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1. ITS system platform multi-layer interactive structure

The proposal of multi-layer ITS system functional, physical and information structure
was presented in (Adamski 2002, 2003). In this system the behavioural interactions (inter-
faces) between layers in a crucial way determines the features of the whole system opera-
tion (Adamski 1993, 1995, 1998, 2002, Adamski, Florek 1997, 1999) In this context we can
differentiate three main interactive cycles (interfaces) between system layers (see Fig. 1)
that must to guaranty first of all the stable (fixed point Banach theorem) operation of
the whole system and in this perspective to offeren effective operation of individual layers.
The dynamical behavioural interactions are in general very complex because they are moti-
vated by many uncertain and not directly measurable premises; e.g. user habits and in-
ertia, driver memory, learning processes, access to information, interactions from ATIS
(Advanced Transportation Information System), VMS (Adamski 1992). The existing publi-
cations concerning the simple one cycle static interactions (route choice — simple signal
control) indicates the possibility to converge system trajectory to different types of attrac-
tors (fixed-point, k-periodic, quasi-periodic or chaotic) (Cantarella 1993, Cea et al. 2008,
Meneguzzer 1997). Therefore, the ARIMA(n;,m;) models was selected to adequately repre-
sents the behavioural patterns dedicated to different layers with entropy-related estimation
and calibration of the parameters (Adamski 1998, 1999, Adamski, Florek 1997, 1999).
These layers are working in dedicated time reaction horizons (7; = n;T;_;) therefore inter-
layer macro ARIMA models can be used with system integration premises. The main para-
digm presented in this paper may be formulated as follows: to propose truly multi-criteria
entropy compatible ITS multi-layer dynamically interactive system functional struc-
ture. The entropy compatibility is guaranteed by the MLE demand estimators of trip ge-
nerators/attractors, relative entropy-based behavioural mechanisms (Adamski 2002, 2003),
entropy/modal entropy maximization criteria and multi-criteria control actions (i.e. ro-
bust H™ — stochastic efficiency (LQG) trade-offs) (Adamski 2003, 2005). The next very
important feature of the proposal is truly multi-criteria (i.e. compromise set based) and
simultaneous ITS application-oriented optimisation of the whole network processes.
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MANAGEMENT and CO-ORDINATION: LAYER 4 —
* MLE-estimation of network generators Oj/attractors D; Interactions
* O-D trip distribution patterns recognition and estimation from SupNet
* LoS specifications: standards, service characteristics, costs
* Behavioral patterns specifications: ARIMA(n;, m;) parameters calibration
* Network Nominal Working Points (NNWP) (fixed-point Theorem) 4_A
* Costs/Flows interface

i A
C(T){ ‘ Interface ‘ F,"
ADAPTATION LAYER 3
e Optimization problems specifications and tuning (criteria, modes, routes..)
e Estimation and calibration of behavioral mechanisms: Tz-updating time horizon
(T3=nyT2); n3,m3 — model parameters of ARIMA(N3,M3); Frn= w(Cr); Cm= ¢ (Frn);
mode flows-costs interaction behavioral mechanisms

e Modal split decomposition (modes structure and inter relations)

o NWP - stability margins real-time estimation; Flow an - costs Cy, T interface
e Dynamic traffic assignment: directions and routes recommendations (VMS)

& 4
Fmr3f ﬂ Interface H FT2

OPTIMIZATION LAYER 2
* Routing/Assignment problems specifications resulting from adaptive layer
» Estimation and calibration of behavioral mechanisms: T ,-updating time horizon
(T2=n1T4); nz,m, — model parameters of ARIMA(n,,my); F= y(C); C= ¢ (F); route
flows F — costs C interaction behavioral mechanisms
e C= ¢ (y(C)); F= y(¢ (F));"fixed point Banach theorem)
o Flows updating (F)interface

i ! I
I/ ™2 H Interface [ S

CONTROL LAYER
e Multi-criteria dynamic control problems specifications: T, control time horizon; PI — [*]
performance criteria, Multi-mode control: PIACON-individual traffic ;DISCON-
public transport, mixed PIACON-DISCON priority control
e Multi-criteria optimal settings S={cycles, splits, offsets): S™' = W(F " ,PI)
o S=PI(f);f=TA(S): f*=TA{PI(t*)}; S*=PI{TA(S*)}; min-entropy controller

