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Safe Shared Control
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Abstract—By combining automation accuracy with
human adaptability, shared control provides enhanced
performance and safety in dynamic, complex environments.
Traditional arbitration methods for integrating automation
and human inputs often rely on system-specific, parameter-
dependent functions that are based on shared control
metrics such as trust, workload, or attention. Meanwhile,
Control Barrier Functions (CBFs) enforce safety con-
straints on automated systems but are typically limited to
safeguarding plant states. This letter introduces a novel
arbitration method based on Control Barrier Functions
(CBFs), where shared control metrics such as workload,
attention, and trust are expressed as real-time inequality
constraints. The resulting quadratic-programming formu-
lation determines the automation assistance input that
enforces these constraints while preserving feasibility and
safety. This CBF-based arbitration provides a systematic,
interpretable, and scalable foundation for safe human-
autonomy integration.

Index Terms—Shared control, Human in the loop.

[. INTRODUCTION

NE OF the guiding design principles in shared con-

trol [1] is human-centeredness, where the human
operator has the final authority [2]. It is also important that
the human operator can complete the task independently,
particularly when a failure and/or degradation of the automa-
tion occurs [3]. Furthermore, the transparency of automation
is central, providing increased situational awareness, and
enabling the operator to override the system when necessary.
Accordingly, these aspects must also be reflected in how
shared control frameworks are validated. Validation should
not only consider nominal conditions, but also the system
performance beyond the design specifications of the automa-
tion [4].

A key task in shared control is arbitration: determining how
to blend human and automation inputs. Arbitration schemes
have been developed for domains such as manufacturing [5],
flight control [6], and driving [7]. These schemes are often
based on adaptive weightings that depend on safety metrics,
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distraction, workload, or trust [8], [9], [10], [11], frequently
relying on hand-tuned, parameter-heavy functional forms tai-
lored to particular system architectures [12], [13].

Rather than tuning parameter-dependent arbitration
schemes, we propose a Control Barrier Function (CBF)
based approach, where constraints are enforced through
quadratic programming formulations [14]. By expressing
shared control metrics as inequality constraints, we enable
a systematic automation intervention. For example, rising
cognitive workload may lead to increased attention and reduce
trust simultaneously. Thanks to the CBF-based approach,
these multiple metrics can be given their own bounds,
resulting in a far richer arbitration than a single mixing
coefficient. The formulation is modular, as new barriers or
metrics can be added without changing the structure of the
arbitration approach. It is also scalable since the inclusion
of additional metrics or barriers requires only augmenting
the safe set with negligible cost in computation. Moreover,
the method is interpretable, meaning changes in behavior can
be analytically linked to specific barriers, making it possible
to understand which factor altered the automation assistance
in a given instance. This also makes it easier to modify
the barrier conditions for each metric, enabling targeted
adjustments of the system’s response to attention, fatigue, or
workload.

A related line of work introduces a performance-based trust
metric as a CBF constraint for adaptive cruise control in
a traded control setting, without simultaneous action, where
either the human or the automation is in control at any
given moment [15]. In most shared control applications, CBFs
have been employed to prevent human operators from driving
systems into unsafe regions [16], [17], [18], or see humans
as passive entities that must not be harmed [19], [20]. While
these works do address shared control, they use CBFs primar-
ily to ensure safety with respect to the physical system’s states.
Unlike earlier work, we propose a CBF-based shared control
framework that regulates the automation assistance based on
shared control metrics (workload/attention/trust) while human
and automation act concurrently. Our approach formulates an
arbitration problem, where CBFs enforce collaborative con-
straints that directly reflect human-system interaction quality.

[l. FRAMEWORK

In this section, we introduce a safe shared-control frame-
work, where safety is guaranteed via a careful control barrier
function (CBF) design (see Fig. 1).
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Fig. 1. Block diagram of the proposed architecture.

A. Plant Dynamics
We consider a control-affine plant

Xp =fp(xp) + gp(xp) Up, (D

where x, € R%, u, € R%, and f, : R — R, g, : R —
R™ >4 are locally Lipschitz. The plant input is taken as the
sum of human and automation commands,

U, = Yn+Ya, ()

where yp,, y, € R% denote the human operator command and
the automation assistance.

