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Abstract. This work gives a short impression on the long history of SUMO’s default
car-following model, the one according to Stefan Krauß. It tries to summarize some
of the ideas that were needed to change a beautiful theoretical model into a versatile
and reliable tool that does its job in a wide variety of different situations, almost without
producing obnoxious surprises.
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1. Introduction

The simulation models built into traffic microsimulation software can be viewed as an
approximation to the original model, with models built into SUMO [1] being no excep-
tion. Differently from the original source, they need to perform correctly and reliably
under a huge amount of different conditions, or being used for different purposes than
originally intended [2]. This leads to adoptions and changes to the original model that
are often not well documented. In addition, they are enhanced with lane-changing [3],
[4] and intersection behavioral models [5], [6] that were absent from the original model,
again introducing subtle modifications.

Here, a short account of SUMO’s default model, the SK model (after Stefan Krauß)
introduced in [7], is presented. This article is restricted to the car-following (CF) part.
The CF is viewed as the most important part of any microscopic traffic model, it de-
scribes how a following vehicle reacts to the actions of a leading vehicle (acceleration,
deceleration, stopping etc). Basically, the following vehicle should not crash into the
lead vehicle, and it should not lag too far behind, at least if it is truly in CF-mode. The
traffic literature is full of such models, and still new ones are invented and described in
the literature.

The model [7] which serves as the default model in SUMO and was further inves-
tigated in [8], is based on the idea, that a vehicle must perform a crash-free trajectory.
It is crash-free, if the distance between leader’s rear and follower’s front (usually called
g(t) (”gap”)) is always positive for all times t. This can be achieved by computing a
safe speed vsafe and request that the updated speed v(t +∆t) ≤ vsafe, where vsafe may
depend on g, the speeds of the leader V and the follower v, respectively, and on some
additional parameters. In the original article [7], this results in a complicated formula
based on the discrete braking distances, which involved a square-root.
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Here, the presentation follows a simpler path, but note that a discrete for-
mula for the braking distance is used in SUMO as well, see the function
MSCFModel::maximumSafeStopSpeedEuler() in the code. A safe speed can also
be derived from a continuous representation, which is close to what some of us have
learned in driving school. It states:

v2

2b
+ vτ ≤ V 2

2B
+ g, (1)

where the first term is the braking distance of the following car (it brakes with brak-
ing deceleration b), the second term is the distance traveled during the minimum time
headway τ , and the first term on the r.h.s. is the braking distance of the leading car,
which decelerates with B. Similar ideas have been put forward already 20 years be-
fore, see, e.g. [9]. This condition should be fulfilled in each time step t (in the following,
t is omitted as often as possible to make the equations easier to read), where time
proceeds in integer multiples of the time-step size ∆t. Eq. (1) can be solved for v to
lead to a safe value of the speed v(t+∆t) ≤ vsafe, the original work used B = b:

vsafe = −bτ +
√

(bτ)2 + V 2 + 2bg, (2)

which again contains a square-root. This equation is still in the SUMO code, but
no longer in the default model, see MSCFModel KraussOrig1::vsafe(). To avoid the
costly call to the square-root (which was an issue at the computing machines in the
late 1990ies1), [8] came up with a simplification, which can be reached by a Taylor
expansion of Eq. (1) around v̄ = (v + V )/2. He had two additional arguments in his
favor, namely that to ensure safety it might not needed to actually ’compute’ the full
braking distance, and, since the Taylor expansion involves the derivative of the braking
distance with respect to v, there is no need in principle for having a fixed b, it might
be speed dependent. This then ends in Eq. ( 3), which might have been in very early
versions of SUMO’s code:

vsafe = V +
g − V τ
v+V
2b

+ τ
(3)

Clearly, Eqs (2) and (3) are not identical, however the difference especially for small
∆v is small enough to be not of importance. See Figure 1 for a comparison of the two
formulas, and in fact, the differences are small except for very extreme values of ∆v,
when the following car is approaching the leader rapidly (the total MAE in this Figure is
0.054m/s, and 0.014m/s for ∆v > −20m/s).

