed. This could for example mean that a small side road obtains priority over a large main road.

A better way to do this is to allocate flow under congested conditions according to capacity (32). For example,
if there are two incoming links with capacities 2 and 4 per time step, and the outgoing link has 3 spaces available, then
1 space should be allocated to the first incoming link and 2 to the second. Sec. 4.2 will explain in more detail how this
is implemented.

A shortcoming of queue models is that the speed of the backwards traveling kinematic wave (“jam wave”) is
not correctly modeled. A vehicle that leaves the link at the downstream end immediately opens up a new space at the
upstream end into which a new vehicle can enter, meaning that the kinematic wave speed is roughly one link per time
step, rather than a realistic velocity. This becomes visible in the resolution of jams, say at the end of a rush hour: If a
queue extends over a sequence of links, then the jam should dissolve from the downstream end. In the queue model, it
will essentially dissolve from the upstream end. More details of this, including schematic fundamental diagrams, can
be found in (33, 31).

Despite this shortcoming, we will use the queue model for its simplicity. This point will be revisited in the
discussion.

4 QUEUE MODEL

4.1 Original Queue Model

Each link has, from the input files, the attributes free flow velocity v 0, length L, capacity C and number of lanes
nlanes. Free flow travel time is calculated by T0 = L/v0. The storage constraint of a link is calculated as Nsites =
L · nlanes/`, where ` is the space a single vehicle in the average occupies in a jam, which is the inverse of the jam
density. We use ` = 7.5 m.

The intersection logic by Gawron (34) is that all links are processed in arbitrary but fixed sequence, and a
vehicle is moved to the next link if (1) it has arrived at the end of the link, (2) it can be moved according to capacity,
and (3) there is space on the destination link (Fig. 1(a)). The three conditions mean the following:
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• A vehicle that enters link a at time t0 cannot leave the link before time t0 + T0, where T0 is the free speed
link travel time as explained above.

• The condition “vehicle can be moved according to capacity” is determined as

N < C or
(

N = C and rnd < f
)

where C is the integer part of the capacity of the link (in vehicles per time step), f is the fractional part of the
capacity of the link, and N is the number of the vehicles which already left the same link in the same time
step. rnd is a random number such that 0 ≤ rnd ≤ 1. According to this formula, vehicles can leave the link
if the leaving capacity of the link has not yet been exhausted for this time step. If the capacity per time step
is non-integer, then we move the last vehicle with a probability which is equal to the non-integer part of the
capacity per time step.

• “Space on destination link”: If the destination link is full, the vehicle will not move across the intersection.

4.2 Fair Intersections and Parallel Update

As discussed earlier, the problem with this algorithm is that links are always selected in the same sequence, thus giving
some links a higher priority than others under congested conditions.

One can modify the algorithm so that links are prioritized randomly proportional to capacity. That is, links
with high capacity are more often first than links with low capacity. In contrast to Ref. (4), we serve all vehicles of an
incoming link once that link is selected.

To make this work, the algorithm was moved from link-oriented to intersection-oriented (that is, the loop now
goes over all intersections, which then look at all incoming links), and we have separated the flow capacity constraint
from the intersection logic. The latter was done by introducing a separate buffer (see Fig. 2(a)) at the end of the link,
which is of size dClinke, i.e. the first integer number being larger or equal than the link capacity (in vehicles per time
step). Vehicles are then moved from the link into the buffer according to the capacity constraint and only if there is
space in the buffer; once in the buffer, vehicles can be moved across intersections without looking at the flow capacity
constraints. This approach is borrowed from lattice gas automata, where particle movements are also separated into a
“propagate” and a “scatter” step (35).

As a desired side effect, this makes the update in the algorithm completely parallel: If traffic is moved out of a
full link, the new empty space will only open in the buffer and not on the link, and will thus not become available at the
upstream intersection until the next time step – at which time it will be shared between the incoming links according
to the method described above. This has the advantage that all information which is necessary for the computation of a
time step is available locally at each intersection before a time step starts – and in consequence there is no information
exchange between intersections during the computation of the time step. Further details are given in algorithmic form
in Fig. 1(b).

