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Abstract— A networked sensing and control system (NSCS)
combines networked sensors with control and actuation ung
so as to control a physical environment. An NSCS can effec-
tively use sensing and control signals only if those signalre | Sensor 1 | | Sensorn | | Actuator 1 | | Actuatorm|

delivered on time. The paper analyzes the behavior of an NSCS i ]
as a function of network real-time service. In particular, we ' '
consider the range of effective sampling periods and netwér [ Y
delays that lead to stability for the controlled physical phnt. Y i

A high-level conclusion is that the actual stability regionis Computer Computer
affected by the time-dependent behavior of packet delays a@h

losses and can differ from an idealized stability region dexed , ]

from an aggregate view of the loss and delay processes. Fig. 1. Networked sensing and control system. Reproducad fi.3].

I. INTRODUCTION

Il. REPRESENTATIVENETWORKED SENSING AND

A networked sensing and control systéMSC$ com- CONTROL SYSTEM

bines networked sensors with control and actuation units so
as to control a physical environment (Fig. 1). Applications In this section, we introduce the networked sensing and
are far-reaching and include, for example, industrial agontrol systems that will be used as examples throughout
tomation and distributed instrumentation [1]. A fundanagntthe paper. We will describe the architecture and parameters
problem in NSCS is that sensor and control signals aeéthe network through which the NSCSs will communicate.
useless or dangerous if they are delivered too late. Additionally, we will describe an example nonlinear system
particular, a late control can jeopardize the stabilitfesa
and performance of the controlled physical environment. A& Network
a result, the physics of an NSCS critically depends on theThe controller, sensors, and actuators of a networked
real-time network behavior. sensing and control system are nodes on a computer net-
A broad research objective is to establish a methodologyrk. Although there are many different physical and data
and the theoretical underpinnings of networked contral [8nk standards for networked control, we choose to focus
In this paper, we analyze and simulate a representative a simple and heterogeneous packet switched network,
physical system on simple topology. Our primary objectivith no explicit quality-of-sevice (QoS) provisioning.dFi
is to ascertain to what extent the complexity of time-vagyin2 illustrates the topology of our sample network with three
network dynamics can be incorporated into a controplants and a controller. The controller is at node 0, theaout
theoretical model. The paper focuses on packet-switchathode 1, and the plants at nodes 2, 3, and 4. Throughout the
sensor networks because they are in widespread usesimulations, we vary many attributes of the network system,
industrial automation and because the analysis is simpiacluding: (i) the number of plants on the network, (ii) the
than in an ad-hoc network. size of the router’s buffer at the T1 link, (iii) the delay of
In Section II, we introduce the NSCS that will be anthe T1 link.
alyzed throughout the paper. Section Il frames the main Throughout this paper, we assume that the time required
analytical properties of this NSCS, including the stapilitfor the controller to calculate a control signal and ingiits
region and the traffic locus. In Section IV, we describe odransmission on the network is small enough to be ignored.
co-simulation methodology. Section V gives the results of reality, however, some amount of time is required; this
our co-simulations. Section VI concludes the paper. must be taken into consideration when choosing network
For a fuller listing of works in the NSCS realm, consulparameters such as the number of plants which can be
the bibliography and the references contained herein, tbentrolled by one controller.
thesis [5] from which this paper is condensed, or consultIn general, an NSCS will experience two distinct delays:
the papers and resources provided online in [8]. a delay from the sensor to the controllery, and a



location, with motion to the right being positive). For more

details about the inverted pendulum, including Matlab ¢ode
Controller /P‘am see [3], [9], [11]
© ®\®

®

Fig. 2. Network topology with three plants.

delay from the controller to the actuator.{). Each can
be _analyzed using Egs. (10) and (11) to find the bounds ingig 4. cartoon of inverted pendulum system. Modified from]{1
which the the sensor-to-controller or controller-to-attu

delay will remain. Figure 3 illustrates the timing of the

; ; . nce the system has been linearized, we can express it
packets on an NSCS, including the sensor-to-controller amd(s)tate-space form, as in Eq. (2).
controller-to-actuator delays.
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Actuator : Assuming the full state is available through sensors,
!kh ' k|+1 5 kl+2h a linear controller of the formulk] = —Kz[k] can be
| . | (fert) (fer2) designed to meet stability or performance objectives of the
= the overall, closed-loop system:
Fig. 3. Delay timing diagram for an NSCS. Reproduced froni.[14 zk+1]=0x[k] -TKz[k]=(2-TK)x[k]. (5

