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Abstract— Highway on-ramps are regarded as typical bottle-
necks in transportation networks. In previous work, mainline
vehicles’ selfish lane choice behavior at on-ramps is studied
and regarded as one cause leading to on-ramp inefficiency.
When on-ramp vehicles plan to merge into the mainline of
the highway, mainline vehicles choose to either stay steadfast
on the current lane or bypass the merging area by switching to
a neighboring lane farther from the on-ramp. Selfish vehicles
make the decisions to minimize their own travel delay, which
compromises the efficiency of the whole on-ramp. Results in
previous work have shown that, if we can encourage a proper
portion of mainline vehicles to bypass rather than to stay stead-
fast, the social traffic conditions can be improved. In this work,
we consider employing a proportion of altruistic vehicles among
the selfish mainline vehicles to improve the efficiency of the on-
ramps. The altruistic vehicles are individual optimizers, making
decisions whether to stay steadfast or bypass to minimize their
own altruistic cost, which is a weighted sum of the travel delay
and their negative impact on other vehicles. We first consider
the ideal case that altruistic costs can be perfectly measured by
altruistic vehicles. We give the conditions for the proportion of
altruistic vehicles and the weight configuration of the altruistic
costs, under which the social delay can be decreased or reach the
optimal. Subsequently, we consider the impact of uncertainty
in the measurement of altruistic costs and we give the optimal
weight configuration for altruistic vehicles which minimizes the
worst case social delay under such uncertainty.

I. INTRODUCTION

Vehicles’ selfish choice behavior on the transportation
networks is regarded as one important cause of traffic in-
efficiency. In [1], [2], it is shown that the social delay may
deteriorate under vehicles’ selfish routing behavior. In [3]-
[5], vehicles’ selfish lane—changing behavior at various traffic
diverges and merges are studied and are shown to compro-
mise the social traffic conditions. Highway on-ramps are
one of the typical bottlenecks which are severely affected by
vehicles’ selfish lane—changing behaviors. Vehicles traveling
through the on-ramp lane plan to merge into the highway,
which stimulates various lane—changing behavior of the
vehicles in the on-ramp area. The lane—changing behaviors’
negative impact on the traffic conditions at on-ramps are
studied in [6]—[8].

Researchers have resorted to various methods to constrain
or guide vehicles’ selfish behaviors to improve the social
traffic conditions. In [9]-[13], the impact of the toll pricing
on vehicles is studied in vehicles’ selfish routing scenario.
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In [14], [15], a specific kind of toll called the marginal cost
is proved to be capable of optimizing the social delay when
vehicles are selfish routing. Recently, autonomous vehicles,
which are more controllable than human—driven vehicles,
are also increasingly studied on transportation networks.
In [16]-[19], autonomous vehicles are shown to be capable of
improving the social traffic conditions by preserving a shorter
headway than human—driven vehicles. In [20], autonomous
vehicles are regarded as altruistic vehicles, which are willing
to take routes with longer delay than the quickest route.

In previous work [5], we considered a highway on-ramp
with two lanes in the mainline as shown in Figure 1. Vehicles
traveling along the on-ramp lane O are trying to merge with
mainline vehicles on lane 1. To minimize their own travel
delay, selfish mainline vehicles along lane 1 choose between
two options. The first option is to stay steadfast on the current
lane 1 and merge with the on-ramp vehicles. The second
option is to switch to the neighboring lane 2 and bypass
the merging with on-ramp vehicles. We then modeled the
aggregate choice behavior of selfish mainline vehicles as a
Wardrop equilibrium [21]. The results from simulations show
that the selfish lane choice behavior worsens the social delay
and if properly more mainline vehicles bypass instead of
staying steadfast on the current lane, then the social traffic
conditions can be improved.

