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PREFACE

This report documents the work performed on the Real Time, Hierarchical, Optimized, Distributed,
Effective System-Integrated Traffic Management System (RHODESITMS) Ramp Metering Project. The
Arizona Department of Transportation (ADOT) funded this research effort. The scope of this project was to
test coordinated ramp metering via simulation, and develop the interfacesto field test the software. The
development of the Multi-Objective, Integrated, Large-Scale, Optimized System (MILOS) architecture and
algorithms was addressed in an earlier phase of the RHODES-ITMS Program. This report addresses the
latest phase of the program that resulted in: (1) Development of a simulation model for a 7-mile eastbound
segment of 1-10 in Phoenix, just west of the 1-10/1-17 interchange, and (2) Refinement of the interfaces that
bring data from the freeway management system (FMYS) to the MILOS ramp metering software. In
summary, this phase involved:

collection of datato build and validate the 1-10 freeway model,

development of arealistic traffic scenario to test the MILOS system with,
evaluation of MILOS' performance in this scenario, and

development of software interfaces to get real-time freeway statusto MILOS.

The major outcomes of this project were as follows: (1) The 1-10 model was constructed and validated.
This effort was hampered by the availability of reliable data from the FM S system. Even with 100%
reliable information, it became clear that a model that mimics reality exactly is not worth the tremendous
effort required to achieve that level of fidelity. (2) The traffic scenario was developed and served as a
realistic basis for comparison. (3) MILOS performance in the simulation experiments was excellent,
achieving drastically improved freeway flow, throughput and travel times. Thiswas accomplished at the
expense of large queues dispersed at the ramps throughout the system. (4) Some success was achieved in
development of interfaces. This success occurred in the interfaces that bring data from the FMS to MILOS,
and in developing queue estimation procedures that take information from the interchange detectors and
estimate ramp queues. An interface for delivering ramp-metering rates from MILOS to the field was
determined to be outside of the scope of the budget for the current project and was not pursued.

This report was written primarily by the principal investigator, Frank W. Ciarallo, and by co-
investigator, Pitu B. Mirchandani, both of the Advanced Transportation, Logistics, Algorithms and
Systems (ATLAS) Research Center, Systems and Industrial Engineering Department at the University of
Arizona. Also, several other individuals have contributed towards the writing, software devel opment
and/or data gathering. In particular, the efforts of the following individuals are acknowl edged:

Douglas Gettman Siemens Gardner Transportation System Inc., Tucson, AZ
James Grabher Raytheon Missile Systems Inc., Tucson, AZ
Srinivas Badinarayanan Computer Science Department, University of Arizona, Tucson, AZ

In addition, the principal investigators wish to acknowledge their appreciation to the Project’s Technical
Advisory Committee (TAC) whose continual active participation, technical input and support resulted in
the RHODES I TMSresults being even more relevant to traffic engineering and control. The following
individuals served on the TAC at various times:

Alan Hansen Federal Highway Administration (FHWA)

Tom Fowler Kimley-Horn & Associates (formerly at FHWA)
Tim Wolfe ADOT Transportation Technology Group

Dan Powell Willdan & Associates (formerly at ADOT)

Tom Parlante ADOT Traffic Engineering

Manny Agah ADOT Freeway Management

Phil Carter ADOT Freeway Management

Glenn Jonas ADOT Freeway Management

Jerry Pfeifer ADOT Freeway Management

Jim Shea Retired (previously at ADOT)



Sarath Joshua
Jim Decker
Ron Amaya
Dave Wolfson
Ben McCawley
Pierre Pretorius
Don Wiltshire
Scott Nodes
Steve Owen

Maricopa Association of Governments - MAG (formerly at ADOT-ATRC)
Traffic Operations, City of Tempe

Traffic Engineering Division, City of Peoria (formerly at City of Tempe)
Maricopa County Department of Transportation (MCDOT)

City of Chandler (formerly at MCDOT)

Kimley-Horn & Associates (formerly at MCDOT)

Maricopa Association of Governments (formerly at MCDOT)

Traffic Operations, City of Peoria (formerly at City of Phoenix)
RHODES-ITMS Project Manager, ADOT-ATRC

The contents of this report reflect the views of the authors who are responsible for the facts and the
accuracy of the data presented herein. The contents do not necessarily reflect the official views of the
Arizona Department of Transportation, or the Federal Highway Administration. This report does not
congtitute a standard, specification or regulation.