There are well-known methods (pole placement, LQR, etc.)
B. Control System that may be used to desighi [4]. In this paper, we will

. ) i i rimarily be concerned with the case whedkeis chosen
We introduce and describe the system which will be used -, that the closed-loop system matiix— T'K is Schur

as an example: an inverted pendulum. It consists of a sinq&_y all its eigenvalues have magnitude less than one).
point mass on the end of a rod, swinging freely from a cart

on a track. Fig. 4 presents a cartoon of this system. The I1l. ANALYSIS
equations of motion for the inverted pendulum are:
2B 5 5 A. Constant Network Delays
; R ; g . . 3. . e
o+ 4ML2¢ i sing = b (1) For networked sensing and control systems with fixed

, . o . delays, we can analyze the system by reformulating the
where By is the coefficient of friction of the pivotjoinf}! gy stem matrices. Since the actuation of the system occurs at
is the mass of the weight at the end of the rbds the length  gome timer after the controller has calculated the control
of the rod, andg is the gravitational constant. The '“pu%ignal, we must revise the system model to account for
(control signalu) to the cart-mass system is the acceleratiqpg delay. For delays less than one sampling period, and

& = wu of the cart, and the outputs are the angle of thesqming a constant sampling peribdwe can model the
pendulum,¢ (as measured from the “up” vertical p03|t|on5ystem as follows [4]:

with clockwise rotation being positive), and the positidn o
the cart on the track; (as measured from an arbitrary zero z [k + 1] = @z [k] + To (1) u[k] + T1 () u [k — 1], (6)



where The delay for all packets in transit on the linksdnwill be

h—r h bounded by[Tmin, Tmax-
d=e" To(r)= / e*Bds, Ti(r)= / e** B ds. i e
0 _

h—T

(7) C. Varying Delay and Effective Sampling Period

By augmenting the system state space with the previous! N€ effective sampling periodf an NSCS is the average
control signal value, we obtain[k + 1] = Az [k]+ Bu [k], sampling period of the NSCS over a period of time, taking

where into account all of the packet losses:
< ) F1 ~ FQ ~ X [k}]
A—[ } B—{ ] x[k]—{ ] th
o 0 |’ 1 ’ k—1 =
ul ] © et (t) = hd @)’ (12)

where h is the nominal sampling period in seconds, and

The stability of the system in Eq. (5) in an NSCS setting; (4 is the total number of packets belonging to the plant
sampled periodically with period and subject to fixed \,nqer observation dropped before time

delay r, can be assessed by testing the Schur-ness of thclzf all the packets dropped on a link are due to over-

matrix - saturation of the network, then we can w@spriori knowl-
A-BIK (] ©) edge of the network topology, link speeds, sampling periods
For delays greater than one sampling period, a similand data packet sizes to calculate the rataf which control
process of augmenting the state space with more delaystkets will be transmitted:
control signals (e.gu[k — 2], ..., u[k — n]) can be used. For
a fuller treatment of these techniques, see [13], [4]. r = min { ”_L7 1} , (13)
In special cases (e.g., scheduled, no-collision transmis- SET

sions on a private n(.etwork_), these methods are appllca%erem is the link speed of the bottleneck link (in bits per

However, in N_SCS involving the Internet, delays are I@econd), andvr is the number of bytes expected to arrive

general unpredictable [6]. at the bottleneck link during one second of operation. For
B. Network Bottlenecks periodic traffic sources, we can replaEe in Eq. (13) with

Two of the primary difficulties in the analysis and desig SUM:Er = > _;c 7+, wheres; is the size of the periodic
of networked sensing and control systems are packet Ig&cket from the’” node (in bytes)h; is the transmission
and transmission delays. Some amount of delay is inher@gfiod of thei’” node, andV' is the set of all periodic nodes
in the data transmission across a network, and does R®tthe network.
change; the portion of network-induced delay which can Thus, given an expected usage pattern of the network, in-
vary, as well as the phenomena of packet losses, arelading all NSCSs and other regular periodic traffic sources
result of collisions and queuing at intermediate nodes @me can calculate an expected value of the transmission rate
a network. We investigate the primary causes of data losgrther, if we are given the transmission rateve can also