In this work, building on [5], we employ a proportion
of altruistic vehicles among the selfish mainline vehicles
to improve the social traffic conditions. Selfish mainline
vehicles choose to stay steadfast or bypass to minimize
their own travel delay, whereas altruistic vehicles make the
decision to stay steadfast or bypass to minimize their own
altruistic cost, which is a weighted average of the travel
delay and the marginal cost [14], [15]. Altruistic vehicles are
individual optimizers which require local delay and cost in-
formation but no centralized coordination. With the presence
of autonomous vehicles, it is envisioned that connected and
autonomous vehicles can be employed as altruistic vehicles
perceiving and minimizing configured altruistic costs. The
weight configuration of the altruistic costs indicates how
altruistic vehicles are. Naturally, the first question arises:
will the altruism improve the social traffic conditions in the
on-ramp lane choice scenario? To answer this question, we
consider when the altruistic costs are perfectly measured by
altruistic vehicles, and we find the conditions under which
the altruism helps to decrease or optimize the social delay.
The conditions indicate altruism always improves the traffic
conditions when altruistic vehicles are abundant. However,
for the scenarios when altruistic vehicles only have inaccu-
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Fig. 1: Problem setting: mainline vehicles on lane 1 (both
selfish and altruistic) choose to stay steadfast on lane 1 or
bypass the merging with on—-ramp vehicles.

rate estimates of the altruistic costs, how altruistic should
vehicles be? We then give the optimal weight configuration
for altruistic vehicles that minimizes the worst case social
delay under such uncertainty.

II. THE MODEL

Let I = {0,1,2} be the lane index set for the highway
on—ramp in Figure 1, where lane O is the on-ramp lane,
lane 1 is the outermost lane in the mainline and vehicles on
lane 1 make decisions to stay steadfast or bypass. For lane
1 € {0, 2}, we let n; be the normalized flow on lane ¢, which
indicates the relative magnitude of flow on lane ¢ among
the neighboring flows of lane 1. Note that ng + ny = 1.
We consider ng and no to be known and static. We then
collect them in the neighboring flow configuration vector
N := (ng,n2). For lane 1, let x5 (resp., ) represent the
proportion flow of selﬁsh (resp., altruistic) steadfast vehicles
on lane 1, and let 2} (resp., ) represent the proportion
flow of selfish (resp., altruistic) bypassing vehicles on lane
1. Now we collect the proportion flows on lane 1 in the
flow distribution vector x := (25,2}, 75, 7). Let o > 0 be
the altruistic ratio, i.e., the proportion of altruistic vehicles
among all the vehicles. A flow distribution vector is feasible
if and only if

o+ =1-q, (1)
#+ b =a, (2)
25 >0,2°>0,8 >0,z°>0. 3)

Selfish vehicles will only choose the option that can mini-
mize their own travel delay. For selfish vehicles, we employ
the delay models that are calibrated and validated in our
previous work [5]. Notice that the selfish flow proportions
in the original delay models have to be replaced by the total
flow proportions including both selfish and altruistic vehicles
choosing the same option. For simplicity of future reference,
we let @5 := x5 + &5 and 2} := 2z 4+ Z} be the total
proportion of steadfast and bypassing vehicles. Note that

B +ab =1 )

Let J} denote the travel delay experienced by selfish stead-
fast vehicles, and .J? denote the delay experienced by selfish
bypassing vehicles. We have

Ji(x)
Jr (%)

The cost coefficients are collected in the cost coefficient
vector C := (C!,C™, i,y : i € {1,2}). The coefficients are
all non—negative constants for an on—ramp, which need to be
calibrated for each on—ramp. The detailed explanation of the
coefficients can be seen in [5]. For simplicity of reference,
we rewrite the travel delay models for selfish vehicles:

:@Mﬁ+mrw?ﬁm7 (5)
= C; (’75%]13 + n2) + 3" x1n2 (6)

Ji(x) = K°%] + B, (7
JU(x) = K31 + B, ®)
where K° := Ctu+ Cng, B := Clung, KP := Cly +