Remark 1: We do not commit to a specific assistance
strategy. As an illustrative example, the automation may aim
to minimize the deviation between the human input y, and a
nominal ideal input y;,. This yields the classical input-mixing
strategy [21], up = (1 =MDy +Ayn = Yo+ AQn — Y0,
where A € [0, 1] is a (possibly time-/state-dependent) mixing
coefficient. Comparing with u, = y;+y,, the assistance signal
isyg = AQn—yn).

B. Human Operator Model

We model the human operator as

(3a)
(3b)

xn = fu(xn, xp) + gn(xn. xp) 7,
Yo = hp(xn) + jnCen) 1,
where x; € R™ is the human state, x, € R is the plant state
from (1), and f;, : R%T% — R", g, : R — RUXdn
hp : R™ — R, j, : R™ — R%>9h are locally Lipschitz. The
reference is r € R?", and thus y, € R%.
Using (1)-(3), we obtain

i = H _ [fp(xp) +gp(x,,)hh<xh>}

')'Ch fh Xh, xp)
8p(xp) gp(xp)fh(xh)} |:)’aj|
+|:On;, xqp 8&h (xh, xp) r| “)

where x = [x] xI1T € R with n = n,+ny. The vector fields
in (4) can be identified as

_ [5olw) + 8o () G

f(-x) - [P P fh(xz,xl;) ’ (Sa)
_ gp(xp):| _ [gp(xp)jh(xh)]

8a(x) = |:Onh><q,, , &) = gh(xh,xp) . (5b)

Taking the automation assistance signal y, in (2) and the
reference signal r in (3) as inputs, the overall shared-control
dynamics can be obtained using (1)—(5) as

X =f) 4+ ga(X)ya + gr(X)r. (6)

C. Arbitration Control Barrier Functions (ACBF)

Definition 1 [22]: Consider the system x = f(x) + g(x) u,
xe X CcR'and u € U C RY, where f : X — R"” and
g : X — R™1 are locally Lipschitz, and U is nonempty and
compact. A continuously differentiable function b : X — R
defines the safe set

C2{xeX|bkx) >0} @)

The function b is a control barrier function (CBF) if there
exists a class-K function « such that

sup [Lfb(x) + Lgb(x) u + a(b(x))] > 0, Vx e C, (8)
uelU
where Lyb and Lgb are the Lie derivatives of b along f and g.
It is assumed that Lyb(x) # O for all x € 9C, where 9C =
{x e X | b(x) =0} is the boundary of C.

Considering the shared-control dynamics (6), with the ref-
erence r treated as a known exogenous input, (8) becomes

sup [ Lrb(x) + Lg, b(x) r + Lg, b(x) yo + a(b(x)) ] > 0
Ya€Ya

Vx € C, €))

where Y, is the compact, convex admissible assistance set
containing the origin. In the shared-control context, b may
encode a metric such as operator attention. Then the safe set
C in (7) characterizes states for which the operator’s attention
is sufficient for safe operation.

As described in Definition 1, the function b(x) in the
inequality (9) being a CBF ensures that there exists at least one
automation assistance input y, € Y, such that the inequality
can be satisfied for each x € C. However, the conditions
when regulating the automation assistance in the case of shared
control need to be stricter: even before defining the barriers
regarding workload, trust, or attention, we require the safe set
C in (7) to be characterized by a region where the human
operator can keep the system within C without any help from
the assistance. Moreover, automation disengagement, i.e., y, =
0, must always be feasible in terms of shared control safety.
In other words, the human must be able to keep the system
within the safe limits even if the automation is switched off,
since such instances can lead to unsafe situations [23]. This
sets our foundation for regulating automation assistance.

We model the barriers as b(x, p) with p £ (r, 7, ...) so that
the safe set C(p) = {x | b(x, p) > 0} is task-specific, such
that its geometry and tightness adapt to the current reference
and its local features (e.g., rate, curvature). This makes the
constraints reference-aware and allows the same mechanism
to enforce safety consistently across different tasks/references.
It is assumed that the exogenous task-level reference signal r
and its derivatives up to order v are available to the automation
and r € C", i.e., r is v-times continuously differentiable.