1. INTRODUCTION

11 BACKGROUND

Traffic congestion is a growing problem in urban freeway networks. Ramp metering is one of the
available traffic management tools that have been shown to reduce delays and increase capacity. Because
coordinated ramp metering is an Intelligent Transportation System (ITS), these benefits can be realized

without significant spending on additional travel lanes or adding miles of freeway.

Congestion during commuting hours makes up alarge fraction of total vehicle-hours of delays. The
remainder of delaysis mostly due to non-recurring events, such as crashes and other anomal ous events.
Effective management of peak commuting times and accident conditions on freeways will thus have the
largest impact on freeway delays.

Freeway congestion is a cost to society because of increased times for travel due to excessive delays.
Side effects of congestion include degradation of air quality and increased fuel consumption. Driver safety
isaso jeopardized in congested freeways with areas of drastically different speeds.

The goal of ramp metering is to smooth freeway flow to attain consistent throughput rates that maximize
the use of the vehicle-carrying capacity of the freeway system. This occurs because metered on-ramp flows
reduce or eliminate the “shock wave” created by large platoons of on-ramp vehicles merging with freeway
traffic. A side benefit of consistent throughput ratesis predictable, consistent vehicle trip times. The
gueues at the ramps will discourage routes with high societal costs (due to congestion). Finally, reduction

in speed variation and weaving behavior leads to fewer crashes.

To achieve these benefits, ramp metering must incur direct costs related to a more complex control
system, and costs related to queues at the on-ramps. Thus in locations where ramp metering has potential,
the goa of improved freeway flows must be considered together with the negative effects of large ramp
gueues. Thetime spent by relatively few vehiclesin the ramp queues can easily be offset by the improved
travel times of many vehicles on the freeway traveling at free-flow speeds. When significant queues build,
ramp metering implicitly favors through traffic over local traffic and short trips. Excessive queues at the
ramps may create additional costsif they extend into the adjacent traffic interchange, effecting movement

of vehicles through the interchange.

The factors outlined above define the essential tradeoffs in effective ramp metering.

1.2 PROJECT HISTORY

The Real Time, Hierarchical, Optimized, Distributed, Effective System-Integrated Traffic Management
System (RHODES-ITMS) Program addresses the design and devel opment of a real-time traffic adaptive
control system for an integrated system of freeways and arterial roads. The overall program was initiated
in December 1993, jointly funded by the Arizona Department of Transportation (ADOT) through the State



Planning and Research Program budget and the Maricopa Association of Governments (MAG). The
RHODES-ITMS program is overseen by ADOT’ s Arizona Transportation Research Center (ATRC).
Starting in 1996, the RHODES-ITMS Corridor Control Project devel oped the Multi-Objective, Integrated,
Large-Scale, Optimized System (MILOS) architecture for coordinated ramp metering. Under the direction
of Pitu Mirchandani and K. Larry Head of the Systems & Industrial Engineering Department at the
University of Arizona, Douglas Gettman developed and tested the MILOS architecture for his Ph.D.
dissertation. The background for and development of the MILOS architecture are described in detail in
ADOT Report #FHWA-AZ99-462.

In August 1998, the program was extended by ADOT with plans to conduct afield test project of the
MILOS technology. The new project focused on the section of 1-10 eastbound near Phoenix, between 83
Avenue and 27" Avenue. This section of freeway has 6 metered on-ramps and is a location with recurring
congestion. Also, this section of freeway has detectors and ramp meters that are part of the ADOT freeway
management system (FMS). The original tasks set out for the project included 1) development of a
simulation model for the I-10 test area similar to that used in the Gettman dissertation for SR202,

2) evaluation of MILOS performance in the simulated environment, 3) development and testing of the
interfaces necessary to use MILOS in the field viathe FMS, including real -time input from detectors to the
MILOS software, and real-time outputs from MILOS to ramp meter controllers and 4) areal-time test using
MILOS to control the ramp metersin thefield. The new project included the original MILOS team, in
addition to Frank Ciarallo from the Systems & Industrial Engineering Department and several students.
These included undergraduate student Brett Sharon, and graduate students Jim Grabher and Srinivas