C¥ngy and B := Clny are all non-negative constants for
an on—ramp with a given neighboring flow configuration N.
Essentially, we care about the social traffic conditions, i.e.,
the social delay. We also employ the delay models proposed
in [5] for vehicles on lane 2 and on-ramp vehicles. Let Jy
denote the delay experienced by on-ramp vehicles and Jo
denote the delay experienced by vehicles on lane 2. We have

Jo(x) = K°25 + B, 9)
Jo(x) = Kyi? 4+ BP, (10)

where Ky := C% + C¥ny is also a non—negative constant
for an on—ramp with a given neighboring flow configuration.
Notice that vehicles choosing the same option experience
the same travel delay no matter they are selfish or altruistic.
Therefore, the social delay can be expressed as

Jsoe(x) = 85 J5(x) + 27 J7 (%) + noJo(x) + naJa(x),
(11)

which is a convex function of x when IN and C are given.
Note that by Equation (4), we always have 25 = 1 — 2>, In
the later proofs, we tend to use & instead of x as the self—

variable of the delay functions. Let Jopt := bmin Jsoc (%)
£bef0,1]
denote the optimal social delay. Ideally, for an on—ramp
with a given neighboring flow configuration, we aim to
employ altruistic vehicles to decrease the social delay to its

minimum.

Altruistic vehicles also choose to stay steadfast or bypass
to minimize their own cost. However, to improve the social
traffic conditions, they are configured to perceive an altruistic
cost which is different from the travel delay. We propose the
altruistic cost to be the weighted sum of the travel delay and
the marginal cost (see [14], [15] for more details). Let jf
denote the altruistic cost for altruistic steadfast vehicles, and
jf denote the cost for altruistic bypassing vehicles. We have

i) = (1= 5) 1) + 52

= Ji(x) + BK®(2] + no),

(12)
13)



T = (1= 8) ) + 52 )

= JP(x) + B(K" 2]

where 0 < B < 1 is the altruism level of the altruistic
vehicles, which acts as the weight configuration of the
altruistic costs. The altruism level is assigned to the altruistic
vehicles by a central authority and can be interpreted as
the propensity of altruistic vehicles to optimize the social
delay. When 3 = 0, altruistic vehicles behave exactly like
selfish vehicles; when the altruistic ratio & = 1 and altruism
level 5 = 1, the resulting social delay is minimized. In
this work, we consider the altruism level to be the same
for all altruistic vehicles at the on—-ramp. Note that altruistic
vehicles are not explicitly coordinated, but are still individual
optimizers evaluating the altruistic cost instead of the travel
delay. Therefore, just as the selfish vehicles in [5], the
equilibrium of the choice behavior of altruistic vehicles can
be formulated as a Wardrop equilibrium [21]. Let a tuple
G = (N, C) be the full configuration of a highway on-
ramp shown in Figure 1, where N is the static neighboring
flow configuration and C is the cost coefficient vector.
The resulting choice equilibrium of the mixed selfish and
altruistic vehicles is then defined as below.

(14)

+ K2n2)7 5)

Definition 1. For a given on-ramp configuration G =
(N, C), a flow distribution vector x is a choice equilibrium
if and only if

25 (J3(x) = JP(x)) <0, (16a)
2y (J7 (%) — Ji (%)) <0, (16b)
B (J7(x) = J) (%) <0, (16¢)
E(JV (%) — Ji(x) <0 (16d)

The definition mathematically expresses that selfish vehicles
only choose the option with their own minimized travel
delay, whereas altruistic vehicles choose the option with their
own minimized altruistic cost.

III. WHEN NO UNCERTAINTY EXISTS

In this section, we consider the scenarios when no uncer-
tainty lies in the measurement of travel delay and altruistic
costs. We aim to analyze the impact of the altruistic ratio «
and the altruism level 8 on the resulting social delay.