Using Lie derivatives with respect to the x—argument (hold-
ing p fixed), we define

Dob(x, p) = Lb(x, p) + Ly b(x, p)r

v—1

db(x, p) (it
+ X(;Wr , (10a)
1=
Dab(x, p;ya) = Dob(x, p) + Lg,b(x, p)ys. (10b)
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Along the closed loop with assistance y,,

d
E b(x(t), ,O(t)) = Dyb(x, p; ya),

d
5 L@, 0()

(11a)

, = Dob(x. p). (11b)

Ya=
Note that if b = b(x), then % = 0, Dob(x) = Lgb(x) +
Lg b(x) 7, and Db(x; yq) = Dob(x) + Lg,b(x) y, such that Lie-
derivative expression in (9) is recovered.

Considering the shared-control system (6), we define
Arbitration Control Barrier Functions as follows.

Definition 2: Let C(p) £ {xeR"| bxp) =0} be
the safe set induced by the barrier b = b(x, p). Then b is an
arbitration control barrier function (ACBF) for (6) if there
exists a class-KC function « such that

Dob(x, p) + a(b(x, p)) > 0, Vxe Clp). (12)

That is, the ACBF condition is evaluated along the no-
assistance dynamics (y, = 0).

Remark 2: Definition 2 allows independent development
of different ACBFs since they all share a common feasible
solution at y, = 0. This modularity allows independent
development and tuning, and deployment of multiple ACBFs,
such that adding a new barrier or tightening an existing one
preserves feasibility because y, = 0 always satisfies (12).

Let bi(x, p), ..., byu(x, p) encode different shared-control
requirements (e.g., maintaining operator awareness and trust,
limiting workload). The resulting safe set is the intersection

m
Cp) & (YxeR"| bi(x, p) = 0,
i=1
and the ACBF condition (12) must hold for all x € C(p).
Remark 3: The safe set C(p) in (13) needs to be defined
carefully: If it is overly permissive, the system may be labeled
as “safe” under unrealistic conditions. For instance, using
a single barrier function to enforce high human attention
might classify oscillatory behaviors as safe because the barrier
condition is met. Therefore, the safe set should be specified
tightly by various ACBFs to reflect required constraints and
ensure that the system’s behavior remains acceptable.
Following the design of ACBFs, automation input is found
by minimizing the norm between nominal automation assis-
tance y, nom(f) and a safe one. Let y, € Y, be the optimization
variable, representing a candidate safe version of y; nom().
The automation assistance input is obtained as

13)

Ve = arg min | ya = Yauom® | (14)
Ya€Yq
s.t. Dab,-(x, 0; ya) + oti(b,-(x, ,0)) >0, i=1,...,m,

where b; are the ACBFs and «; are class-XC functions. Each
constraint is affine in y, (through Lg b;y, in (10b)), so (14) is
a convex quadratic program with a nonempty feasible set that
always contains y, = 0 by Definition 2. The optimizer y(¢) is
thus the assistance signal closest to the nominal y, non(f) that
enforces the barriers. Under the ACBF conditions, applying
Ya = Y5 (t) in (6) renders the safe set C(p) forward invariant
such that for any x(0) € C(p(0)), the trajectory satisfies x(¢) €
C(p(r)) for all t > 0.

Unlike classical CBF formulations (as in Definition 1) that
require Lgh(x) # 0 on the boundary of the safe set, 0C,
the ACBF condition (12) is evaluated along the no-assistance
dynamics (y, = 0). Therefore, if L,,b(x, p) = 0, the full
constraint Dgb(x, p; y,) + a(b(x, p)) > 0 used in the QP (14)
reduces to (12) since Dyb = Dob with Lg b(x,0) = 0
(see (10b)), which is feasible by definition.