In order to systematically test this intersection logic, an intersection test suite was implemented. This test
suite goes through several different intersection layouts and tests them one by one to see if the dynamics behaves
according to the specifications. The results typically look as shown in Fig. 2(b). In this particular example, one link
with 500veh/sec and one link with 2000veh/sec merge into a link with a capacity of 500veh/sec. The curves are,
for different algorithms, time-dependent accumulative vehicle numbers for the two incoming links. In this case, one
sees that until approx time-step 3400, both links discharge at rates 400 and 100veh/sec, respectively. After that time,
the first link is empty, and the second link now discharges at 500veh/sec. Not all algorithms are similarly faithful in
generating the desired dynamics; the thick black lines denote results from the algorithm that got finally implemented.
For further details, see (36).

5 PARALLEL COMPUTING OF THE QUEUE MODEL

5.1 Parallel Implementation

As was discussed above, the parallel target architecture for our transportation micro-simulation is a PC cluster. As also
discussed, the suitable approach for this architecture is domain decomposition, i.e. to decompose the traffic network
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graph into several pieces, and to give each piece to a different CPU. Information exchange between CPUs is achieved
via messages.

Next, one needs to decide where to split the graph, and how to achieve the message exchange. Both questions
can only be answered with respect to a particular traffic model, which is why they were not discussed previously.
Nevertheless, lessons learned here can be used for other models.

In general one wants to split as far away from the intersection as possible. This implies that one should
split links in the middle, as for example TRANSIMS in fact does (19). However, for the queue model “middle of
the link” does not make sense since there is no real representation of space. In consequence, one can either split at
the downstream end, or at the upstream end of the link. The downstream end is undesirable because vehicles driving
towards an intersection are more influenced by the intersection than vehicles driving away from an intersection. For
that reason, in the queue simulation we split them right after the intersection (Fig. 2(d)).

With respect to message passing, this implies that a CPU that “owns” a split link reports, via a message,
the number of empty spaces to the CPU which “owns” the intersection from which vehicles can enter the link. After
this, the intersection update can be done in parallel for all intersections. Next, a CPU that “owns” an intersection
reports, via a message, the vehicles that have moved to the CPUs which “own” the outgoing links. See Fig. 1(c) for
pseudo-code of how this is implemented using message passing. In fact, Algorithm B and Algorithm C together give
the whole pseudo-code for the queue model traffic logic. For efficiency reasons, all messages to the same CPU at the
same time should be merged into a single message in order to incur the latency overhead only once.

5.2 Performance Issues

Once the precise implementation of the parallelization is known, it is possible to predict the parallel performance. This
has been done in detail in Ref. (19). Since that reference refers to TRANSIMS instead of to the queue model, and
since we also have results regarding Myrinet (www.myri.com), the most important aspects will be repeated here, with
special focus towards the specific problems encountered in the current situation.

The execution time of a parallel program is defined as the total time elapsed from the time the first processor
starts execution to the time the last processor completes the execution. During execution, on a PC cluster, each
processor is either computing or communicating. Therefore,

T (p) = Tcmp(p) + Tcmm(p), (1)

where T is the execution time, p is the number of processors, T cmp is the computation time and Tcmm is the commu-
nication time.

For traffic simulation, the time required for the computation, T cmp can be calculated roughly in terms of the
run time of the computation on a single CPU divided by the number of processors. Thus,

Tcmp(p) ≈ Tcmp(1)

p
, (2)

where p is the number of CPUs. More exact formulas would also contain the overhead effects and unequal domain
size effects (“load balancing”).

In deviation from Ref. (19), we now assume that the time for communication is well approximated by the
latency only; this is in fact a good approximation for our system. Latency is incurred for each message that is sent.
Since it is possible to pack all messages to the same processor into one message, one obtains

Tlt = Nnb tlt ,

where Nnb is the number of neighboring processors (i.e. the processors which are reached via common split links),
and tlt is the latency per message.