In the rest of the paper, we only discuss a certain
meaningful set of on—ramp configurations. As discussed
in [5], when all vehicles are selfish, properly encouraging
the bypassing behavior of mainline vehicles can improve the
social delay. Thus in this work, we only focus on the on—
ramp configurations where selfish vehicles bypass less than
the socially optimal scenario. Moreover, when all vehicles
are selfish, at the choice equilibrium, if all the selfish vehicles
are bypassing vehicles, we cannot decrease the social delay
anymore by letting more vehicles bypass even with altruistic
vehicles; if all the selfish Vehicles choose to stay steadfast,
as discussed in [5], for any z? € (0,1], we have J5(z?) <
J1 (:cl) Naturally, when there are altruistic vehicles, for any

€ (0,1], we have J5(£%) < JP(&%). Therefore, 2 = 0

for any altruistic ratio and any altruism level, and the choice
equilibrium is only dependent on altruistic vehicles’ choices.
The choice equilibrium of a single class of vehicles is then
much the same as discussed in [5]. Furthermore, consider
the scenario when all vehicles are bypassing vehicles at
the socially optimal equilibrium, then to optimize the social
delay, we have to make sure all altruistic vehicles always
choose bypassing, i.e., J5(&}) > JP(&h), for any &} € [0,1),
thus the problem totally depends on selfish vehicles’ choice,
thus becomes again very similar to what is discussed in [5].

Therefore, in the rest of the paper, we only consider the
on-ramp configurations where we are able to employ altru-
istic vehicles to move the less efficient interior equilibrium
when all vehicles are selfish to a socially optimal interior
equilibrium with more bypassing vehicles.

Let ® denote the bypassing flow at the interior equilibrium

when all vehicles are selfish, which satisfies J§(®) = JP(®).
Solving the equation, we have
K*+ B®— Bb
=" 17
Ks+ Kb {17

Note that ® is only dependent on the on—ramp configuration.
For a specific on—ramp configuration, ® is a constant. More-
over, recalling Equation (11), the social delay Joc(27)is a
convex quadratic function of #?. Let A be the unique global
minimization point of the quadratic function, i.e., Jsoc(A) =
mlr]% Jsoc(2?). Note that A is only dependent on the on—
ml €

ramp configuration. For a specific on—ramp configuration
G, A is a constant regardless of any « or § and we
always have Jyoc(A) < Jops. If the social delay decreases
when the bypassing proportion increases for some on—ramp
configurations, we must have ® < A. Also, to ensure at the
social optimum, not all vehicles are bypassing vehicles, we
have A < 1.

Let G be the meaningful set of on-ramp configurations,
and we then have

G={G:0<P<A<1}. (18)

We then are ready to give the first core result in this work,
which establishes the conditions for the altruistic vehicles’
configurations to improve the social conditions or to reach
the optimal social conditions.

Theorem 1. For a given on-ramp configuration G =
(N, C) € G with altruistic ratio « and altruism level f5.

e The social delay is decreased by altruistic vehicles , i.e.,
Jsoc(2Y) < Jsoc(®), if and only if B> 0 and o € Ay,
where Ay = (9, 1].

o The social delay is optimized by altruistic vehicles, i.e.,
Jsoc(2?) = opt, If and only if f =1 and o € Ay,
where Ag = [A,1].

Proof. Let :%‘fT be the total bypassing proportion flow at the

intersection of the altruistic steadfast and bypassing costs,

ie., J5(aPT) = JP(2"1). Solving the equation, we have
1-p 20

=—Llo4+ A

1+5 1+5 (15
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Fig. 2: Sketch of the travel delay and altruistic cost functions,
where @ is indicated by the yellow dot and QEIIDT is indicated
by the pink dot.

