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Abstract— An optimal bandwidth allocation policy for axis
distributed control using networked control systems (NCS) is
presented. First, the benefits of structuring highly articulated
robots using networked control systems are discussed. Af-
terwards, an optimal bandwidth allocation policy for axes
distributed control that allows to enhance robot tracking
within the available bandwidth is introduced. It will be
shown that axes control performance and thus tracking can
be significantly improved by using feedback to dynamically
allocate bandwidth to axis controllers as a function of the
current state of each axis. Simulation results on a multiple
axes robot corroborate our approach.

Index Terms— Bandwidth Management, Distributed Con-
trol, Performance Optimization, Highly Articulated Robots.

I. INTRODUCTION

Control of articulated robots is usually based on a two
level hierarchical communication architecture. At the lower
level, for each robot axis, sensors and actuators are directly
wired to the controller using a point-to-point configuration.
Each controller performs axis control (sensing, control
algorithm computation and actuation) locally. At the upper
level, a master controller coordinates all axis controllers for
the overall robot control (e.g., trajectory tracking) using a
master/slave configuration over a common bus architecture.

Such hierarchical architectures for robot control do not
suit modern automation requirements where the goal is to
design flexible systems that can accomplish various tasks
with small reconfiguration costs. The reconfiguration of a
conventional (point-to-point) architecture to expand physi-
cal setups (e.g., adding new robot tools) and functionality
(e.g., adding force feedback to an existing hand) is not
an easy task. In addition, on-line task monitoring has to
be performed in a two steps procedure, starting from the
master controller to each axis controller, and from each
axis controller to sensors and actuators, in such a way
that no direct operation (control and supervision) from the
master controller to sensors and actuators is allowed. In
the end, in hierarchical arquitectures, complex robot con-
trol algorithms (e.g., arm and hand coordination) require
intensive messaging, which difficults the implementation.
These drawbacks result in inefficient systems and increased
costs, as further discussed in [1] or [2].
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An alternative communication architecture for highly
articulated robots is based on flattening the hierarchy. That
is, to apply the intelligent network concept where all nodes
(master controller, axis controllers, and sensors and actua-
tors) have processing capacity and share a common bus in
a completely distributed and networked feedback control
system [3]. This architecture, also known as networked
control systems (NCS), allows for the modularization of
the functionality, providing standard interfaces for inter-
changeability and interoperability, thus suiting modern au-
tomation systems. In addition, monitoring and maintenance
operation can be easily performed because all the required
data can be made available to all nodes in the network.
See [4] or [5] for examples of such architectures applied
to robots.
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Fig. 1. Hierarchical (top) vs. networked-based architecture (bottom).

Figure 1 illustrates both types of architectures, hierarchi-
cal (top) versus networked-based (bottom). For networked-
based architectures, in the case of robot control, axis
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controllers (C4, ..., Cx) and master controller (M C) can
be either implemented on separate nodes or centralized on a
single processor-based node (as illustrated in Figure 1 bot-
tom). In the later, all tasks can be appropriately scheduled
using well known processor time scheduling techniques
(see for example [6] for a review of major scheduling
techniques), thus saving costs.

However, in NCS, the insertion of networks into control
loops (between sensors, actuators and controllers) can make
the analysis and design of control applications complex [7],
because the key for achieveing successful implementations
is that almost no local action can be taken in isolation from
the rest of the system.

This paper focuses on the problem of bandwidth allo-
cation and robot axis control performance improvement in
highly articulated robots that are based on a networked
based control architecture. Most traditional bandwidth al-
location techniques for control loops closed over communi-
cation networks rely on static strategies, based on a priori
characterization of the network workload. These techniques
use fixed parameters that are configured at system setup
time. At run-time, the network is shared by all nodes
according to the pre-established allocations regardless of
the dynamics of the control applications, thus working open
loop.

Open loop bandwidth allocation techniques work well
because they guarantee a constant bandwidth share to
each control loop, allowing them to meet given control
performance specifications. However, a closer look at the
behavior of control loops and the relation between control
performance and controller execution rate indicates that
open loop policies may not be optimal for bandwidth
constrained systems. As previously suggested in [8], a
controller may not require the assigned execution rate if
the controlled system is in equilibrium. In this case, the
contribution of each control job can be considered more or
less useless, i.e., bandwidth is wasted. This underutilized
bandwidth could be more usefully employed by other nodes
(or control tasks) with higher processing demands. On
the other hand, if a controlled system is affected by a
perturbation and brought away from its equilibrium point,
an increase in the rate of the controller will decrease sys-
tem deviation and hasten system recovery, thus improving
control performance.