Badinarayanan.
—Red-time—
Freeway [ » 1 ot > 2
FMS MILOS
| .
Tl g 4 o rates 3
v
Ramp Meters

Figure 1 - Software Interface M odules (1 to 4) Between FMSand MILOS



Figure 1 schematically shows the initial design of four software interface modules required to allow
communications between MILOS and the FMS. Module 1 extracts the required detector data from the full
FMS data stream and makes it available to Module 2 every 20 seconds. Thisincludes freeway and
interchange detector information. Module 2 is called from within MILOS and accesses the data stream
from Module 1, translating that information into the speed, volume and queue data required by MILOS.
Module 3 takes the metering rates set by MILOS and formats them for Module 4, including rounding to the
appropriate range and creating any other commands required for interface with Module 4. Module 4
trand ates the ramp metering commands from Module 3 and communicates them through the FM S to the
ramp controllers. For safety reasons, Module 4 should only allow MILOS access to the ramp meter
controllers, and not the full set of commands that could be transmitted to the FM S (for example, to control

variable message signs).

In November 1998, theinitial plan was for the University of Arizonateam to be responsible for
development of the modules that interact directly with MILOS (Modules 2 and 3). Via a subcontract,
Kimley-Horn & Associates were to be responsible for Module 4. Module 1 was to be developed jointly by
the University of Arizonateam with support from Kimley-Horn. In February 1999, after receiving a bid for
the Kimley-Horn portion of the work, the scope of the plan was changed. Because of the unexpectedly
large expense for Module 4, it was removed from the scope of the current project. Thiswas a difficult
choice, since without Module 4, it isimpossible to test the effectiveness of MILOS, because metering rates
cannot be communicated to the field. 1t was decided that afull test of MILOS in the field (originally one of
the 4 main project goals) would be deferred to a later project.

During the spring and summer of 1999 the information on the geometry of the freeway (humber of lanes,
location and length of on-ramps and off-ramps, length of segments, locations of detectors, etc.) was
collected and encoded into a ssimulation model. Also during thistime, the MIL OS software had to be
modified to work with an upgraded version of the CPLEX optimization software. The effort to calibrate
the macroscopic traffic model took place between winter 1999 and summer 2000. This entailed working
with multiple data sets of varying levels of detail (15 minute counts down to 1 minute detector counts).
This effort was hampered by malfunctioning detector stations, and stations that were out of service during
freeway maintenance operations. This effort aso included some changes to the structure of the simulation
model. Following the calibration effort, a traffic scenario based on atypical morning rush period was
developed and used as the basis for the simulation testing. The running of the simulation tests took placein
summer and fall of 2000.

In summer of 1999, the development of Modules 1 and 2 began, aided in the fall of 1999 by the use a
"recorded data interface”. Thisinterface allowed the development of Module 1 using software that
delivered recorded freeway data using the same interface that is presented by the FMS. This allowed
development and debugging of Module 1 without being connected to the "live® FMS. During this

development process, it was found that the FM S data stream was not providing variables related to the



traffic interchanges (TI). Thiswas a serious problem, because vehicle flows from the Tl detectors are
required to estimate the queue lengths at the ramp meters. In May of 2000 it was decided that a Tl
simulation would be used to develop the procedures for estimating ramp queues using simulated Tl vehicle
flows. This simulation was devel oped using CORSIM, with the portions of Module 1 that interact with the
simulation coded so that they would easily be merged with the other portions of Module 1. The
development of the Tl simulation was completed in December 2000.

1.3 SUMMARY

The remainder of this document is organized as follows. Section 2 gives an overview of the structure and
internal operation of the MILOS system, with a description of the hierarchical optimization framework that
MILOS isbased on. Section 3 describes the effort to use data from the field to build and calibrate the 1-10
simulation model used to evaluate MILOS. Thisincludes the construction of arealistic traffic scenario and
the results of running MILOS in this scenario. Section 4 describes the interfaces both within MILOS and
between MILOS and the field. The internal interfaces allow communication between the MATLAB
environment, and the CPLEX optimization software. The interfaces between MILOS and the FMS system
are necessary for MILOS to receive real-time information for operation in the field. Section 5 provides a

summary of findings and recommendations. Section 6 includes supporting documents.