Notice that §:§’T is a function of the altruism level 3 for a cer-
tain on—-ramp configuration. When 3 = 0, the altruistic costs
are exactly the same as the selfish delay. Therefore, altruistic
vehicles behave the same as selfish vehicles. Manipulating
altruistic vehicles would bring no change to the social delay.
In the meaningful set G, we always have & < A. When
B > 0, we have ® < ilfT and 55‘;’* is always an increasing
function of 3. Note that .f?}fT can be seen as a weighted
average of ® and A. We always have :EIIDT < A and when
8 =1, we have ﬁlfT = A. We then enumerate all the possible
cases of the resulting equilibria when altruistic vehicles are
involved, i.e., « > 0 and the altruism level 5 > 0. See
Figure 2 which sketches the delays and altruistic costs, at
the resulting equilibrium,

o Case (a): if 2P € [0,®), since the bypassing delay
is smaller than the steadfast delay and the bypassing
altruistic cost is smaller than the steadfast altruistic
cost, all vehicles will choose bypassing, i.e., b = 1.
Since ® < 1, the conclusion #? = 1 contradicts the
assumption that Y < ®. Therefore, the equilibrium

cannot lie in this case.

o Case (b): if #Y = @, the bypassing altruistic cost
is smaller than the steadfast altruistic cost, thus all

altruistic vehicles are bypassing vehicles, i.e., 2} = a.

Therefore, we have ¥ = ® — . The requirement for
this case to happen is 2% > 0, i.e. a < .

o Case (c): if 20 € (®@,40T), the bypassing altruistic
cost is smaller than the steadfast altruistic cost, thus
all altruistic vehicles choose bypassing, i.e., Z? = a.
However, the bypassing delay is larger than the steadfast
delay, thus all selfish vehicles will stay steadfast, i.e.,

x? = 0. Therefore, we have 3% = #} = a. Thus, the

requirement of this case is ® < a < ;%IfT.

o Case (d): if 2} = aﬁllﬁ, the bypassing delay is larger than
the steadfast delay, thus all selfish vehicles will stay
steadfast, i.e., ¥ = 0. Then we have 2} = 7t = itl)T.

The requirement for this case is :Elf <a,ie, T <a
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Fig. 3: The social delay versus the altruistic ratio under
different altruism levels. The on-ramp cost coefficients are
Ct=Ct=1, 0" =213, CP =1, p=24, v =86
and the neighboring flow configuration is ny = 0.37. The
on-ramp configuration lies in the meaningful set G. As we
can see, when altruistic vehicles are not abundant or the
altruism level is less than 1, the social delay improvement is
compromised.

o Case (e): if #b € (;%?T, 1], since bypassing delay is larger
than the steadfast delay and the bypassing altruistic cost
is larger than the steadfast altruistic cost, all vehicles
must stay steadfast, i.e., a?‘f = 0. Since ilfT > @ >0,
the equilibrium cannot lie in this case.

Consider the altruism level 5 > 0 as fixed, and consider
the altruistic ratio « as a variable. Recall that when o« = 0, all
vehicles are selfish, and at the equilibrium, i;l{ = &, we have
the social delay as Jsoc(®). We then only need to consider
case (b), (c) and (d). In case (b), the social delay remains
the same as Jyoc(®P), whereas in case (c) and (d), at the
equilbrium, we have & < ﬁ‘f < A. Recall that the social
delay function (11) is a convex quadratic function of ¥ with
a minimization point A, thus we have Jyo.(27) < Jooe ().
Since 0 < A < 1, then Jopy = Jsoc(A), and therefore, the
optimal social delay is only reached when 2} = :i"fT = A,
i.e., 8 =1 and the condition for case (c) is fulfilled.

In a nutshell, to decrease the social delay, we have to
set 5 > 0 and @ > ®. Otherwise, when 5 = 0, altruistic
vehicles act exactly like selfish vehicles, making no change;
when o < @, the equilibrium is always in case (b) and we
always have &% = ®. The social delay remains the same as
Jsoc(®@). Since 0 < A < 1, we must have Jopy = Jooc(A).
Therefore, to reach the optimal social delay, we have to let
j;‘f = A, which is only possible in case (d) when i?T = A,
i.e., f = 1. See Figure 3 as an example.