Taking this observation as a baseline for the current work
on axis control performance optimization in highly artic-
ulated robots, the research has been focused on dynamic
bandwidth management techniques that allocate bandwidth
to nodes at run-time based on feedback information from
the jobs that the controllers are performing. This feedback-
based approach to network management takes advantage
of the fact that the performance of classically designed
controllers is improved by allocating more bandwidth to
control loops exactly when they need it the most, i.e. when
their controlled axis is experiencing the greatest deviation
from the equilibrium point (or reference signal).

As a key contribution of this paper, an optimal bandwidth

allocation policy is presented based on feedback from the
robot axis dynamics, i.e., from their state, that maximizes
overall robot control performance within the available com-
munication bandwidth. It is argued that the optimization of
axis control performance, when bandwidth is limited and
allocated as a function of the state of each robot axis, can
be formulated as a linear constrained optimization prob-
lem [9] whose solution provides the optimal (dynamical)
bandwidth allocation policy.

Il. PROBLEM DESCRIPTION
A. System architecture

The system considered is a highly articulated robot
of n axis based on a networked control architecture (as
in Figure 1 bottom). Each axis is equipped with an
smart sensor and actuator with communication capabilities
that can run at different rates. The sensor is capable of
transmitting samples to the network and the actuator is
capable of receiving control signals from the network. All
control tasks that implement axes control are executed on
a single CPU enabled with a real-time scheduler that can
guarantee and run-time adapt different execution rates for
each control task (see for example [10] or [11] for flexible
scheduling techniques providing this feature). For each
axis, the sensor, the controller (i.e., control task), and the
actuator work on closed loop operation for the axis control
over the network.

The operation of the feedback based bandwidth alloca-
tion architecture that is considered can be illustrated by
the controller and bandwidth manager pseudo-code shown
in Figure 2. Each controller (Figure 2(a)), with varying
execution period h;, reads from the network its axis state
x; and calculates the control signal u; (based on h; and
x;), which is sent to the axis actuator over the network.
Afterwards, the controller weaks up the bandwidth manager
in order to trigger the run-time bandwidth re-allocation.
The bandwidth manager (Figure 2(b)), taking into account
the state of all axes # = [z4, . . ., z,,], chooses the controller
whose axis is facing the most significant error, and assigns
bandwidth (and thus sampling periods / = [h1,...,hy]) tO
all controllers accordingly. Afterwards, the manager sleeps
again and the scheduler continues dispatching control jobs
taking into account the newly specified sampling periods.

Besides axis controllers and the bandwidth manager, the
master controller is always running to coordinate the axis
controllers, as well as, providing other functionalities.

B. Problem Formulation

The problem to be solved is to determine the allocation
of network bandwidht that will be assigned to each con-
troller such that the overall control system performance is
maximized.

Let (1) and (2) be the differential equations (called state
and output equations, respectively) that describe the linear
time invariant dynamics of each ‘" axis, i = 1,...,n,
where u;(t) is the control input to the axis, and the vector
xi(t) = [z1(t),...,2"(¢)] is the state of the axis at time
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Axis_controller ;
begin
while (always)
begin
x; := read_sensor(7)
u; := calculate_control_signal(h;, ;)
write_control_signal(u;, i)
weake_up(Bus_scheduler)
sleep(h;)
end
end

(a) Controller
Fig. 2.

t and its elements are called state-variables. Full state
availability is assumed.!

.1?7,(75) = Aqqu(t) + Bquz(t) te R (1)

If the input w;(¢) is given by a discrete state feedback
control law designed according to the discretization of (1)
and (2) [12], the new system dynamics (including the axis
model and the control law, i.e., closed-loop system) are
specified by the state-space representation given in (3),
where L;(h;) is the control law.

Timt1 = Pi(hi)@im + Ti(hi)Li(hi)xip (3)

In (3), h; is the sampling period, which will vary
depending on the bandwidth assigned to each control loop.
The relation between bandwidth and sampling period for
each control loop is given by (4), where m; is the time
spent on the messaging required to perform each closed
loop operation (which may include data exchange from
sensor to controller and from controller to actuator, as well
as the time spent to execute the controller).

mg
b= @

By assuming m; in (4) constant, any change on b; will
directly imply a change on k; (and vice versa). Henceforth,
either b; or h; will be used to denote bandwidth (or
sampling period). For each control loop, it is assumed that
the required messaging to carry out all sensor-controller-
actuator transactions is done within each sampling period
(i.e., deadline is equal to the sampling period). And it is
assumed that the architecture is based on a real-time net-
work that guarantees all the deadlines upon any bandwidth
allocation among all control loops.