and delay here. calculate the effective sampling peridicy:
In network devices (routers, switches, and hubs), the s,
size of the link storage buffer is configurable. Hence, the e — h — max 8h) ien n h (14)
maximum delay possible of an NSCS packet (traveling over = L T
a set ofZ links from source to destination) is directly related
to the size of the link buffers: where h is the sampling period for which the plant was
designed.
Tmax = Z (5L + w) ) (10)
LeL 1 D. Sampling Period and Delay Stability Region

wheredy, is the fixed link delay of linkZ,, P is the packet ideal ked . d | ith
size in bytes3y, is the buffer size of linkZL in number of For an ideal networked sensing and control system wit

packets, and, is the link speed of link. in bits per second. no dat_a loss _and fixed delays, we can derive bounds on _the
(We assume for simplicity that all packets have the same S%mplmg perlod_ and delay un(_jer Wh'(.:h the system remains
P. If the buffer size is expressed in bytes rather than Y able. By varying the sampllng per|0d_ .and the constgnt
number of packets, one can simply use the packet Bize elay of the _system and testing the stability of the resgiltin
to determines3;.) Eqg. (10) predicts that the maximum linkSYStem matrlx.(_see EQ' (9)), we can plot _the bogndary of a
delay increases with the buffer size. Of course, a smallgf3'on of S_t‘f"b'l'ty’ _Wh'Ch we call t_he_amplmg period and
buffer also implies a larger number of packet losses. elay stability region(SPDSR This idea was developed

The minimum delay for a network path is by Z.hang e'F al. in [14], [13];. a gene_ralized glgorithm
for discovering the SPDSR given continuous-time system

Tnin = Z (5L + %) _ (11) [msi';ltrices and a discrete-time feedback matrix is given in

LeLl



E. Traffic Locus faster outbound links; therefore, the controller-to-atou

A traffic locusis a locus of points describing, in the samél€lay will be fixed atrea, min _ _
sampling period and delay space as the stability regions!n add|t|qn to varying th_e netwo_rk attributes I|s'Fed above,
the theoretically possible points of effective samplingge We may wish to randomize or fix the scheduling of the
and network-induced delay for a single plant, as a functighants’ samples on the network. When we do not random-
of the amount of traffic on the network. ize the system sampling times, each plant uses the same

At all times, the packet delays on a network will psampling period for which it was designed, and the plants’
bounded by[7min, Tmax from Egs. (10) and (11). As long samples are scheduled to be equidistant in time from one
as the amount of traffic remains below the bandwidth of ttf0ther within the sample period. More precisely, we choose
network, the effective sampling period of a plant will bdhe sampling period and sampling times of each plant be

its actual sampling period, and the delay will remain fixed i—1

at 7min. However, once the amount of traffic exceeds the hi=H,  ti[k]= (k t ) hi, (16)

network bandwidth, the delay will remain fixed &« and

the effective sampling period will increase. For networkeherei € {1,...,N}. Here, h; is the sampling period of

where all nodes are periodic traffic sources, we can exprékei'" plant,¢; [k] is the absolute time of the'" sample of

the traffic locus as thei*” plant, H is the sampling period for which the system
™min  for he = h was designed, and/ is the total number of plants. When

T (het) = { ﬁggx’ ’ (15) the sampling of the plants is fixed according to Eq. (16), it

Theft ? for hets > h, establishes a periodicity among the samples of all plants. |

where & is the sampling period for which the plant waIso provides the same amount of bandwidth to each plant
designed, andher can be calculated from Eq. (14) foron the network.

different amounts of network traffic. For no “overlap” of transmission times, one must assume,
in addition to Eq. (16), that the transmission time of each
IV. CO-SIMULATION METHODOLOGY packet is less than the bandwidth devoted to each packet.
A. Network More precisely,
. . P H
In order to simulate a networked sensing and control — < N a7)
n

system, the simulation of the dynamics of the state-space
equations of a control system was combined with the simwhere P is the size of the periodic NSCS packet,is
lation of a network topology into a singles-2 simulation the bandwidth of the network path, and and N are
script. This script utilizes the network componentsief2  as before. If this assumption is not true, then we say the
to simulate network dynamics, such as the transmissigesulting network isover-commissionedhat is, the nodes
qgueuing, forwarding, and receipt of packets, as well @®mmissioned on the network require more bandwidth than
any network cross-traffic, such as FTP flows; the scriplte network is able to provide. Such a situation will result
also utilizes the Agent/Plant extension [2], [7] to simalatin packet losses.
the sampling, control, and actuation of the control systemWhen the sampling times are randomized, each plant
components. The dynamics of each plant were simulat@dith the exception of the first plant, which we are ob-
inline by first-order Euler approximations [5]. serving) chooses a sampling period up to 20% greater