To complete this, the full update equations of the model read:

ṽ = min{v + amax∆t, vsafe, vmax}, (4)
v(t+∆t) =: v′ = ṽ − amax∆tεξ, (5)
x(t+∆t) =: x′ = x+∆tv′. (6)

This was being used in SUMO for a long time (and is now gSemiImplicitEulerUpd

ate). Here, the short-cuts (v′, x′) for the updated variables (v(t + ∆t), x(t + ∆t)) have
been introduced. Furthermore, ξ is a random number drawn from the interval [0, 1] and
ε is the strength of the noise, again from the interval [0, 1]. This models driver imperfec-
tions, and it renders the deterministic model (ε = 0) into a (dynamical) stochastic one.

1On modern machines the computation time difference does not existent anymore, we have checked. And: it is not
of importance for SUMO, since only about 1/3 of the compute time goes into the actual update of the speeds.
The other time is spent on intersection behavior and lane changing.
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Figure 1. The difference between the two equations for vsafe (left) and the relative difference (i.e. 1 =
100%, right), plotted as a function of g and ∆v, for a fixed follower speed v = 30m/s. The indices relate

to the equation numbers in this text. The parameters used are b = 3.5m/s2 and τ = 1.1 s.

It has two additional parameters amax, vmax for the maximum acceleration and speed,
respectively. Crash-freeness is guaranteed only if ∆t ≤ τ , and if b ≤ B (this was not
mentioned in [8], it has been learned later); and it has been proved in [8] only for the
approximated formula in Eq. (3). Note, that the proof of crash-freeness is not a gen-
eral crash-freeness but states that if a system is started in a safe state (i.e. where all
speeds are below their safe speeds), then the update does not change this. If the initial
condition violates this condition, then the result is not clear, vehicles may crash. This
lesson has to be learned when it comes to vehicle insertion, and to lane-change, where
additional care is needed.

Implicit in the formulation of the gap is also the vehicle length, and the addi-
tional parameter g0 (aka minGap in SUMO) which models the distance between two
stopped vehicles. This completes the small set of seven parameters of the model,
p = (amax, vmax, τ, b, ε, ℓcar, g0). All parameters, except ε, have a clear physical mean-
ing, and could in principle measured. Note, however, that in a calibration task it might
be better to use them as fudge parameters and try to minimize a given objective func-
tion without forcing an exact match between the parameters in the model, and the
parameters as they could be extracted from real data. Also worth mentioning is the
fact that in SUMO each vehicle can have its own set of parameters, making it a het-
erogeneous fleet to simulate.2 This is the default in SUMO since at least the maximum
speeds are distributed; and it is important, for instance if one wants to get the right fun-
damental diagrams so that it can be compared with frameworks like the HCM (Highway
Capacity Manual [10]) or the German HBS. See [11] for SUMO’s performance in this
regard. Note, too, that the common parlance in the community is not uniform: in some
work, the fact that the parameters are distributed constitute already a stochastic model,
which, from a dynamical perspective is still a deterministic model (provided SUMO is
used with ε = 0). The same holds for the insertion of vehicles (demand): this may be
stochastic, and therefore two simulation runs produce different results if a stochastic
demand is used, but as long as ε = 0, the simulation itself is deterministic.