O

Theorem 1 shows that with slightly altruistic vehicles,
the social conditions can be improved as long as there are
enough altruistic vehicles; however, to reach the optimal
social traffic conditions, we have to employ enough purely
altruistic vehicles. The altruism level of altruistic vehicles
decides the best case of social delay we can do with abundant
altruistic vehicles.



IV. WHEN UNCERTAINTY EXISTS

In reality, measuring the travel delay could be relatively
easy whereas having an exact estimate of the altruistic part
of the altruistic cost is hard. In this section, we assume that
travel delay can be perfectly measured whereas some error
e ~ &(er,ey) is embedded in the altruistic costs, where
E(er, eu) is some probability distribution with a lower bound
er, > 0 and an upper bound ey > er,. We assume all altruistic
vehicles are affected by a homogeneous error, then the actual
altruistic costs perceived by altruistic vehicles are

S (x) = J3(x) + BeK> (&} + no),
JP(x) = JP(x) + Be(K®iY + Kony).

Without this uncertainty, we can easily use Theorem |
to set § = 1 and when altruistic vehicles are abundant,
ie., o € As, the social delay reaches optimal. However,
with this uncertainty, we may not optimize the social delay
as we expected. Thus, we are interested in the worst case
social delay for different choice of altruism levels with the
presence of the uncertainty. In the end, we aim to find an
optimal altruism level to minimize the worst case social
delay with respect to the cost uncertainty and level of on—
ramp configuration uncertainty. We first give the following
definition of the generalized price of anarchy to characterize
the worst case social delay in our problem setting.

(20)
21

Definition 2. For a given on-ramp configuration G =
(N, C) € G with an altruism level 3, the price of anarchy
(PoA) is defined as

JSOC(G7 B? 67 a)

PoA(G,B,E):== sup  sup ot (G)
op

e~&(er,eu)ac€Az

(22)

Note that the design goal is to optimize the social delay,
therefore, the price of anarchy only focuses on the altruistic
ratios in the A5 range. Then we define the optimal altruism
level that we are trying to find.

Definition 3. For an on-ramp configuration G € G, the
optimal altruism level 3* satisfies

8% = arg m>11(} PoA(G, B,€). (23)

LetIl := W Note that in G, we always have 1—® > 0,
thus IT is nonzero. Let G; := {G €eg:0<II< } and

2 := {G € G\ G1}. We are ready to give the followmg
theorem.

Theorem 2. For an on—ramp configuration G € G, the opti-
mal altruism level * = €L1H ; for an on—ramp configuration
G € Go, the optimal altruism level * = \/eiTU

Proof. In the choice model considering the uncertainty, we
see the product of e and § as the “effective” altruism level
which corresponds to the altruism level in the cost models
considering no uncertainty. The cases of equilibria are then
enumerated in the proof of Theorem 1. Now consider the
on-ramp configuration G, the altruistic ratio « and the error
bounds ej, and ey are fixed and see the product of Je as a

8.70 1
a=0.8
— a=0.63

=== Jopt

Jsoc(X)

8.55

Be

Fig. 4: The social delay versus Je under different altruistic
ratios. The on-ramp cost coefficients are Cf = Cf =
1, ¢ = 213, C =1, p = 24, v = 8.6 and
the neighboring flow configuration is ng = 0.37. The on—
ramp configuration lies in the set Go. The worst case social
delay happens on the pink curve. The optimal altruism level

satisfies 8* = \/eiTU

variable. Since in the definition of PoA, o € Ay, we must
have a > ®. Therefore, we only need to consider case (c)
and (d). In a nutshell, when o > i}fT, at the equilibrium,
&b = #°1, and the social delay is calculated as Jyoc(227);
when a < 2%7, at the equilibrium, 2> = «, and the social
delay is calculated as Jsoc(). Recall that & AbT is a function
of Be (see Equation (19)), we then may use the notation

#27(Be). Now let us consider

e Case (A): IT < 0. In this case, the range A5 can be
divided into two ranges.