For these simulations, the controller is connected diyectbr less than the designed sampling period. In addition,
to a router by means of a T1 line, which has a bandwidth tie scheduling of the plants is randomized throughout the
1.5 Mbps and a fixed link delay of 1 ms. Every other node aampling period. Assuming there is no jitter in the plants’
the network is a plant, which contains both the sensors ftiming, we choose the sampling period and sampling times
full-state feedback and the actuator for the control signalf the first plant in the same way as the non-randomized
All plant nodes are connected to the router via 10 Mbpgsase of Eq. (16). Then for each plant> 1, we choose
links, with fixed link delays of 0.1 ms. two random variableg; € [0.8,1.2] andy; € [0,1), which

To illustrate the possible asymmetry of network delaysepresent the skew of the sampling period and the skew
consider the sample network topology, where each link has the initial sample time, respectively, from a uniform
a link buffer size of 50 packets. Using Eqgs. (10) and (11ylistribution on their intervals. We then fix each plant's
we discover that the sensor-to-controller and contrdtler- sampling period and sampling times as follows:

actuator delays are bounded by
hi = p;H, ti [k] = (k + ) hy. (18)
1.494ms< 15 < 17.770ms

1.494MS< 7o < 3.936ms When the sampling of the plants is randomized, it elim-

inates the periodicity found in the non-randomized sample
In addition, if faster nodes flood the downstream T1 linkchedules of Eq. (16); this better mirrors the real-worlkskeca

to the controller, then the sensor-to-controller delay @ where clock asynchronicity and skew cause aperiodic traffic
fixed at 7sc. max The controller, however, cannot flood thesequences. Additionally, individual plants on the network
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may be effectively allocated more or less bandwidth than

the non-randomized case. o
é éfo.oe
B. Control System £ % oo
) -0.1
The system contains nonlinearities, and we will linearize
it for ease of analysis. However, we will simulate both ° * et ® ‘ * tmet ®
linear and nonlinear system equations in order to observe Py i o . Xbyx o

the effects of the nonlinearity in the simulation results.

We have chosen values for the inverted pendulum sys-
tem parametersy = 9.8066 m/s?, M = 8 kg, L =
0.125 m, Br = 0.1. These parameters correspond to rea-
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sonable values in a physical implementation. The open loop 02 -1 0 o1 oz e 5 0% ot
system is unstable (poles at 0, 0, ah#l) and controllable.
We designed a full-state feedback controller for the iraert Fig. 5. Simulation of baseline inverted pendulum system.

pendulum system to sample at a constant rate of 50 ms,

which is used in the remainder of this paper:

1.5 ms each) due to the fixed propagation and transmission
delays along the network paths. These delays cause the
state of the inverted pendulum system to differ from that of
the non-networked system at the same point in time. This
difference in system state causes a difference in the dontro
signal that is applied to the system.

K =] -06673 —1.1453 —19.4454 —2.4364 |.
(19)
This yields system poles at6809 + 0.0086: and0.9647 +
0.0340: for the closed-loop system matrix— 'K . See [5]
for details. For all simulations that follow, we use the it
condition (z, &, ¢, ¢) = (0,0, —.2095, —0.0977).

While the analytic stability region can be informativeg, Many Plants
we wish to discover the stability region of a plant using
the effective sampling period from Eqg. (14). In order t
do this, we must cause the NSCS to drop packets
over-saturating the network’s bandwidth. Since the eiffect
sampling period is directly proportional to the number
plants on the network, and the maximum delay of the li
path is directly related to the router queue size, we ¢
vary the number of plants and the router queue size to t
different points in the sample space.

In the baseline NSCS simulations, the only nodes com-
unicating on the network are the controller and the plant
hder observation. This configuration uses little of the
ystem bandwidth, as the two nodes only exchange 64-byte
’c_)%ackets every 50 ms (using 10 Kbps, which is approximately
.65% of the available bandwidth). In order to use more of
e network bandwidth, we will simulate the system with
?L%? NSCS plants communicating with the controller, which
will utilize the total amount of bandwidth available on the
C. Implementation T1 line. We fix the sample scheduling of the plants on the
network according to the non-randomized scheme of Eq.