Due to bandwidth limitations, it is assumed that not
all control loops can simultaneously run at the highest
sampling frequency, providing the best possible control
performance equivalent to what they would provide if each
one had a dedicated network. The problem to be solved is
how to assign bandwidth b; to each control loop taking into

LFor the sake of simplicity, the ¢ subscript is omitted when not required.

Bandwidth_manager
begin
while (always)
begin
i := obtain_most_significant_axis_error(%)
h = assign_bandwidht (i)
sleep()
end
end

(b) Bandwidth manager

Pseudo-code for axis controllers and for the bandwidth manager implementing the feedback allocation management

account the state of each axis such as the overall control
performance is optimized.

Without loss of generality, for all axes, if the equilibrium
point (or reference signal) is considered to be zero, the
norm of the state vector (in (1)), |z,(¢)|, is the distance
that measures how far each axis is from its equilibrium
point at any given time ¢ > 0. This measure (also called
error (5)) is defined as the feedback information that each
controller, at each sample, will forward to the bandwidth
manager for the run-time bandwidth allocation.

For each control loop, a performance criterion p;(b;) that
relates control performance under different bandwidth allo-
cations, b;, is specified. In fact, the relation between control
performance (measured using standard quadratic or linear
performance index) and a range of allowed periods (given
by different bandwidth allocations, as in equation (4)) can
be approximated by a linear relationship [13]2. Therefore,
for a given control loop 4, its performance criterion p;(b;)
is approximated by a linear increasing function (6), that
establishes the following relation for each control loop: the
higher the portion of allocated bandwidth (i.e., the shorter
the sampling period), the better the control performance.
The «; parameter in (6) is specific for each control loop
(depending on each axis) and can be determined prior to
system run-time.

pi(bi) = aib; (6)

This technique requires controllers capable of running
with different sampling frequencies. For systems given
by equation (3), controllers are designed specifying a
range of sampling periods %; € [h7® ... K] for which
the closed loop requirements are met, and are allowed
to execute with a run-time period that belongs to the
specified range, adapting the gains accordingly (following
the adaptive techniques introduced in [14]). Closed-loop
stability is analyzed using the approach described in [15].

2 Although this linear approximation is not an oversimplification and it
covers a wide class of control systems, as it will be discussed in Sec-
tion 111, the optimal bandwidth allocation policy also admits performance
criteria in the form of polynomials of degree less than five.
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At the system level, each control loop ¢; can be char-
acterized by its bandwidth b;, its performance criterion p;,
and its axis error e;, represented by (7).

7; = {bi, pi, €i} O

With this information, for a given set of n control loops,
c1,...,Cn, the problem is to determine the bandwidths b;,
i =1,...,n, such that all control operations are schedu-

lable and the overall axes control system performance is
maximized.

I11. OPTIMAL BANDWIDTH MANAGEMENT POLICY
A. Generic Formulation

The bandwidth allocation problem can be formulated as
a generic constrained optimization problem (equations (8)
and (9)), where the solution is a vector b= [b1, b2, ..., by]
that maximizes the control performance delivered by the
set of control loops, represented by the objective (vector)
function ¢ in (8), restricted to the utilization feasibility
constraint specified in (9), where U, is the desired global
bandwidth utilization factor for the set of control loops.

maxrimize g(pi(rs), e;) (8)
subject to Z b < Uy ©)
i=1

The absolute maximum Emay lie either in the interior,
on the boundary, or at the extreme points of the feasibility
set defined by (9). A generic algorithm to find the solution
can be summarized in four steps (as detailed in [9]):

Sep 1: Search for local relative maxima in the interior
of the feasibility set by solving the set of equations

specified by (10), where a_zi are the partial derivatives of

g with respect to each b;, and keep those b that, being
interior points of the feasibility set (conforming with the
restriction (9)), maximize g.

o9 09,

% _,
oby T Oby

= (10)

Sep 2: Search for local relative maxima in the boundary
of the feasibility set by solving the set of equations
specified by (11), and keep those b that maximize g.
j#1
0g([Ua — Y by, ba,bs, ...,
Jj<n
Ob;
J#2
ag([bl, Ud — ij, b3, ey
Jj<n

0b;

b))

=0,i<n, i#1

b))

=0,i<n, i#£2 (11)

i#n

JUa—= > _bil)

Jj<n

09([b1, b2, b3, . ..

o, =0,i<n,i#n

Step 3: Search for the values of the objective function g
within the feasibility set extremes as specified in (12), and
keep those b that maximize g.

g([Udv 0,..., O])
g([OaUda”-vO]) (12)
9([0,0,...,Uq4])

Sep 4: Choose a b among those obtained in Sep 1, 2
and 3 that maximize g.