The number of neighbors is zero at p = 1, and goes, for contiguous domains, to an average of six for p → ∞.
An interpolating formula is

Nnb(p) = 2 (3
√

p − 1) (
√

p − 1)/p , (3)

Latency of 100 Mbit Ethernet cards is about 0.5 ms; each processor sends messages twice per time step to
all neighbors resulting in ∼ 12 latency contributions or 6 ms per time step. In other words, the cluster can maximally
do 1000/6 = 167 time steps per second; in practice we find 130, see Sec. 5.3. If the time step of a simulation is one



Cetin,Burri,Nagel 8

second, then this is also the maximum real time ratio of the parallel simulation, i.e. the number which says how much
faster than reality the computer is. Note that the limiting value does not depend on the problem size or on the speed
of the algorithm; it is a limiting number for any parallel computation of a 2-dimensional system on a Beowulf cluster
using Ethernet LAN.

The only way this number can be improved under the assumptions that we made is to use faster communica-
tion hardware. Gbit Ethernet hardware is faster, but standard driver implementations give away that advantage (37).
In contrast, Myrinet (see www.myri.com) is a communication technology specifically designed for this situation. In-
terestingly, as we will see later, it will be possible to recoup the cost for a Myrinet network by being able to work with
a smaller cluster.

5.3 Computational Performance

The parallel queue model is used as the traffic microsimulation module within the project of a microscopic and activity-
based simulation of all of Switzerland. In this paper, we only report computational performance results; validation
results with respect to field measurements are reported elsewhere (38). Also note that our queue model is fully
calibrated and validated in terms of free speed link travel times and link flow capacity, since these numbers are taken
from the input files and implemented exactly. The same would be true for link storage capacity if those numbers were
available. It was described earlier (Sec. 4.2) how intersection priorities are modeled, and how the implementation was
verified.

The following performance numbers refer to the morning rush hour in a road network with 10 564 nodes
and 28 622 links. Demand contains all car trips of Switzerland which start between 6am and 9am; this results in
991471 trips. The largest number of vehicles simultaneously in the simulation is 162464 vehicles at 8am.

Our main performance measure is the Real Time Ratio (RTR) for this set-up. The RTR results for Ethernet
and for Myrinet are shown in Fig. 2(e). The speedup for the same simulations are given in Fig. 2(f). The most
important result with respect to the RTR is that the limiting computational speed of about 150 is confirmed: in fact,
the simulation using 100 Mbit Ethernet saturates at that RTR. In contrast, when using Myrinet as a communication
hardware, then the RTR does not saturate at this level. With respect to speed-up, with Ethernet that value saturates
at about 16 with 64 CPUs. With Myrinet, the highest value is a speed-up of 27, reached on 64 CPUs. Results are
reported using one or both CPUs of dual-CPU machines; in general, for a fixed number of CPUs using single CPUs
per node is faster. We were not able to test if completely switching off the second CPU would change the results.

As one can see, RTR is transformed into Speedup by a simple vertical transposition. The differences would
show up if one changed the scenario size: In the RTR plot, saturation for Ethernet would still happen at an RTR
of about 130 but the graph would be shifted to the left or right for smaller or larger scenarios, respectively. In the
Speed-Up plot, in contrast the level of saturation would depend on the scenario size while the part of the plot for small
numbers of CPUs would not change. Note that in both cases the results depend on the scenario size; it is impossible
to make parallel performance predictions without knowledge about the scenario size.

Because of the latency problem mentioned several times in this paper, in our view the RTR number is more
important than the speed-up. In fact, we could reach better speed-up values by using a slower simulation, since then
the communication overhead would be less in relation to the simulation. This has however not been our goal.

It is interesting to compare two different hardware configurations:

• 64 single CPU machines using 100 Mbit LAN.

Real time ratio 115.

Cost approx 64 × $2k = $128k for the machines plus approx $20k for a full bandwidth switch, resulting in
$148k overall.

• 32 dual CPU machines using Myrinet.

Real time ratio 193.