2We still have to review papers where researchers claim this to be their main innovation.
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2. SUMO’s extended SK model

Although some problems with the approach so far have been noted before, they be-
came urgent when the ballistic update was introduced into SUMO. Eq. (6) is a so called
semi-implicit Euler update in SUMO, and as a side note it should be mentioned that this
is an example of a symplectic integrator3. Its precision is O(∆t), while the so called
ballistic update is O(∆t2):

x′ = x+
∆t

2
(v + v′) = x+ v∆t+

1

2
a∆t2. (7)

This innocuous change has some consequences, which are discussed in depth in
[12]. Two points are important here:

• The ballistic update introduces and additional term in Eq. (1), it now reads
v′2/(2b) + τ(v + v′)/2 ≤ V 2/(2B) + g, when τ = ∆t. This changes the compu-
tation of the safe speed, it now becomes (again, b = B is assumed):

vsafe = −bτ

2
+

√(
bτ

2

)2

+ V 2 + 2bg − bτv, (8)

• Stopping of a vehicle: Suppose, a vehicle brakes with b and has in time-step t a
speed v(t) < b∆t. Then, the new speed v(t+∆t) = v(t)−b∆t will be negative. The
Euler update above does silently set v(t+∆t) = 0, which is consistent within this
approach. The ballistic update cannot be handled in this manner. When forcing
v(t + ∆t) = 0 the new position x(t + ∆t) is larger than what would come out of a
correct treatment by either computing the exact time of stopping v(t)/b, or by using
the braking distance formula v(t)2/(2b) which was also used in the derivation of
the safe speed. Since v(t+∆t) < 0 the new position that came out of the ballistic
update is smaller than the one obtained by simply setting v(t+∆t) = 0, therefore
leading to crashes.

Another point has been mentioned already: the crash-freeness of the model hinges
on b ≤ B. This is due to the fact, that the safety condition Eq. (1) is only a terminal
condition. It is a fine irony, that on improving the braking capabilities of the follower by
making b > B, crashes are introduced. They happen during the braking process, while
still fulfilling the final condition after stopping that the follower stops behind the leader.
See again [12] for more details on this, and Figure 2 for a visualization.

And on top of that, there are sometimes floating point issues that lead to crashes,
because the final gap becomes −10−6 or so. To deal with this, SUMO uses a refined
approach. Here, we describe only the important points and ignore code that deals with
insertion, lane-changing, or emergency braking, which are all in there and make the
code difficult to grasp at once. Note, that the b > B issue has a very simple solution in
that the following vehicle assumes that the leader brakes with b, not with B. This leads
to a slightly sub-optimal result, since the correct solution (which can be found, but is in
fact complicated, see again [12]) would allow for higher speeds.

3. SUMO’s approach

To approach the points above, the CF update in SUMO for the default model is de-
scribed into more detail below. Note, that still a lot of points are skipped, we hope we

3A symplectic integrator is a numerical integration scheme, which preserves the energy of the system. This is not
important in CF models, nevertheless the difference between this and even the ballistic update (which is not
symplectic) can be seen in the very simple CF-model v̇ = g−V , which is a harmonic oscillator in (∆v, g)-space.
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Figure 2. Three braking curves: the leading vehicle (blue line) brakes with B = 3m/s2, while the
follower (orange line) used b = 6m/s2. In the final position, they are fine, but during the braking, a
collision has happened. SUMO avoids this by the follower assuming B = b (brown line), therefore

ending up a considerable distance behind the optimal stopping distance. However, the simulation (not
shown) corrects for this by the re-evaluation of vsafe in any time-step, so that g(t) ≥ 0 is fulfilled for all t.

have picked the most important ones. Note, too, that some constants like the time-
step size is omitted in this description, to keep things as clear as possible. Most of
the collision-freeness has been moved into MSCFModel, since it could be of use in other
models as well, most notably it is used in the ACC and CACC models. Furthermore,
the code must not only handle the CF itself, but also the insertion of a new vehicle into
a running simulation, as well as the lane-changing, and the stopping process.

• The CF process starts with MSCFModel Krauss::followSpeed(), which delegates
directly to MSCFModel::maximumSafeFollowSpeed(). This way, the functionality
can serve as a safety feature of last resort for other car-following models.

• By computing the brake gap of the leader car, the original safety equation Eq. (1)
is simplified to v2/(2b) + vτ ≤ C. Where C is computed with the help of function
brakeGap() and the equation is solved with function maximumSafeStopSpeed().