CONTROL PLANT L
* 2-D Random Fields traffic models * ARIMA behavioral models

—]

-«

> <«

Fig. 1. Interactive ITS system multi-layer functional structure

The behavioural user-oriented interactions are both layer and entropy-compatible and have
real-time on-line estimated parameters: 7; — reaction horizon; n;/m; — behavioural patterns.
This offer completely new dynamic asynchronous network-wide behavioural model
that is compatible to real transportation system behaviour observations. The starting point
for upper layers interactions interface may be the following distribution and modal split
multi-criteria problem:
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PO TTi" : Q(T) ={Q;3i =1...3}

2T;=0;, XT;=D; T;=XT
j i m
where:

O :22271;’"0;" QZZZZTz‘j (lnTij_l)
m i j i j

0 =Y I X5 (nT -1)-0,
m i j

This initial problem may be solved by determination of the compromise set between
the criteria but the behavioural mechanism will influence the compromise set specifications
(e.g. shape, parameterisation). Of course there are possible different modal split structures
(e.g. nested or mixed modes) that increases the number of criteria (Cea et al. 2008).
The starting point for medium layers will be a multi-objective combined distribution and
assignment problem with additional network arcs a € A related criterion Q, = ¥, ¢(f,)
and corresponding conservation laws for routes r € R and arc flows; f, = > T" §,, (3,, Kro-
necker delta) and T; = ZrTijr. At the bottom control layer the multi-criteria PLACON control
problems will be solved (Adamski 1983, 2005, 2006).

2. ITS Bottom Direct Control Layer

The simple entropy related control idea can be related with the detection zone which
consists of a stretch of road of a given length L[m]. The spatial distribution of n detected
vehicles is represented by a set of inter-vehicle spacing values {s;}" treated as realizations
of a random variable. It is known that the entropy H reach maximum H_,,,/minimum H,;,
values for respectively uniform /cluster (e.g. as platoon of vehicles) spacing distributions.
Therefore the entropy H € [Hp;,, Hpa] under the stationary traffic conditions or entropy
parameter HP € [0, 1] after interval normalization, HP = (H,,x — H)/(H pax — Hpin), may be
treated as a measure of smoothness of the traffic flow, which is increasing/decreasing with
the spacing uniformity/ bunching over a road section. The simple intelligent real-time traf-
fic signals control logic may be as follows (Adamski 1995, 1996, 1997, 2002, 2003, 2006,
2007, Adamski Florek 1997). In the first prediction stage after the assignment of the mini-
mum green time for the traffic signals, the entropy parameter HP is estimated and for every
At time interval utilized to prediction of the traffic volume g, (e.g. by the formula of
qpr = KV;(1 - K/Kj)HP; where V; — free flow speed, K, K; — density and jam density, respec-
tively). In the second decision-making stage the green signal is extended on the threshold
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value or ended by a maximum green time constraint according to the following decisive
equation: g = g — W/(8max — g)z, where: w — weighting coefficient; g, g,.x — current and
maximal green times. The results from the simple engineering models (Adamski Florek
1999) show that the maximum efficiency of the proposed control method corresponds to
the situations of the cycle time and green split readjustments according to traffic arrival
fluctuations. Nevertheless, even in the case of fixed cycle time, entropy control can reduce
the average delays by about 25% , the average queue length by 20 to 60% depending on
the traffic flow (see Tab. 1).