[11. CASE STUDY: A THEORETICAL ANALYSIS
A. Shared Control System Description

Consider a pitch-tracking task, where the pilot makes the
aircraft follow a pitch angle reference. The linearized plant
dynamics representing the aircraft, where input is the elevator
deflection and output is the pitch angle, is given by

Xp(t) = Apxy () + Bpuy (1),
Yp(0) = Cpxp(0),

(15a)
(15b)

where x, € R is the plant state vector, u, € R is the input,
yp € Riis the output, A, € R™*"™ is the known system matrix,
B, € R%*!is the known control input matrix, and C, € R*"»
is the known output matrix. The plant input is u, = y, + ya
as in (2), with g, = 1 here.

If the original plant dynamics, denoted A/, are not stable,
or if one wishes to modify its dynamics, it is common to
apply state feedback of the form u, = u;, — K,x,, yielding a

P
closed-loop system with effective dynamics

Ap = A, — B,K,, (16)

where K, € R!*7 is the feedback gain. We use Ap to denote
such a modified, stable system matrix.

The human pilot is described by [24]
Tps +1
T,s+1

(r(®) = (), 7)

yi(s) = kp

where k,, T, and T, are positive scalars. The model in (17)
can be written in state space form as

(18a)
(18b)

xn(0) = apxn(®) + bu(r() — yp(0),
Ya(t) = cpxn(t) + du(r(1) — y, (1)),

where x, € R is the human state, y, € R is the human output,
and r € R is the reference signal. Parameters ay, by, ¢, and
dy are real valued scalars. Using (15)—(18), the overall shared
control system dynamics can be written as

P ):cp _ Ap — BpdpCp  Bpey || xp
Xn —b,Cp ap Xh

Bp deh YVa
+|:0 by, :||:r ’

where x = [x; xp]? e R+

19)

B. Arbitration Control Barrier Function Design

We design a “safety enforcement” mechanism (see Fig. 1)
to ensure that the pilot workload stays within reasonable limits
in the presence of automation assistance. The workload should
neither be reduced to a level that causes attention loss, nor
increased unnecessarily, which can lead to fatigue.
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While various workload metrics can be defined based on
pilot command, command rate, tracking error, or error rate
depending on the task, in this case study the workload is
represented as a simple, differentiable measure of pilot control
activity that captures both the effort and rate of response,
defined as the sum of the squared pilot command and its time
derivative as

wp(x, p) = yu(x, p)* + Jnlx, p). (20)

We define two barriers
bi(x, p) = wp(x, p) — wr (1), (21a)
ba(x, p) = wy(t) — wp(x, p), (21b)

so that by > 0 and by > 0 are equivalent to wy, < w, < wy.
The signals wy () and wy(¢) are included in the state vector
for notational simplicity. We keep writing by = b (x, p) and
by = by(x, p), and we keep the symbol x for the augmented
state, i.e., x = [)c;,r xp wr wyl' and n = n, + 3. These
states are updated as

Wi (1) = Dowy(x, p) + y1 (wp(x, p) — wr() — ¢(d(0)), (22a)
Wy (1) = Dowp(x, p) — y2(wu () — wp(x, p)) + ¢ (d(®)).
(22b)

where d(1) £ wy(t) — wr(r) is the separation, and
v1, ¥2 > 0. Here Dow,, (x, p) is the no-assistance workload rate
(see (10a)—(10b)). The function

$(d) = i—” log (1 + ¢ =), (23)

)4

for some cp,Sp, dmin > 0. Here ¢(d) is a continuously
differentiable surrogate of ¢, max(0, dmin — @) such that it is
strictly decreasing in d, vanishes for large d, and activates
when the separation d approaches dmin. The constant ¢, scales
the effect and s, controls the sharpness of activation. We
assume an initially ordered pair of limits, d(0) > 0.

By explicitly referencing the pilot-only workload rate
Dowp(x, p) in the limit dynamics (22), the ACBF constraints
become adaptive to task phase and difficulty. In contrast to
fixed envelopes that can be overly tight during aggressive
maneuvers and overly loose in calm segments, the bounds
implicitly track the human-only slope, yielding instantaneous-
rate limits centered on Dow,(x, o). This baseline-referenced
formulation preserves feasibility with y, = 0 while preventing
assistance from inducing abrupt under- or over-loading relative
to what the pilot would naturally expect.