Sl_mulgt|206ns using _thce:ns-z_ netvyorkl ;'rgulljlt(t)lr bu?dead (16). The performance of the inverted pendulum system
VErsion <., running in ©Lygwin Version =.o.o. Matlab-Iasg, i, i configuration is very similar to that of the baselin
calculations were done in Matlab 6.5.0.180913a Releagjstem (data not shown)

13. In all simulation results, we only tracked the state an
output of the first plant in Fig. 2 (boxed node 2). For al\'/vi
other plants, only the network events are simulated; thej
dynamics are symmetric and hence not simulated, in or
to conserve processor time during simulation.

When 147 plants communicate on the network, the band-
dth of the T1 line is slightly exceeded. Because of that,
me sensor-to-controller packets are lost. Fig. 6 shows th
Bntrol signal of this system, as well as the number of
packets in the router queue, the number of packets lost at the
V. CO-SIMULATIONS T1 line buffer, and the sensor-to-controller and contrelle
to-actuator delays. As the queue begins to fill, the sensor-
to-controller delay increases as incoming packets mudt wai
As a first step to understanding the influence of the contif@r the queue to empty. Once the queue has filled, packets
network on an NSCS, we compare the performance of thegin to be lost.
“‘ideal” NSCS against that of the non-networked, discrete- Although we are at the edge of bandwidth saturation, with
time system. We have simulated the inverted pendu|lj_l|’h‘1e-varying delays and some packet loss, the pendulum
system with only one plant on the network, sampling &hows performance similar to that of the baseline system.
50 ms, with no additional cross-traffic. Fig. 5 illustratbe t o
system state of the baseline NSCS vs. the non-networked Over-Commissioned Network
inverted pendulum system. In order to better simulate and analyze packet loss,
The baseline NSCS experiences small and constavg will study NSCSs which use more than the available
sensor-to-controller and controller-to-actuator del@fsout bandwidth. If the network is over-commissioned in this

A. Baseline
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Fig. 6. Control signal, queue size, packet losses, and slefathe inverted Fig. 8. Control signal, queue size, packet losses, and slefthe inverted
pendulum system with 147 plants. pendulum system on an over-commissioned network.

way, the network is guaranteed to lose packets; by varyiﬁ&tter or worse than when i_t is not randomized, depend-
the number of plants on the network, we can change tHi9 On the scheduled sampling times of the other plants.

amount of sensor-to-controller packets which make it to thg'® performance and stability of an NSCS on an over-
controller. commissioned network with random scheduling is highly

1) Non-Randomized Sample Schedulifigst, we fix the dependent on the sensitivity of the NSCS to packet loss

scheduling of the plants on the network according the nof’lr-]d delay.

randomized schedule of Eq. (16). This evenly distributes th F19- 9 illustrates the effective sampling of the first plant
YE§rsus the number of plants on the network and the link

amount of bandwidth per node. Fig. 7 illustrates the Sta:puffer size. When the network is beyond saturation, the

of the inverted pendulum system with 175 plants with norr- i X ;
randomized sensor scheduling. Even though we are om ffer is overflowed, and therefore changing the buffer size

slightly above the bandwidth of the T1 link, the system ig ly increases the _network-induced delay. However, as the
already marginally stable, because the inverted pendulljmpPer of plants increases, both packet losses and the
system is sensitive to lost packets and long delays. effective sampling period increase.
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Fig. 7. Simulation of inverted pendulum on an over-commoissd
network. Fig. 9. Effective sampling period vs. number of plants, Imkffer size.

Fig. 8 shows the control signal and network dynamics of The effective sampling period of Eq. (14) is the expected
the inverted pendulum on an over-commissioned networ e over an infinitely long period, and with only periodic
Because of the amount of traffic, the router queue filigafic sources. If other bursty traffic sources intermithen
quickly, and delays become high (18.23 ms) and nearly COpsnsmit on the network, then Eq. (14) under-estimatas
stant. Also, approximately 8.4% of the sensor-to-corgroll
packets were lost. D. Stability Region

2) Randomized Sample Schedulinghen the sampling  Fig. 10 (dotted line) is an analytical bound assuming a
of the sensors is randomly scheduled according to Eq. (18%ed-delay system with a fixed sampling period; Fig. 10
the performance for the plant under observation can Keolid line) simulates this by fixing the central link delay t



Tmin,» @nd changing the actual sampling period of the plardonfiguration is qualitatively the same as the baselineegayst
Fig. 11 shows the analytical stability region from Fig. 10(data not shown).

along with the experimental stability region discovered by At Sample Point 2, there are 411 inverted pendulum
varying the buffer size and the number of plants on thgants on the network, and the T1 link buffer size is 38
network, which change both the maximum delayyx and packets. The resulting effective sampling period is 148.75
the effective sampling periobes. ms, and the average delay is 13.961 ms. Although this point
is still within the SPDSR for the fixed delay and sampling
o ———— period, the effective sampling period caused by packet loss
oof , causes it to become unstable (not shown).