2 RAMPMETERING WITH MILOS

MILOS is an acronym for Multiple-objective, Integrated Large-scale, and Optimized System. The

MILOS architecture is novel in the way that it explicitly considers the interaction between the surface-street

system and the freeway system. In MILOS, the sometimes-competing objectives of these systems are

managed by using a multi-objective solution methodology. MILOS is a hierarchical freeway on-ramp

control system that decomposes the large-scale freeway ramp-metering problem into a series of

optimization problems of varying temporal and spatial resolutions. The optimization problems are re-

solved as the parameters and conditions of the system change to continually adjust the control strategy to

the real-time behavior of the system. In addition to this, to mitigate the unpredictability of the future

system state, a predictive, scenario-based optimization scheme isimplemented in real-time to prepare the

local subsystem for the next short-term stochastic disturbance.

21 MILOSCONTROL STRUCTURE

Figure 2 depicts the hierarchical structure of MILOS. There are two levelsin the hierarchy: An area-

wide coordinator and, for each on-ramp, a predictive-cooperative real-time rate regulator. The planning

and control activities proceed in arolling horizon framework: the planning horizon extends forward

Figure2 - The MILOS Control Architecture
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in time, covering many opportunities to change the metering rate, but only the current system is applied to
the system. The metering rate is recomputed and applied at intervals that are shorter than the planning

horizon.

2.1.1 AreaWide Coordinator

The area-wide coordinator provides tactical decision-making for the MILOS hierarchy. It assigns target
ramp metering rates for the medium-term (10-20 minutes) to maximize freeway throughput, balance ramp
gueue growth rates, and minimize queue spill-back into the adjacent surface-street interchanges. It is based
on arolling horizon implementation of a multiple-criteria, quadratic programming optimization problem.
Queue growth rates at adjacent interchanges are planned according to the relative congestion of the

interchanges.

A brief mathematical description of the area wide coordination optimization problem follows:

2

N
max @ (1+2bgsd); - bger” - bz,
r i=1
Equation 1
subject to

d
1 aA;LECAR "j
i=1

2. (d-r)T-z£Q "i
3. runELENy i
{ Vo ggdig
4, q:ﬁimc;i) " g= = B

N
i _a:lcu(di' ri,MlN)

(0) .
3. di =r RNBdNB +r L.SB(l' r R,SB)jSB tr T,EBdEB +%)

The variablesin this formulation are defined below:

N is the number on-ramps

M is the number of off-ramps

d isthe demand (veh/hr) at each on-ramp i

r; isthe ramp metering rates (veh/hr) at ramp i

isaweighting factor. Setting b large will increase the importance of balancing ramp queues and
setting b small will decrease the importance on balancing queues and increase the importance of
maximizing freeway throughput.

G is acongestion weighting factor for interchangei

5 isthe saturation flow rate of the ramp i



CAP; isthe physical limit of freeway capacity for segment j
A j isthe proportion of the flow entering at ramp i that continues through link j en route to its
destination

lmax = min (di ' 9 ) URYIIN

ri min 1S the slowest rate acceptable to drivers, which could be as low as zero if the ramp was allowed
to be and/or capable of being fully closed

Cn,i isthe capacity of phase mat interchangei

Vi iSthe offered volume for phase mat interchange i.

g (0) is the queue length at the ramp when the optimization begins

Pries PLss, 8N pres arethe current probabilities of turning right, left, and through, respectively at
each of the approaches to the interchange feeding ramp i

dng, dss, and dgg are the demands on the northbound, southbound, and eastbound approaches to
interchange i, respectively. These definitions assume an eastbound freeway for demonstration

Z isthe extra capacity allocated at each ramp queue i to accommodate the flow at that ramp

T isthe optimization time horizon

The goals of the area wide coordinator are to:
1. plan coordinated metering rates for recurrent congestion.

2. identify short-term flow fluctuations that require re-solution of the area-wide and real-time

optimization problems.
3. react to changesin the relative congestion levels of the interchanges.
4. balance queue growth rates in the network.

5. respond to non-recurrent congestion generated by crashes.