Lemma I: Let y1 = y» = y > 0 and dpin > 0. The
separation d evolves as

d = Fd) = —yd + 2¢(d), (24)

which admits a unique equilibrium d* > 0 with F(d*) = 0,
and d* is exponentially stable.

Proof: Subtracting (22a) from (22b) with y; = y»» = y
gives (24). Since ¢ is C', F is locally Lipschitz and solutions
are unique. Because ¢ is strictly decreasing, F'(d) = —y +
2¢'(d) < —y < 0, so F is strictly decreasing with F(0) =
2¢(0) > 0 and F(d) - —oo as d — oo; hence there is a
unique d* > 0 with F(d*) = 0.

Let e := d — d* and choose the Lyapunov function V(e) =
%ez. Using F(d*) = 0, we get V = eF(d) = e(—ye+
2(¢p(d) — ¢(d*))). Since ¢ is strictly decreasing, e(¢p(d) —
#(d*)) < 0, with equality only at e = 0. Therefore V <
—ye* = —2yV, which implies V(r) < ¢2'V(0) and hence
e(t) — 0, and (24) is exponentially stable. |

Theorem 1: Consider the shared-control dynamics (19),
the workload definition (20), the barriers (21), and the
update laws (22). Then b; and b, are valid ACBFs (see
Definition 2) for the shared-control system and there exist
class—KC functions «1(s) = ys and ap(s) = y»s such that,
for all states x in the safe set, (12) holds, i.e., Dob;(x, p) +
ai(bi(x,p)) = 0, VxeC(p),fori=1,2.

Proof: By Definition 2, the ACBF condition is evalu-
ated with assistance disengaged, i.e., along the no-assistance
dynamics (y, = 0), so D,(-) = Do(-). From (21) and the chain
rule applied to functions of (x, p),

Doby = Dow, — wir, Doby = wy — Dowp.  (25)
Evaluating (22) with D, — Dq gives

wr, = Dowp + 1 (wp — wr) — ¢(d), (26)

wu = Dowp — v2(wu — wp) + ¢(d). (27)

Subtracting (26) from Dow, and substituting by = w, — wr
yields
Doby = Dowp —wp = —y1b1 + ¢(d). (28)

Similarly, subtracting Dow), from (27) and using b, = wy —w)
gives

Doby = wy —Dowp = —y2b2 + ¢(d). (29)

Let a1(s) = y1s and o2(s) = y»s. Then, for i =1, 2,
Dobi + ai(by) = ¢(d) = 0, (30)
since ¢ (-) > 0 by construction (see (23)). [ |

Remark 4: At each instant, the safety filter solves (14).
From the barriers (21) with (22), Dsby = Dgw, — wr
and D,by = Wy — Dgwp, so the constraints in (14) are
equivalent to the instantaneous workload-rate band — ¢ (d) <
Dawp(x, p;ya) — Dowp(x,p) =< ¢(d), or equivalently,
Dow,(x, p) — ¢d@®) < Gwp(x,p) < Dowy(x,p) +
¢(d(1)). By Lemma 1, d converges exponentially to d*, so
most operation occurs with d(¢) =~ d* and the band tightens
to iy — Dowp(x. p)| < (d*).

The parameter dpmin in (23) shapes ¢, which in turn
determines the equilibrium separation d*. Larger dp;, results
in larger d*, which increases the available margin, enlarging
the set of states where nonzero assistance remains feasible
under (12). Conversely, dmin = 0 imposes smallest buffer,
producing the tightest margins and thus the most conservative
assistance. As discussed in Remark 3, such a choice would
restrict the automation from providing sufficient support,
whereas selecting a large d,,;; may cause [w,—Dow, (x, p)| <
¢ (d*), which allows excessively high workload levels. In
extreme cases, this could lead the automation assistance to
override the human operator’s authority during malfunction
conditions. Since the human operator’s workload is inherently
limited at the manipulator level during task execution, d,i,
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Pilot input y;, (Nominal)

0.2¢
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yn (rad/s)

- - - -Pilot alone \ v,
Pilot + Assistance A ’
Pilot + Assistance + Safety enforcement| ./
-0.2 Vo ‘ ‘ ‘ ‘ ‘
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Pilot input y, (Malfunction)

yn (rad/s)

Time (s)

Fig. 2. Input given to the system by the pilot model, yj(t).

can be selected to represent a limited fraction of the operator’s
maximum feasible workload, thereby defining a realistic and
safe buffer.