Depending on the objective function g, solving
the optimization problem may not be feasible for run-time
bandwidth allocation, because of the computational
complexity, which may introduce non negligible overhead.
However, in the case of control loops characterized as
described in Section 11-B, the optimization problem can
be simplified, it is directly solvable, and the algorithm that
obtains the solution can feasibly be executed at run-time
(because it incurs minimum overhead), as it is explained
next.

B. Smplification

Assuming that each controller is independent in the sense
of controlling an independent axis, as it was assumed in the
problem formulation (see in Section 11-B), the function g(.)
that links all of the control performance benefits (which are
given by the performance criteria p; defined in (6)) can be
considered as the sum (possibly weighted) of all individual
benefits obtained by each control loop.

Each performance criterion can be weighted, w;, in order
to provide a mechanism allowing appropriate comparisons
among the control loops in the system. Further, weights can
be used to define the kinematics and dynamics relations
among robot axes.

In addition, by defining the re-scaling of each perfor-
mance criterion to account for the each axis error (defined
in (5)) as e;p;, for the given set of n control loops, it
is possible to rewrite the optimization problem as in (13)
and (14).

mazximize Z w;e;pi (b;) (13)
i—1

subject to Zbi < Uy (14)
i—1

The complexity of the solution of the optimization
problem stated in (13) and (14) depends on each function
p;(b;) due to the fact that equations (10) and (11) have been
simplified to the set of equations specified by (15) and (16)
(because g has turned into a sum), where ¢; = w;e;p;(b;).

0 0
da1 _ 9% _

On
Oby by ab, 0

g = (15)
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aql(Ud_bQ_bB_---_bn) . .
= < 1
o, 0, i< n,i#
8qg(Ud—b1—b3—...—bn) :0, ign,i;éQ (16)
ob;
aQH(Ud_bl —by— ... _bn—l)

o, =0,i<n,i#n

If the performance criteria p,; are linear (as it was
assumed in our problem formulation in Section 11-B), the
optimization problem becomes linear, and the solution b=
[b1,ba, ..., by] can be found by performing a simple search
(i.e., performing Sep 3) because equations (15) and (16)
corresponding to Step 1 and 2, are not properly determined.
That is, if all performance criteria p; are linear (p; = «;b;)
in (15), those equations up with the set of equations defined
by (17), which are not determined.

oq Owiejarby
— = ————— =—wie1a1 =0

by 0by
Oqx  Owaeaainby
e e e e = 17
by by waegay = 0 (17)
Ogn _ Ownenanby _ _0
ab,, = by, = Wpenlip =

The same happens with the set of equations specified in
(16). Therefore, by simply performing Step 3 customized
for the problem stated in (13) and (14), that is, by eval-
uating the equations listed in (18) the optimal resource
allocation will be found. Note that (18) is equivalent to
finding the maximum w;e;a;, i =1...n.

i#1
:0)) = 1 (Uq) + Z%(U) =wiernUqg
i<n
i#£2
,0)) = q2(Ua) + Y ¢i(0) = waeaaUyq (18)

i<n

g([Ud, 0, N

g([ov Udv cee

9(0,0,...,Ud]) = gn(Ua) + > _ ¢:(0) = wnenanUa
i<n

C. Solution

The optimal solution b = [by,by,...,b,] of the opti-
mization problem (13) and (14) is b = [0,0,...,0,b; =

Uq4,0,...,0], i €[1,...,n] such that w;e;c; is maximum
Vi € [1...n], if each of the n control loops is described
as in (7).

In terms of bandwidth allocation, the theorem states that
we should assign all the available bandwidth (that is, Uy)
to the control loop with maximum w;e;p;. If all of the
functions p; and all the weights w; are the same (i.e., all the
axis and control algorithms are equal), all of the available
bandwidth should be assigned to the control loop with the
largest error e;. In practice it is needed to assign a minimum

rate to the rest of the control loops so that stability tests can
be performed and they can continue to monitor the state of
their axis. This result dictates that the control loop with the
largest error should receive all of the bandwidth remaining
after every control loop has received its minimum.