2.1.2 Predictive-Cooperative Real-Time Control

At each ramp, the predictive-cooperative real-time (PC-RT) controller receives atable of set point
metering rates and desired freeway states from the area-wide coordinator. The real-time controller then
solves optimization problems with a time horizon of minutes, with direct influence over asingle ramp
meter and a small section of freeway. It solves optimization problems based on alinearized description of
the response of freeway flow to ramp metering rates. These optimization problems attempt to maximize
additional travel timesavings, beyond those due to the area-wide coordination. It attempts to be proactive
in modifying the nominal metering rates provided by the area-wide coordinator. Thisis accomplished by
considering a small set of scenarios of possible ramp and freeway flows in the next few minutes. The PC-
RT formulation pro-actively plans to utilize opportunities to disperse queues or hold back additional
vehicles when freeway and ramp demand conditions are appropriate. The cost coefficients of this
optimization problem are linked to the solution of the area-wide coordination problem by using output

variables from the solution to the area-wide coordination problem.

The PC-RT algorithm addresses the need to integrate the effort of the freeway control system with the
concerns of the surface street control system. It does this by responding to statistically significant short-



term fluctuations in the stochastic vehicle flows from the upstream freeway and at the ramp. PC-RT does
this while continuing to follow the nominal ramp metering rates recommended by the area wide
coordinator. The metering rates from PC-RT thus do not deviate significantly from the nominal rates set by
the area-wide coordinator. Recall that at the area-wide coordination level, the vehicle flows are considered

constant.

A more detailed description of the mechanics of the PC-RT procedure follows, based on the notation
defined in Section 2.1.1: The basic function of the PC-RT rate regulation algorithm is to exploit, at any
time k, the excess local capacity r(K) < rjn and gi(k) < g n(K) in the freeway/ramp system by reacting in
the following ways to the fundamental combinations of predicted ramp demand and predicted upstream
freeway flow:

(1) increase the metering rate when the freeway density is lower than the nominal density and the

ramp demand is higher than nominal,

(2) decrease the rate when the ramp demand is lower than nomina and freeway density is higher
than nominal

(3) increase the rate when ramp demand is lower than nominal and freeway density is lower than
nominal

(4) increase or decrease the metering rate according to a trade-off solution when ramp demand is

higher than nominal and freeway density is higher than nominal.

How much to decrease or increase the rate r;(k) from the nominal setting r;y is specified by formulation
of alinear programming optimization problem (LP). ThisLP isformulated with alinearized description of
the macroscopic freeway flow equations (from Chapter 4) about the nominal equilibrium state (r j n, Ujn
rin) and alinear description of queue growth about the nominal queue-growth trajectory ¢ n(k). The cost
function of this LP optimization problem is a weighted sum of travel-time savings in each section of the
freeway and on the ramp approaches. The weights of each state-variable are derived from the dual
multipliers|  and constraint slack e, values of the solution to the upper-layer area-wide QP optimization
problem. In this manner, atrade-off between travel-time savings on the ramp and on the freeway is based
on the current interchange conditions (i.e. how important it isto manage spillback at this ramp) and the
conditions in critical freeway sections.

The PC-RT rate regulation algorithm can be described as a three-step process:

(1) Given that a significant deviation from the upstream freeway or ramp demand nominal flow is
detected, predict severa possible subsequent flows to the ramp and the upstream freeway
segment,

(2) Given these predicted possible future scenarios, solve an LP optimization problem for each
predicted scenario that reduces queuing time on the ramp and/or reduces the possibility for

congestion on the freeway over the next few minutes, and
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(3) In the next optimization interval, collect the "actua" upstream freeway flow and ramp
demand, compare the actual flow to the predicted scenarios, and apply the appropriate
metering rate for the scenario that best matches the actual flow.

A ralling-horizon framework is used in the three-step process listed above. Thus, the PC-RT
optimization problems are solved for a5 to 7 minute predictive time-horizon, but the metering rate is only
applied for the first 1-2 minutes of the time horizon before the problem is possibly re-evaluated due to the
stochastic fluctuations.