Cost approx 32 × $4.5k = $144k, Myrinet included.

That is, the Myrinet set-up is not only faster, but somewhat unexpectedly also cheaper. A Myrinet setup has the
additional advantage that smaller scenarios than the one discussed will run even faster, whereas on the Ethernet cluster
smaller scenarios will run with the same computational speed as the large scenarios.
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6 DISCUSSION

6.1 Traffic Model

Two arguments against the queue model often are that the intersection behavior is “unfair” in standard implementa-
tions, and that the speed of the backwards traveling jam (“kinematic”) wave is incorrectly modeled. The first problem
was overcome by a better modeling of the intersection logic, as described in Sec. 4.2. The second problem still
remains. What can be done about it?

If one wants to avoid a detailed micro-simulation as is done in TRANSIMS for example, then a possible so-
lution is to use what is sometimes called “mesoscopic models” or “smoothed particle hydrodynamics” (39). The idea
is to have individual particles in the simulation, but have them moved by aggregate equations of motion. These equa-
tions of motion should be selected so that in the fluid-dynamical limit the Lighhill-Whitham-Richards (40) equation is
recovered (41).

The number of vehicles in a segment is updated according to

N(x, t+1) = N(x, t) + Q(x− 1

2
, t) − Q(x+

1

2
, t) + g(x, t) , (4)

where N(x, t) is the number of vehicles in segment x at time t, Q(x− 1

2
, t) is the flow of vehicles from segment x−1

into segment x at time t, and g(x, t) is the source/sink term given by entry and exit rates.
What is missing is the specification of the flow rates Q(x, t). A possible specification is given by the cell

transmission model (41):

Q(x− 1

2
, t) = max[vf N(x−1, t), c

(

Nmax − N(x, t)
)

, Qmax] , (5)

where Qmax is the capacity constraint, c is the jam wave speed, vf is the free speed, Nmax is the maximum number
of vehicles on the link and all other variables have the same meaning as before.

Note that this now exactly enforces the storage constraint by setting Q(x− 1

2
, t) to zero once N(x, t) has

reached Nmax. In addition, the kinematic jam wave speed is given explicitely via c. There is some interaction
between length of a segment, time step, and c that needs to be considered. The network version of the cell transmission
model (32) also specifies how to implement fair intersections. The cell transmission model is implemented under the
name NETCELL.

Other link dynamics are, for example, provided by DYNAMIT (1) or DYNASMART (2). These are based
on the same mass conservation equation as Eq. (4), but use different specifications for Q(x). In fact, they calculate
vehicle speeds at the time of entry into the segment depending on the number of vehicles already in the segment. The
number of vehicles that can potentially leave a link in a given time step is in consequence given indirectly via this
speed computation. Since this is not enough to enforce physical queues, physical queueing restrictions are added to
this description. A further description of these models goes beyond the scope of this paper.

6.2 Parallel performance

Once more, the most important result of our investigations is that there is a natural limit to computational speed
on parallel computers which use Ethernet as their communication medium, and that speed is about 150 updates per
second. If a simulation uses 1-second time steps, then this translates into a real time ratio of about 150. We are
not aware of any other traffic simulation which has approached this limit, which is probably the reason why it is not
discussed more. It imposes important consequences both on real time and on large scale applications that need to be
considered. And in contrast to other areas of computing, it seems that waiting for better comodity hardware will here
not solve the problem: Latency, which is the technical reason for this limit, has not improved significantly over the
last decade. Gbit Ethernet has not much better latency than 10 Mbit Ethernet.

One option to go beyond this limit is to use more expensive special purpose hardware. Such hardware is
typically provided by computing centers, which operate dedicated parallel computers such as the Cray T3E, or the
IBM SP2, or any of the ASCI (Advanced Strategic Computing Initiative) computers in the U.S. An intermediate
solution is the use of Myrinet, which this paper shows to be an effective approach, both in terms of technology and in
terms of monetary cost.