• The brakeGap()-function computes the distance a vehicle needs to come to a
complete stop, based on the current speed v, the headway τ , and the braking
deceleration b. It branches into a piece for the Euler, and a piece of code for
the ballistic update. The ballistic update uses the continuous formula above, i.e.
v(τ + 0.5v/b), while the Euler uses a discrete version, n v − b n(n + 1)/2) + vτ ,
where n = ⌊v/b⌋ (the floor) is the number of steps needed to reach v < b.

• maximumSafeStopSpeed() uses this brake gap to compute the safeStopSpeed(),
which again requires two separate functions and formulas. While the Euler version
is only one step with a complicated formula (accounting for piecewise constant
speeds), the ballistic update must take care of the fact that a stop occurs within
the next update. This is handled so as to compute a substitute deceleration so
that the vehicle comes to an exact stop at the end of the next time-step. This could
have been handled differently, see [13] for a slighly different approach.

• As mentioned already, the update takes care of the issue where b > B by assum-
ing in the various equations that the leader is braking with b, not B.

• Once the updated speed of the following vehicle is computed, the rest of code
sets the boundaries (of acceleration and speed) and finally in fact uses either Eq.
(6) or (7) to update the positions of the vehicles.
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4. Collisions

Early versions of SUMO implemented Eq. (2) and this formula can still be found in
MSCFModel KraussOrig1 (activated as carFollowModel="KraussOrig1"). However, this
formula does not match the vehicle dynamics of the original Euler-update rule of Eq. (6)
and could actually produce collisions. In the earliest version of SUMO this was circum-
vented by permitting arbitrary decelerations in dangerous situations, which was also
the original approach used in [8]: there, decelerations were not limited to b, albeit the
deceleration used by the model was in most cases smaller than b. Later versions of
SUMO limited deceleration to the value b assumed by the formula and thereby uncov-
ered the collision problem. This prompted introduction of the Euler-variant-formulas
for brakeGap() and safeStopSpeed(). Still later versions introduced another model
parameter to serve as a hard limit on deceleration (emergencyDecel).

However, collisions that are intentionally caused by the model design rather than
by conceptual problems or bugs are a desirable feature for traffic simulations since
they increase the breadth of possible situations that can be simulated. Thus far, the
following features are able to cause rear-end collisions with the default Krauss model
in SUMO:

• Setting a value of τ that is lower than the simulation step size. Since the simulation
step size sets a practical limit on the reaction time of the cars, vehicles continue
at their chosen speed for longer than anticipated by the safety formula.

• Activating a model for perception errors (device.driverstate) which applies
symmetrical noise to the leader gap and leader speed before computing the safe
velocity [14].

• Activating model parameter (apparentDecel) which replaces the true braking ca-
pabilities of the leader vehicle. Setting this to a lower value than the actual leader
deceleration can cause unsafe situations. Due to the fact that the leader decel-
eration is increased up to the value of the follower deceleration, this only has an
effect if the vehicle fleet uses heterogeneous deceleration values.

Further collisions and dangerous situations can be created by suitable configura-
tion for the intersection model and lane change-changing model.

5. Conclusion

This text has given a short account on the cliffs that had to be circumvented to make
SUMO’s default model as it is now. Especially the mechanism that ensures crash-
freeness is also used with most of the other models implemented in SUMO (some
of them are not crash-free by construction, like the ACC models), therefore it is quite
general and versatile.

There is another kind of irony involved here: when modeling traffic safety, the crash-
freeness is a show-stopper in the first place. This can be handled with SUMO’s tooling
as well, most notably with the action-step and the perception error mechanism. Note,
however, that considerable modeling work is needed to transform these basics into
a fully fledged traffic safety model. For instance, especially with the models for the
perception errors, a completely different world is entered, since almost nothing could
be measured: we only see the reaction of the driver on changes in the input variables,
but we cannot observe how they came up with the decision to change the acceleration.
Clearly, this is a paper for another time.
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