22 FREEWAY SIMULATION MODEL WITH RAMPS

The original algorithm used an O/D matrix or route-proportional matrix. An O/D matrix shows the
proportion of the freeway flow entering at a ramp that continues through the various portions of the
freeway in question. This data structure actually contained more information than is needed and is hard to
derive. The information the algorithm actually needsis what proportion of the freeway flow exits at each
off-ramp. The O/D matrix not only contains this but also how much of that traffic came from each on-ramp.
A matrix of turning ratios showing what proportion of the freeway traffic exits at each off-ramp is much
easier to derive. The simulation model and optimization modules of MILOS were modified to accept the

turning ratio information in place of the O/D matrix specification.
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3 |-10MODEL DEVELOPMENT —DATA AND CALIBRATION

Evaluating the effectiveness of the MILOS ramp metering strategy using simulation required an accurate
description of the physical structure of the freeway (number of lanes, location of on/off-ramps, queueing
capacity at the ramps), aswell as aredlistic estimate of the flow of traffic (on-ramp flows, off-ramp turning
probabilities). Because the flow of traffic varies throughout the day, a “scenario” based approach is
reasonable, described by average volumes at the ramps that vary throughout the day. This section describes
the procedures used to create the simulated 1-10 freeway structure and 2 traffic scenarios.

The calibration of the macroscopic simulation isimportant both for the validity of the simulation
comparisons, but also for proper operation of the PC-RT module. The PC-RT module (described in
Section 2.1.2) uses alinearized version of the macroscopic model to predict traffic flows in the near future.
The calibration effort revealed a significant problem with the reliance of the MILOS a gorithm (or any
algorithm needing real -time measurements) on detector counts. Unexpectedly, much of the data available
on I-10 in this location was found to be corrupt in some way, due to issues such as missing detectors, cut
communication to detectors, or detectors (and/or data collection software?) producing spurious
measurements. This was due to malfunctioning detectors or detector stations, as well as stations down due

to freeway maintenance activity.

For example, between 81% Avenue and 5" Avenue there are 27 detector stations on I-10 eastbound. In

one large data set:
1) 5of theselocations had ALL detectors operating and producing reliable data,

2) 7 locations had one or more detectors producing spurious measurements for some portion of the

day, 6 locations were completely non-reporting, and

3) theremaining 9 locations had one or two lanes that were not reporting (for the period of 5:45 AM
—12:00 midnight on 5/3/00 — the period from 12 midnight to 5:45 AM has very sparse traffic and

leads to confusion in the data analysis process).

It should not be overlooked, however, that relative comparison statistics of the MILOS method with the
other control methods using the “geometrically” correct model of 1-10 with a possibly spurious model of
the traffic dynamics would still be useful. Thisis because all of the control methods would be evaluated
with the same traffic model. It is recommended that calibration attempts be curbed in future work and
more emphasis placed on processing raw detector data into useable data streams for real-time operation of
the algorithm. It is also possible that using a possibly poorly calibrated linearized macroscopic model for
prediction of future effects in the PC-RT local control optimization problems should not cause large

disparity in the control efficacy simply because the model is poorly calibrated.

12



=== -BR: i
s
M [ P =5
EﬁmEfl
b FE-'I‘E'D.HI i = =
S| STl =
N 2E
= = e
—H [~ E
= Al 1 == _IL_'_:
e gﬁ- E“‘n"‘_l_l.l T
: T == T I:£|: [| r_:
: H
Ll AEi=iias
=NEALS s
2 [ rhomas- R = . JHH
s 0 LR R T
T L — _E—|—_ }'_u. "J:l E:
: EHIF = i i=
5 AR == e
i e M
e oy | 25.E
. SRalEarFark i s =
u AINE: WEE=:: B
u == e I ==
— @ k=2 S2k R leeln'lp H’,,__
L I [ O o = Wy 2= = =
tn ] e — ﬁ— = 1 =
—':H 7] s nlt% ! ¥ B ==
' poY] | Cre=
z =0 S 5 |
il SSﬁ - I H ] L= T
& .g_ — W Dlranga St ® =
r = i =
% F3 5 LSAnLA Maria =) . [k
n 1] n |1 | e |
R tn - €
L 1) -
S B |~ oy
T anzanita Y Broadway Rd
II| s_‘E[ i o ey B
= I R 4 3
C2001 Mapduest.com, Inc.; €2001 Wawvigation Technokbgis %.ﬁd J

Figure3- Map of 1-10 Study Area from 83rd Avenueto 35th Avenue

(source http://www.mapguest.com)