C. Simulations

For simulations, we consider longitudinal flight dynamics
of a Boeing 747, cruising in level flight at an altitude of 40kft
and a velocity of 774ft/s. State and control input matrices for
this plant are given as [25]

—0.003 0.039 0 —0.322

—0.065 —0.319 7.740 0
A =1 0020 —0.101 0429 0 € )
B, =[—0.010 0.180 1.160 0]". (31b)

States x1(8), x2(2), x3(t) = q(®), and x4(1) = yp() = 0(p)
are the components of the aircraft’s velocity (ft/s) along x
and z axes, the pitch rate (crad/s), and the pitch angle of
the aircraft (crad), respectively. The control input u,(?) is
the elevator deflection (crad). The feedback gain in (16) is
selected with LQR gains Qyor = diag([0.001, 0.01, 10, 0.1]),
and R;pgr = 10. The parameters of the human pilot model
in (17) are selected as T, = 0.2, T, = 0.6, and k, = 3. For
updates of lower and upper workload limits in (22), y; = y» =
0.5 is selected, and wy and wy are initialized to O and 0.1,
respectively. Moreover, d,,;, in (23) is set to 0.02, and shape
parameters are set to ¢, = 1 and s, = 1000. The reference
signal is set to r(¢#) = 0.1(cos(0.5¢) — sin(?)).

The assistance system (see Fig. 1) is selected as a replica
of the human model, aiming to enhance pilot performance
and reduce workload. This deliberately simple assistance
design is not meant to be sophisticated, and it only serves
to illustrate the CBF-based safety enforcement’s behavior. For
completeness, we also examine a scenario where automation
assistance malfunctions, simulated by scaling the assistance
output by —0.5. Safety enforcement is set to give zero output
for t < 10s to allow the system to reach sustained tracking.

Tracking error (Nominal)

0.1
-~ Pilot alone
—~ Pilot + Assistance
"% Pilot + Assistance + Safety enforcement
f
= 0 '0 \ /
& 17 W)
. .

0 10 20 30 40 50 60
Tracking error (Malfunction)

Time (s)

Fig. 3. Tracking error, e¢(f) = r(t) — yp(f). RMS(e;) [rad], Nominal:
P= 0.045, P+A= 0.031, P+A+S= 0.037. Malfunction: P= 0.045, P+A=
0.072, P+A+S= 0.056.

Fig. 2 shows the pilot input to the system, yp, during
simulations for nominal assistance and malfunctioning assis-
tance cases. In the absence of safety enforcement, there is a
substantial reduction in pilot input compared to the pilot-alone
scenario for nominal case. However, when safety enforcement
is applied, the pilot input appears as a relaxed version of the
pilot-only case without any considerable drop. In contrast, for
the malfunction scenario, without safety enforcement, the pilot
input becomes sharper and higher in magnitude, indicating
increased pilot effort in response to the faulty automation
behavior. With safety enforcement, however, the pilot inputs
do not significantly deviate from the pilot-only case.

A similar trend is observed in the tracking error. Fig. 3
shows that, in the nominal case, when the safety enforcement
is absent, the assistance reduces the pilot’s tracking error.
When safety enforcement is applied, the error reduction effect
decreases as expected, since the response is more balanced. In
the malfunction scenario, the assistance becomes detrimental
to the system and increases the tracking error. However, with
safety enforcement implemented, the performance degradation
due to assistance malfunction is confined to a tighter region.

Fig. 4 illustrates the workload profiles calculated using (20).
The absence of safety enforcement diminishes the pilot work-
load significantly throughout the simulation, which may cause
loss of situational awareness. In contrast, in the presence of a
malfunction, the automation assistance leads to a considerable
increase in workload. In both scenarios, the safety enforcement
maintains the pilot workload around pilot-only case.