Table 1

Example of most congested intersection Czarnowiejska Str.-Mickiewicz Av. in Cracow

A B C D

Average
4 delay fvehicle [5] 21.82 | 15.16 | 12.12 | 10.53
Average number 0.73 | 067 | 078 | 0.70
<&

of stops /vehicle

. 1| 1568 | 11.39 | 885 | 6.48
—< K s 2 1352 636 | 735 | 6.25
Average queue | 3 | 615 | 421 | 3.62 | 3.20

length for group
; r (vehicles) 4 | 810 | 544 | 417 | 414

3

51 595 | 246 | 341 | 3.20
6 | 745 | 3.73 | 366 | 351

* Comparison of control methods: fixed C* = 90(sec) / C variable cycle time:A — Existing, with C*, B — Entropy
control with C*; C — Delays control with C, D — Entropy control with C

For the more sophisticated minimum entropy control method, the bi-criteria controller
offering trade-offs between the H™ and LOG solution is proposed. The signal plan for that
intersection consists of six signal groups controlled in three phases, thus we have six state
variables and three control variables. The information about the number of vehicles on
approaches to the intersection, which forms a state vector in our formulation, was supplied
by the Krakow video-detectors data. By applying the minimum entropy controller we can
obtain a pre-specified level of robustness and good performance associated with the LOG
control problem (see Fig. 2). From applications point of view the solutions from the middle
of the non-dominated set of trade-offs H” — LQG are recommended, because then a perfor-
mance is close to that obtained from the LQG problem, and a satisfactory level of robustness
is guaranteed.
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The PIACON multi-criteria traffic control method generates more complicated inter-
actions between layers offering different service options for different traffic flows at
intersection. The PIACON structure of preferences may be influenced from the upper layers
from the point of view of network operational specifications.
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Fig. 2. Entropy as a trade-off between H™~ and LOG solutions

3. Structure of control preferences

To reduce the influence of the subjectivity and evaluate the objective weight of each
control criteria in a given traffic situation, the AHP-Entropy method was used and the ranking
was realized according to calculated distance d2 and close-degree to the ideal point. There
are eight control performance criteria (C1-C8) to be evaluated: the number of stops, delays,
capacity, queues, discomfort measures, priorities, dedicated modes , flexibility degree. These
criteria to be evaluated by six traffic situations markers (M1-M6) representing traffic flow
conditions and operational events such as traffic events blockings, operational priorities and
network synchronization requirements: free flow, near capacity, over-saturated, blockings,
priorities, “synchro”. The proposed approach consists of 5 steps (see Tabs 2 and 3):

A. Standardize the TSM (Traffic Situations Markers) and determine target matrix.
B. Determine the entropy indicator weight Ae for TSM.
C. Calculate the weights from AHP and combine with Ae to get the comprehensive weight

WW.

D. Construct the normalized matrix to determine the ideal point.
E. Calculate the distance d2 and close degree to the ideal point to sort control criteria in

the preference structure.
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Table 2
SP — Free flow conditions
Advanced AHP-Entropy WwW
1.0000 2.0000 5.0000 7.0000 2.0000 1.0000 0.3330
0.5000 1.0000 3.0000 5.0000 2.0000 1.0000 0.2158
0.2000 0.3333 1.0000 5.0000 1.0000 2.0000 0.1473
0.1429 0.2000 0.2000 1.0000 3.0000 2.0000 0.0969
0.5000 0.5000 1.0000 0.3333 1.0000 1.0000 0.0889
1.0000 1.0000 0.5000 0.5000 1.0000 1.0000 0.1181
Amax = 6.4339 CI = 0.02868 CR =0.02313
Ae = 0.3915 0.1490 0.1985 0.1252 0.0696 0.0663
Table 3
Preference structure
C — criteria d2 Ranking Close-degree Ranking

C1 0.2814 2 0.3397 1

Cc2 0.2611 1 0.4376 2

C3 0.2952 3 0.5646 3

c4 0.4048 6 0.6041 6

C5 0.4045 8 0.6530 8

C6 0.3212 7 0.7098 5

Cc7 0.4013 5 0.7562 4

C8 0.3230 4 0.7909 7

4. Application example

In order to illustrate the combined distribution-modal split-assignment-control pro-
blem consider a simple road network G = (N, A) with nine nodes and twelve links as shown
in Figure 3. Trips are generated at nodes O; = 500 trips/h and O, = 350 trips/h and they are
attracted by nodes Dy = 400 trips/h and D, = 450 trips/h. Signal controllers are located at
nodes C;, C, and Cs. There are two modes operating over this network: individual (cars)
and public (buses). The effects of congestion due to the limited capacity of road network
and public transport vehicles and delay due to signal control are directly considered. Table 4
shows the main parameters for the link cost functions of the road network and Table 5 pre-
sents itineraries of the public transport lines.