- Case (A.1): For any a € [A,2A — @), the resulting
equilibrium changes from case (d) to case (c) when
AET (Be) = a. Let /3 denote the transition point, where
#%7(B) = a. Solving the equation, we have 3(a) =
ﬁ > 1, which is an increasing function of
. For Be < B, the equilibrium is at 27 = 2%,
and the social delay can be calculated as Jsoc(ilf ).
Since the somal delay function is a convex quadratic
functlon of & xl , xE’T is an increasing function of e,
and 7 T(Be = 1) = A, the social delay will first
decrease, reaches optimgl at Be = 1 and then increase
to Jsoc(). For Be > B, the equilibrium remains at
#Y = a, and the social delay remains the same at
Jsoc(@). Note that when « increases, since we have
a > A, Jyoc(a) increases.

For clarity, Figure 4 gives an example of an on—
ramp configuration satisfying II < 0. The blue curve
(o = 0.63) corresponds to case (A.1).

- Case (A.2): When o € [2A (I) 1], for any Be > 0,
the equilibrium is at #? = 331 The social delay can
be calculated as Jsoc(xlf ) and similarly to case (A.1),
the social delay will first decrease, reaches optimal at
Be =1 and then increase with Se increasing.

The pink curve (o = 0.8) in Figure 4 corresponds to
case (A.2).
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The shape of the social delay function in case (A.2) can
be seen as a whole curve without the stage after 5 in
case (A.1). For the on—ramp configurations in case (A),
considering all @ € A, the equilibrium with the worst
case social delay happens at case (A.2). Notice that the
function Jsoc(zfclfT) is a convex quadratic function of ﬁ}fT
and :fc'f is an increasing function of Se. Therefore, to
minimize the PoA, we let

P (Brey) — A=A — 22 (B%er). (24)

Thus, we have g* = \/ei—eu and Jyoo (27 (B%er)) =
Jsoc(i}fT(ﬁ*eU))'

o case (B): IT > 0. In this case, for any o € As, similar
to case (A.l), the resulting e?uilibrium changes from
case (d) to case (c) when 5&? = «. As discussed in
case (A.1), for the on—ramp configurations in case (B),
considering all & € A, the equilibrium with the worst
case social delay happens when o = 1. Note that IT =
B(a = 1), which is exactly the transition point when
a=1.Dueto A < 1in G, we always have IT > 1. The
worst social delay function with respect to Se is then
a combination of the function JSOC(:%}IDT(B@)) and the
constant stage Jyoc(1) starting at Se = II. We thus have
to consider two scenarios. Letting By, = —=

Jsoc (@ (Bgmer)) = Jeoe (@2 (Bgmeu)), then the same
as case (A), we have 5% = By if Jsoc(g“c'ff(ﬁgmeL)) >
JSOC(:%?T(ﬁgmeU)), then the constant stage has been
reached at the upper bound of the error, i.e., Bgmeu >
II. Therefore, we could care less about the upper bound
but more about the lower bound. To minimize the worst
case social delay, instead of equalizing the social delay
on the upper bound and the lower bound, we equalize
the social delay of the lower bound and of the transition
point II. Therefore, we let

FT(I) — A = A — YT (Brer). (25)
Thus, we have §* = eLln'

Summarizing the cases, only when Sg,,ey > Il is satisfied in

. > 1 . .
case (B),ie., 0 < Il < Z—‘Lj, we have §* = L otherwise,

we always have $* = \/ﬁ O

According to Theorem 2, when measurements are imper-
fect, we can configure the altruistic vehicles with the optimal
altruism level to minimize the worst case social delay under
the uncertainty.

V. CONCLUSION

In this work, we employ altruistic vehicles among the
selfish mainline vehicles to improve the social traffic con-
ditions of the on-ramps. We gave the conditions of the
altruistic ratio and altruism level for altruistic vehicles to
decrease or optimally decrease the social delay. Further, we
assumed uncertainty in the altruistic cost measurements and
we gave the optimal altruism level to configure altruistic
vehicles which minimizes the worst case social delay under
the uncertainty.
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