In Fig. 5, the pilot’s workload w, is plotted together
with the adaptive bounds wy and wy governed by (22).
These bounds are not static envelopes. Although they are
anchored to the pilot-only slope Dow, (x, p), they also include
feedback terms in w, and ¢(d). Hence, they change indi-
rectly with the automation signal y, through its effect on
wp over time. Consequently, assistance can nudge the enve-
lope through the designed limit dynamics, preventing abrupt
tightening/loosening. The ACBF inequalities (see (14)) then
keep w, confined between wy and wy while enforcing the
instantaneous-rate band given in Remark 4. The result is an

Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on March 03,2026 at 16:11:32 UTC from IEEE Xplore. Restrictions apply.



IEEE CONTROL SYSTEMS LETTERS, VOL. 9, 2025

2794
Workload w, (Nominal)
- - - .Pilot alone
——Pilot + Assistance
N 0.05 ——Pilot + Assistance + Safety enforcement
3
0
0.1
S&
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0
Time (s)
Fig. 4. Workload of the pilot model, wp(t). Nominal: F{MS(\WIE7 —
wh*A) 0.018, RMS(jwf — w§+A+S|) 0.010. Malfunction:

RMS(jwp — wh*A|) = 0.053, RMS(lw, — wh*A+S|) = 0.018.

wy, vs limits (Nominal)

0.1 ——Pilot alone
——Pilot + Assistance + Safety enforcement
0.05 Lower Limit (wr)
. - - - Upper Limit (wy)

Time (s)

Fig. 5. Workload, wp(f), with upper and lower limits in (22).

envelope that adapts to task phase and assistance-induced
trends, and guards against sudden under- or over-loading.

IV. CONCLUSION

This letter presented an Arbitration Control Barrier Function
(ACBF) framework for safe shared human—automation control,
enabling workload-aware assistance with guaranteed feasibil-
ity under concurrent human and automation actions. In this
formulation, it is assumed that task-level reference r(¢) is
known. Although this is correct when the task is predefined,
such as refueling or landing, there may be cases where
this assumption can be violated. Such cases may require
intention estimation or incorporating robust CBFs. Extending
the framework in this direction is considered for future work.

REFERENCES

[1] E. Eraslan, Y. Yildiz, and A. M. Annaswamy, “Shared control between
pilots and autopilots: An illustration of a cyberphysical human system,”
IEEE Control Syst. Mag., vol. 40, no. 6, pp. 77-97, Dec. 2020.

[2] C. E. Billings, “Human-centered aircraft automation: A concept and
guidelines,” AMES Research Center, Nat. Aeronaut. Space Admin.,
Washington, DC, USA, Rep. 103885, 1991.

[3]

[4]

[5]
[6]

[7]

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

W.-P. Brinkman, M. A. Neerincx, and H. van Oostendorp, “Cognitive
ergonomics for situated human—automation collaboration,” Interact.
Comput., vol. 23, no. 4, pp. 34, Jul. 2011. [Online]. Available:
https://doi.org/10.1016/S0953-5438(11)00060-9

D. A. Abbink et al., “A topology of shared control systems—Finding
common ground in diversity,” IEEE Trans. Human-Mach. Syst., vol. 48,
no. 5, pp. 509-525, Oct. 2018.

P. Owan, J. Garbini, and S. Devasia, “Uncertainty-based arbitration of
human-machine shared control,” 2015, arXiv:1511.05996.

M. Yusuf Uzun, E. Inanc, and Y. Yildiz, “A robust human-autonomy
collaboration framework with experimental validation,” IEEE Control
Syst. Lett., vol. 8, pp. 2313-2318, 2024.

W. Wang, J. Xi, C. Liu, and X. Li, “Human-centered feed-forward
control of a vehicle steering system based on a driver’s path-following
characteristics,” IEEE Trans. Intell. Transp. Syst., vol. 18, no. 6,
pp. 1440-1453, Jun. 2017.

W. Wang et al., “Decision-making in driver-automation shared control:
A review and perspectives,” IEEE/CAA J. Automatica Sinica, vol. 7,
no. 5, pp. 1289-1307, Sep. 2020.

C. Hu, Y. Shi, S. Ge, H. Hu, J. Zhao, and X. Zhang, “Trust-based shared
control of human-vehicle system using model free adaptive dynamic
programming,” IEEE Trans. Intell. Veh., vol. 10, no. 7, pp. 4103-4115,
Jul. 2025.