On the algorithmic side, the following options exist: First, for the queue simulation it is in fact possible to
reduce the number of communication exchanges per time step from two to one. This should yield a factor of two in
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Speed-up. Next, in some cases, it may be possible to operate with time steps longer than one second. This should in
particular be possible with the kinematic wave models, since in those models the backwards waves do no longer travel
infinitely fast. The fastest time in such simulations would be given by the shortest free speed link travel time in the
whole system. In addition, one could prohibit the simulation from splitting links with short free speed link travel time,
leading to further improvement.

6.3 Task Parallelization

In Sec. 2, task parallelization was shortly discussed. There it was pointed out that this will not pay off if the traffic
simulation poses the by far largest computational burden. However, after parallelizing the micro-simulation, this is no
longer true. Task parallelization would mean that for example activity generator, router, and learning module would
run in parallel with the traffic simulation. One way to implement this would be to not precompute plans any more, as
is done in day-to-day simulations, but to request them just before the traveler starts. A nice side-effect of this would
be that such an architecture would also allow within-day replanning without any further computational re-design. We
are in fact working on such an implementation.

7 SUMMARY

A simple queue model for traffic flow was investigated. The main difference to queueing theory and to some dynamic
extensions of static assignment is a hard storage constraint on the link; this generates spill-back. In contrast, the queue
model is still simpler than the flow models of DYNASMART, DynaMIT, and the cell transmission model: The queue
model does not divide links into segments. The disadvantage of this is that jam wave speeds are no longer realistically
modeled; the advantage is higher computational performance.

Hard storage constraints have the consequence that link outflows are constrained both by the flow capacity
of the link itself and by space limitations on the receiving link. In contrast to earlier versions of the queue model, we
implemented “fair” intersections, where, if space on the outgoing links is limited, that space is allocated proportional
to the incoming links’ capacity.

The intention of this work is threefold: (1) Investigate minimal extensions of static assignment. (2) Investigate
parallel computing limitations of transportation simulations in general. (3) Use the queue model as a simpler and faster
alternative to TRANSIMS-like micro-simulations in activity-based transportation modelling.

With respect to computing, it was demonstrated that affordable Beowulf clusters (clusters of Pentium com-
puters with Linux operating system) can be used successfully for large scale problems. The latency of Ethernet
communication sets a hard limit on computing speed to about 150 simulation time steps per second, no matter what
the problem size. It was shows that the use of Myrinet communications technology overcomes that problem, and at
no higher cost, since with Myrinet one can reach better computing speeds with a smaller numbers of computers than
with Ethernet. A speed-up of 28 was reached on 64 CPUs, meaning in practical terms that a month of computing can
be reduced to about a day.

The model was applied successfully to a dynamic traffic assignment simulation of car traffic of the whole
country of Switzerland for the morning peak. The results of this are reported elsewhere (38, 42), including comparison
to a VISUM assignment result and to field volume data.
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ogy ETH, Zürich, Switzerland, 2001.

[21] A. Silberschatz, P. B. Galvin, and G. Gagne. Operating System Concepts. John Wiley & Sons, Inc., 2001.

[22] G. D. B. Cameron and C. I. D. Duncan. PARAMICS — Parallel microscopic simulation of road traffic. In J.
Supercomputing (23), page 25.

[23] G. D. B. Cameron and C. I. D. Duncan. PARAMICS — Parallel microscopic simulation of road traffic. J.
Supercomputing, 10(1):25, 1996.

[24] G.L. Chang, T. Junchaya, and A.J. Santiago. A real-time network traffic simulation model for ATMS applications:
Part I — Simulation methodologies. IVHS Journal, 1(3):227–241, 1994.

[25] W. Niedringhaus, J. Opper, L. Rhodes, and B. Hughes. IVHS traffic modeling using parallel computing: Per-
formance results. In Proceedings of the International Conference on Parallel Processing, pages 688–693. IEEE,
1994.



Cetin,Burri,Nagel 12
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[27] K. Nökel and M. Schmidt. Parallel DYNEMO: Mesoscopic traffic flow simulation on large networks. preprint,
2000.