ITS: Intelligent Transportation Systems — Multi-Criteria Control Problems 25

)
O
e
O

9]
(o)}

Fig. 3. Road network G = (N, A)

Table 4
Parameters for link cost function

Link 1 2 3 4 5 6 7 8 9 10 | 11 12

Free flow

- . 115122 48 [ 72 |102]125]) 25 | 20 | 32| 1.8 [ 2.0 | 25
travel time [min]

Capacity [veh] 50 | 50 | 150 | 150 | 50 | 50 [ 110 | 50 | 50 | 90 | 50 | 80
Fixed flow [veh/h] 4 4 8 4 4 8 4 0 4 4 4 4

Table 5
Itineraries of the public transport lines

Line Itinerary
1 1-2
2 7-3-11-6
3 10-3-4-9
4 5-6

The problem was solved as a bi-level optimization model: at a higher level the combi-
ned distribution-modal split-assignment problem was solved, while at the lower — a poly-
optimal signal control (PIACON) procedure at three mentioned above intersections (nodes)
was adopted. The first model is in a fact multi-criteria optimization problem, so a compro-
mise set of solutions could be determined, for example a trade-off between costs and modal
split (Fig. 4) and then one can choose a specific non-dominated solution.
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4.6 4.8 5 5.2 54 5.6 5.8 6 6.2 6.4 6.6
Cost x 10

Fig. 4. Compromise set cost-modal split

Users choose their routes according to Wardrop’s first principle, so changes in travel
time due to signal control can cause a switch to alternative paths. On the other hand changes
in link flows causes changes in traffic signals, but in the static case considered at the higher
level, this procedure converges very quickly.

Table 6 shows flows on all paths in the network for the selected non-dominated solu-
tion; as can be seen individual users choose only routes with minimal cost (travel time),
which prove that users behave according to User Equilibrium solution. In Table 7 trip matri-
ces are presented.

Table 6
Equilibrium flow
OD Path Flow [veh/h] Cost [min]
1-2 29.63 29.01
0, D, 7-3-4-9 35.38 29.01
7-3-8-2 0.00 30.03
7-3-4-12 68.14 29.37
0, D,
7-3-11-6 0.00 29.65
10-3-4-9 3.39 26.30
0, D,
10-3-8-2 0.00 27.01
5-6 23.41 26.15
0, D, 10-3-4-12 18.04 26.15
10-3-11-6 0.00 26.64
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Table 7
OD matrices

Car [pass/h] Bus [pass/h] Total [pass/h]

D, D, D, D, D, D,
O, 65.02 68.20 0O, 185.01 | 181.77 0O, 250.03 | 249.97
0O, 3.39 41.46 0, 146.58 | 158.57 0, 149.97 | 200.03

5. Conclusions

The inter-layers users behavioural interactions in a crucial way determines the features
of the whole system operation and control actions in particular. In this paper the real-time
control preference structures recognition based on network interaction structure with the
exploration of three main interfaces between system layers was presented. In multi-criteria
control actions these interfaces guarantee first of all the stable operation of the whole sys-
tem as well as the effective operation of individual layers. The dynamical behavioural inte-
ractions are, in general, very complex due to many uncertain and not directly measurable
premises. The entropy compatibility on all system layers of the proposed solution was
illustrated. The special operational flexibility was presented at control layer where several
multi-criteria options can be used in a real-time recognized system-oriented mode.
The main conclusion may be formulated that above problems to a high degree are enabling
solutions for advanced ITS system operations.
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