M. Benloucif, C. Sentouh, J. Floris, P. Simon, and J.-C. Popieul, “Online
adaptation of the level of haptic authority in a lane keeping system
considering the driver’s state,” Transp. Res. F Traffic Psychol. Behav.,
vol. 61, pp. 107-119, Feb. 2019.

A.-T. Nguyen, C. Sentouh, and J.-C. Popieul, “Sensor reduction for
driver-automation shared steering control via an adaptive authority
allocation strategy,” IEEE/ASME Trans. Mechatronics, vol. 23, no. 1,
pp. 5-16, Feb. 2018.

C. Sentouh, A.-T. Nguyen, M. A. Benloucif, and J.-C. Popieul, “Driver-
automation cooperation oriented approach for shared control of lane
keeping assist systems,” IEEE Trans. Control Syst. Technol., vol. 27,
no. 5, pp. 1962-1978, Sep. 2019.

J. Jiang and A. Astolfi, “Shared-control for a rear-wheel drive car:
Dynamic environments and disturbance rejection,” IEEE Trans. Human-
Mach. Syst., vol. 47, no. 5, pp. 723-734, Oct. 2017.

A. D. Ames, S. Coogan, M. Egerstedt, G. Notomista, K. Sreenath,
and P. Tabuada, “Control barrier functions: Theory and appli-
cations,” in Proc. IEEE 18th Eur Contr. Conf. (ECC), 2019,
pp- 3420-3431.

C. Hu and J. Wang, “Trust-based and individualizable adaptive
cruise control using control barrier function approach with prescribed
performance,” IEEE Trans. Int. Trans. Syst, vol. 23, no. 7,
pp. 6974-6984, Jul. 2022.

B. He, M. Ghasemi, U. Topcu, and L. Sentis, “A barrier pair method for
safe human-robot shared autonomy,” in Proc. 60th IEEE Conf. Decis.
Control (CDC), 2021, pp. 2854-2861.

J. Dallas et al., “Control barrier functions for shared control and vehicle
safety,” 2025, arXiv:2503.19994.

W. Qin, H. Yi, Z. Fan, and J. Zhao, “Haptic shared control framework
with interaction force constraint based on control barrier function for
teleoperation,” Sensors, vol. 25, no. 2, p. 405, 2025.

K. Shi, J. Chang, S. Feng, Y. Fan, Z. Wei, and G. Hu, “Safe human
dual-robot interaction based on control barrier functions and cooperation
functions,” IEEE Robot. Autom. Lett., vol. 9, no. 11, pp. 9581-9588,
Nov. 2024.

S. Ejaz and M. Inoue, “Trust-aware safe control for autonomous nav-
igation: Estimation of system-to-human trust for trust-adaptive control
barrier functions,” IEEE Trans. Control Syst. Technol., vol. 33, no. 4,
pp. 1151-1163, Jul. 2025.

M. Marcano, S. Diaz, J. Pérez, and E. Irigoyen, “A review of shared
control for automated vehicles: Theory and applications,” IEEE Trans.
Human-Mach. Syst., vol. 50, no. 6, pp. 475-491, Dec. 2020.

W. Xiao, C. G. Cassandras, and C. Belta, Safe Autonomy With Control
Barrier Functions: Theory and Applications. Cham, Switzerland:
Springer, 2023.

J. C. de Winter and D. Dodou, “Preparing drivers for
dangerous situations: A critical reflection on continuous shared
control,” in Proc. IEEE Int. Conf. Syst, Man, Cybern., 2011,

pp. 1050-1056.

B. J. Bacon and D. K. Schmidt, “An optimal control approach to
pilot/vehicle analysis and the Neal-smith criteria,” J. Guid. Control Dyn.,
vol. 6, no. 5, pp. 339-347, 1983.

A. E. Bryson, Control of Spacecraft and Aircraft. Princeton, NJ, USA:
Princeton Univ. Press, 1994.

Authorized licensed use limited to: ULAKBIM UASL - Bilkent University. Downloaded on March 03,2026 at 16:11:32 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