3.1 FREEWAY STRUCTURE

The preliminary MILOS evaluation was based on a simulation model of the SR202 in Phoenix, AZ. The
TAC members for the new project suggested I-10 Eastbound 81% Avenue — 22™ Avenue for the test
location given the availability of data on that stretch of freeway and the existence of ramp metersin that
section. Figure 3 is amap of the area, covering 1-10 Eastbound from exits 135 to 143. This stretch of
freeway has six metered on-ramps and seven off-ramps. The coordinated section ends just before the |-
10/1-17 interchange (the “stack™) and is a location with recurring congestion. Also, this section of freeway
has detectors and ramp meters that are part of the ADOT freeway management system (FMS).
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MILOS uses a macroscopic model of traffic on the freeway, in which aggregate vehicle movement is
treated as a fluid-like flow. The macroscopic model is described in detail in ADOT Report #FHWA-AZ99-
462. Thefreeway is separated into “segments’ which are then further decomposed into “sections’ roughly
500m in length. Sections are the smallest spatial resolution of the traffic state variables in the simulation.
The boundaries of segments are placed where there is a physical change in the freeway geometry (lane drop
or add, on- or off-ramp). Table 1 describes the physical parameters of the I-10 study area. Note that
segments 10 and 11 describe the freeway near the 1-10/1-17 interchange, and are not represented in the

simulation. The I-10 simulation model uses only the first nine segments.

Tablel - Detailsof 1-10 Test Area

Segment 1 2 3 4 5 6 7 8 9 10 11
Length (m) 1500 1750 1625 1750 1625 1550 1750 1000 500 625 1050
Lanes* 3 3 3 3 3 3 3 3 4 3 3
Location 86M-79" 79M-71° 71%-63" 639-54" 54M-46" 46"-39" 39M-31° 31%-26" 26M-24" 24M-21° 219-16"
On Ramp 83" 75" 67" 59" 51% 43¢ 35" - - - 1-17
Storage Area 250 375 250 375 250 250 175 - - - 0
(m)
Lanes On 4+ 1 1 1 1 1 1 - - - 2
Ramp
Off Ramp 83" 75" 67" 597 518 431 35" 27" 1-17 - -
Lanes Off 1 1 1 1 1 1 1 2 2 - -
Ramp

* Lanes do not include HOV/carpool lane.

*x Three freeway lanes and one on-ramp at 83

3.2 OTHER RAMP METERING STRATEGIES

In this experiment, MILOS was compared to the no-control case, where traffic is allowed to flow without
metering onto the freeway and a traffic responsive volume/speed metering with queue management: As
reported in Report #FHWA-AZ99-462, Table 2 relates the metering rate at a given ramp to the freeway
volume or speed just upstream of the metering location. Using volume and speed measurements from the
upstream detectors, the values are compared with column 2 in Table 2 beginning from the top and
proceeding to the bottom. If the mainline measured volume is less than the given threshold in column 2, or
if the mainline measured speed is greater than the threshold found in column 3, then the corresponding
metering rate in column 1 isapplied. Each minute, the metering rate is adjusted using this procedure, after

the mainline speed and volume measurements are collected.
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Metering Rate Mainline Volume Threshold | Mainline Speed Threshold
(veh/hr) (veh/hr/lane) (mileg/hr)
240 1980 10
360 1860 30
480 1560 46
600 1080 54
720 720 57
900 480 60

Table 2 - Metering Rates for Traffic Responsive Volume/Speed Metering

3.3 TRAFFIC FLOW SCENARIO & SIMULATION EXPERIMENTS

Lower fidelity data (15-minute aggregation) were used to create a short traffic flow scenario and higher
fidelity data (1-minute aggregation) to create alonger, more redlistic traffic flow scenario. The short
scenario was developed primarily to support the calibration of the simulation model parameters. This
calibration effort tuned the model of freeway traffic to accurately model actual freeway traffic. Thelong
scenario was intended to model atypical morning rush hour with no accidents on the freeway. Thelong

scenario was used to make the comparisons between 3 ramp metering strategies.