[28] William Stallings. Queuing analysis. ftp://shell.shore.net/members/w/s/ws/Support/QueuingAnalysis.pdf, 2000.

[29] Berksekas D. and R. Gallager. Data Networks. Prentice Hall, MA, U.S.A., 1991.

[30] H.P. Simão and W.B. Powell. Numerical methods for simulating transient, stochastic queueing networks. Trans-
portation Science, 26:296, 1992.

[31] C. Gawron. An iterative algorithm to determine the dynamic user equilibrium in a traffic simulation model.
International Journal of Modern Physics C, 9(3):393–407, 1998.

[32] C.F. Daganzo. The cell transmission model, part II: Network traffic. Transportation Research B, 29B(2):79–93,
1995.

[33] P. M. Simon and K. Nagel. Simple queueing model applied to the city of Portland. International Journal of
Modern Physics C, 10(5):941–960, 1999.

[34] C. Gawron. An iterative algorithm to determine the dynamic user equilibrium in a traffic simulation model.
International Journal of Modern Physics C, 9(3):393–407, 1998.

[35] U. Frisch, B. Hasslacher, and Y. Pomeau. Lattice-gas automata for navier-stokes equation. Physical Review
Letters, 56:1505, 1986.

[36] A. Burriad. Intersection dynamics in queue models. Term project report, Swiss Federal Institute of Technology,
2002. See sim.inf.ethz.ch/papers.

[37] C. Kurmann, T. Stricker, and F. Rauch. Speculative defragmentation - leading gigabit ethernet to true zero-copy
communication cluster computing. Journal of Networks, Software Tools and Applications, 4(4):7–18, 2001.
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Algorithm A – Handling Constraints - Original algorithm
for all links do

while vehicle has arrived at end of link
AND vehicle can be moved according to capacity
AND there is space on destination link do

move vehicle to next link
end while

end for
(a)

Algorithm B – Links and Intersections separated:
// Propagate vehicles along links:
for all links do

while vehicle has arrived at end of link
AND vehicle can be moved according to capacity
AND there is space in the buffer (see Fig 2(a)) do

move vehicle from link to buffer
end while

end for
// Move vehicles across intersections:
for all nodes do

while there are still eligible links do
Select an eligible link randomly proportional to capacity
Mark link as non-eligible
while there are vehicles in the buffer of that link do

Check the first vehicle in the buffer of the link
if the destination link has space then

Move vehicle from buffer to destination link
end if

end while
end while

end for
(b)

Algorithm C – Parallel computing implementation
According to Alg. B, propagate vehicles along links.
for all split links do

SEND the number of empty spaces of the link to the other processor.
end for
for all split links do

RECEIVE the number of empty spaces of the link from the other processor.
end for
According to Alg. B, move vehicles across intersections.
for all split links do

SEND vehicles which just entered a split link to the other processor
end for
for all split links do

RECEIVE the vehicles (if any) from the neighbor at the other end of the link.
place these vehicles into the local queues.

end for
(c)

FIGURE 1: (a) The original queue model. (b) Vehicle movement at the intersections. Note that the algorithm
separates the flow capacity from intersection dynamics. (c) Parallel implementation of queue model.
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FIGURE 2: (a) The separation of flow capacity from intersection dynamics. (b) Test suite results for intersection
dynamics. The curves show the number of discharging vehicles from two incoming links as explained in section
4.2. (c) Decomposition of the Switzerland street network. Each color corresponds to a different processor. (d)
Communication between nodes in the boundaries: Node N1 needs to communicate with N2 and N3. Since N2
and N3 are on the same processor, they do not need to establish a communication between themselves. (e),(f)
show the real time ratio (top set of points) and speed-up (bottom set of points) for the 6-9 Scenario on single and
dual CPU machines, using Ethernet or Myrinet. The x-axis refers to the number of CPUs, no matter if they
were provided via 1-CPU or 2-CPU machines. The solid lines give the predictions according to the computing
time Tcmp and the latency term for Ethernet. As one can see, real time ratio and speed-up are related by a
simple vertical shift in the logarithmic plot.