' At Sample Point 3, there are 294 plants on the network,
and the T1 link buffer size is 180 packets. The resulting
effective sampling period is 101.014 ms, and the average
delay is 62.042 ms. This point is outside both stability
regions, and the system is clearly unstable; see Fig. 12.
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Fig. 12. Inverted pendulum system simulation at Sample tRin

E. Traffic Locus

Since the delay in the sampling period and delay space
is a fractional delay, this line actually traces a curve ia th
state space. Fig. 13 illustrates an example traffic locus for
the inverted pendulum system. In this sample system, the
queue size at the T1 boundary is fixed at 25; therefore,
Fig. 11. Effective sampling period and maximum delay sigbilegion the maximum delay (using Eqg. (10)) is 9.681 ms, and the
for the inverted pendulum: analytical and frams-2 . minimum delay is 1.4744 ms. When the network bandwidth

is below 100% utilization, the system can be represented by

Because the analytical stability region is defined in tern8ample Point 1, wheréez = h = 0.05 s, andl’ (het) =
of a constant sampling period and constant delay, it does Adth) = %‘; = 0L — (.0295. However, when traffic
truly represent an NSCS. Under real network conditiongcreases just beyond the saturation point of the T1 link
the delays of an NSCS will not be constant—they wil{which occurs when there are 154 plants on the network),
vary randomly due to other traffic and collisions. Likewiseher = 0.05013, the delay becomesnay, andT (0.0513) =
the sampling period will not vary linearly—rather, it will 2931 — 0.189, which is represented by Sample Point
jump between discrete values [k] € {h,2h,3h,...}) for 2. As more plants are added the delay remains fixed at
varying numbers of consecutively dropped packets. Thgax, more packets are dropped, and the effective sampling
theoretical stability region, then, is likely to be too Iflaé period increases. Sample Point 3 represents the system with
this suspicion is confirmed in the region of Fig. 11. 250 plants on the network, where.s = 0.08138 and

We have chosen three points in the sampling period afit{0.08138) = 03551 = 0.119.
delay space to illustrate the performance of the invertedFig. 14 illustrates a traffic locus for the inverted pendulum
pendulum system. At Sample Point 1, there are 176 invertegstem with a router buffer size of 120, which makggc =
pendulum plants, and the T1 link has a buffer of 51 packe#0.606 ms. Various numbers of NSCS plants are shown to
The resulting effective sampling period is 60.282 ms, ariilustrate the effect of increasing the amount of network

the average delay is 18.342 ms. The performance of thiaffic.
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Sensor networks introduce non-trivial issues, such as
routing, power management, and security. Networked Sens-
ing and Control Systems are further complicated becauw
the controlled physics depends on real-time communication
properties.

Previous work highlighted the importance of the stability
region to predict whether a NSCS is stable given the valugg]
of network delays and packet loss rates [14], [13]. The
region often exhibits a non-convex shape (e.g., Fig. 16y
and [14], [13]), which in turn can result in paradoxical
behaviors. For example, a shorter delay can lead to an
unstable system, while a longer one might re-stabilize '[E.O]
The region can be computed numerically from average delay

Traffic Locus
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=
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Sample
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Traffic locus for the inverted pendulum system (Qusize=25).
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VI. CONCLUSIONS

Traffic locus for the inverted pendulum system (Queae=120).

to avoid the paradoxical effects that had been previously
found in average-case analyses. In particular, thesetsesul
give stronger support to a co-simulation methodology.

Additionally, we have explored the effect of adaptive and
bursty data sources in [5]. The stability region for NSCSs
was originally introduced in [14], [13].

Future work should address the use of analytical tools
to calculate a bound similar to the experimental bound
discovered in Fig. 11. Also relevant is the design of specific
compensation schemésr NSCSs, that explicitly take into
account delay and packet loss in crafting sensing and dontro
policies. While preliminary work has been accomplished
under various assumptions (see, e.g., [12], [10], [13]),[5]
there are still many open problems.
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