If the performance criteria p; are not linear but still
polynomial functions on b; of degree less than five, an
analytical solution can be found [16] following Steps 1,
2 and 3 by solving equations (15), (16) and (12), turning
the solution into a computationally feasible algorithm for
a run-time bandwidth allocation.

D. Optimal Policy
The optimal bandwidth management policy is summa-
rized in (19), where n is the number of control loops and
bg.”/i" (corresponds to 1) is the guaranteed minimum
utilization of the control loop j.
it
b — Uy — Zb}”’””, if wie;pi(r;) is maximum

i = (19)

j<n
pmin, otherwise
The optimal policy keeps track of which control loop
has maximum w;e;p;. Therefore, the dynamic bandwidth
allocation can be completed by a linear scan of the list
of n control loops in O(n) time. Note that dynamic
bandwidth allocation only occurs when the control loop
with the maximum w;e;p; changes, which greatly reduces
the overhead.

IV. PERFORMANCE EVALUATION

In this section the simulation results of the optimal
bandwidth management policy for the networked architec-
ture for distributed control of highly articulated robots are
presented.

A. Smulation Setup

In a first simulation, each axis is driven by a DC motor,
which has been specified by the linear time-invariant state
space model given by (20), where b is the damping ratio
of the mechanical system, J is the moment of inertia of
the rotor, K is the electro-motive force constant, L is
the electric inductance, R is the electric resistance, the
state variables 6 and i are the rotational speed and electric
current and the input « is the voltage.

sl B[] o

For the simulation, each DC motor has been customized
equally for all axes. Each control loop implements the same
parametric control law obtained by standard pole placement
[12], which is parameterized on the sampling period.

All controllers and all motors have been defined to be
the same because it simplifies the performance analysis.
Remind that in this case, w; and p; are equal for all control
loops, which means that the error e; is the main driving
factor in the optimal policy. However, using different
motors (p;) or weights (w;) would not materially affect
the results.

=~
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B. Performance Analysis

Before evaluating the optimal policy, it will be shown
that the performance criterion (p; in 6) that relates control
performance under different bandwidth allocations for the
example of the DC motor can be approximated by a linear
relation (corroborating the assumption made in section I1-
B). Figure 3 shows the culumative error of an axis (treated
as a performance criterion and calculated as the integral of
the absolute value of the rotor speed, Cumulative error=
Jo© 16(t)|dt, where t. is the evaluation time interval) for
a broad range of sampling rates or bandwidth allocations,
from A = 0.05...0.5s. As it can be seen in Figure 3, the
performance criterion of the DC motor can be approxi-
mated by a linear function. In addition, the extraction of
the parameter « that characterizes p; is illustrated.

1,47
1,21

Cumulative Error

0,81
0,61
0.4

0,21

Sampling Period (s)
0o 01 02 03 04 05

Fig. 3. Sampling periods (i.e. portions of bandwidht) vs. Error

To provide a direct comparison with traditional control
system implementations, a baseline policy has been imple-
mented, called standard, in which all control loops always
share the available bandwidth equally and no dynamic
resource allocation is used. The standard policy implements
the “traditional” static controller and is used for examining
the overall performance benefit of the optimal policy.

The control performance improvement of the optimal
policy was evaluated by looking at the total cumulative er-
ror of 200 axes (i.e., Cumulativeerror = [* 5°2%) |4(t)|dt,
where ¢ is the time each experiment lasts). Figure 4 shows
the performance improvement in terms of accumulated
error against the baseline, static policy. From the figure
it can be seen that the optimal policy achieves better
performance than the static, corroborating the theoretical
optimal solution.

4 X
200;5
160 12

13
120 13

1 BB
U = W <
901 9 B
01

Fig. 4. Performance improvement of the optimal policy relative to the
standard policy

Although in these simulations all axes have been anal-

ysed independently, the optimization approach admits ex-
pressing the kinematics and dynamics dependences among
axes. This can be done by appropriately setting the weights
in Equation (13), either statically (prior run-time) or dy-
namically (at run-time, by the master controller).

V. CONCLUSIONS

Careful bandwidth management is the key to provid-
ing the best possible performance in highly articulated
robots whose control strategy is build upon a networked
control architecture. A feedback-based management model
for concurrently executing networked axis controllers in
a communication constrained environment that allows the
system to allocate bandwidth as a function of the state of
the robot axes has been presented. Based on this model, an
optimal policy has been introduced such as overall control
axes performance is improved. Simulation results have
shown that the optimal policy outperforms the static (open-
loop) policy that is traditionally used in such architectures,
incurring in almost 10% less error.
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