3.3.1 Short Scenario

Based on 15-minute counts for an entire day (May 3, 2000) that were obtained from ADQOT, a* short”
traffic flow scenario was constructed, representing approximately 90 minutes of traffic flow. This short
scenario was used in the calibration effort to “tune” the parameters of the macroscopic simulation model.
A short scenario was preferred for the calibration effort because short simulation runs allowed more
iterations of the parameter setting/simulation evaluation cycle. The average on- and off-ramp flows were
estimated by computing the difference between the measurement up- and down-stream of each ramp. This
short scenario had to be massaged considerably from the original data, because using the data directly
resulted in some negative turning volumes, at both on- and off-ramps. This anomaly occurred because of
missing and non-reporting detectors and the time-scale of the differences. Given the relative scarcity of the
observations (15 minute aggregated volumes), calibration attempts alow any number of modelsto fit the
dataat 5 or 6 points on the 15-minute time scale, with awide variation in the freeway flow during the other

14 minutes of the period.
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3.3.2 Simulation Calibration Using the Short Scenario

A significant issue of simulation modeling of traffic is the realism of the simulation. Traffic flow istime,
location, locale, driver-behavior, geometric, and weather dependent (among other factors). Hence, the goal
of any simulation experiment is to model the location and conditions of the test area as accurately as
possible. Significant effort during this project was applied to attempting to “calibrate” or compare the
performance of the macroscopic flow model with data collected at the test location by ADOT. Early onin
the project, severa software bugs (related to MATLAB implementation) limited the analysis effort.

Identification of these software errors was key in the continued development of the MILOS project.

In the MILOS simulation experiments with SR202, a multi-dimensional calibration optimization search
was conducted to locate parameters of the macroscopic model that allowed the model to match the results
from a CORSIM simulation model of the SR202. (Refer to Report #FHWA-AZ99-462 for further details
on the CORSIM model.) A similar procedure was attempted for the 1-10 test location, but the fidelity of
the real-time data available was too low (i.e. 15-minute observations) for significant progress to be made.
A trial-and-error approach was adopted. The parameters found to match the behavior of vehicles on SR202
were used as a starting point. The resulting parameters found that gave “traffic-like” performance for the I-
10 network was similar to the set of parameters for the SR202. Refer to the MATLAB M-files for those
parameter definitions and values. This “realistic vehicle traffic” behavior appears to be reasonable for the
network conditions. The output of the simulation did not directly match the actual freeway behavior on a
minute-by-minute basis, based on the data set made available by ADOT. Thiswas not considered
surprising for the following reasons: (1) spatia differentiation in the speed-volume performance of each
segment, (2) derivation of turning probabilities and demand modeling in the scenario definition, (3) other
modeling assumptions such as homogeneous lane flow and absence of diversion behavior, (4) aggregation
of volume, speed, density information across lanes, (5) bad detector data from the freeway. (Refer to the
Report #FHWA-AZ99-462 for afurther description of the limitations and assumptions of the macroscopic

flow model.)

As part of adataanalysis effort, the project explored the theory that differing speed-volume performance
in the various freeway segments would allow the macroscopic model to more closely match the real
freeway measurements. A significant amount of effort was expended to obtain and process volume-speed
data provided by ADOT.

Constructing speed-volume curves from asingle day of datais difficult. For example, if the freeway
does not experience congestion in the section on that day, it is difficult to determine where the transition
from free flow to congested flow occurs. Another experiment was conducted to form reliable speed-
volume curves by utilizing data from a single time period (e.g. 8:00-8:15AM) for an entire year (1999).
(Refer to Figure 4 for an example.) This data was also problematic, because the curves indicate capacities
aslow as 1200 vphpl and typically in the 1400 vphpl range at locations west of 56" Avenue. Itis
hypothesized that this is due to the inclusion of the HOV lane data in the computation of “average” vphpl
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performance. In addition, some interesting two-regime and three-regime data sets are observed, again
hypothesized to be a data collection phenomenon not a property of the traffic flow itself. Further analysis
isrequired to determine the effect of HOV lanes and how they should be treated in the macroscopic flow
model. For example, if the HOV typically carries one-third of the average volume of another regular lane,
should it be represented as increased lane capacity of one-third? The problem with that approach is that
given larger traffic volume than typically encountered in the data, the true capacity of the HOV laneis
much higher than one-third. In this case, the “real” freeway can accommodate higher flows, but the model
predicts that the freeway is limited by the one-third assumption of HOV laneinclusion. At present, the
simulation model built for the test location does not include HOV lanes (i.e. al sections have just three
lanes). Further analysisis required to determine how to process the data available from ADOT to address
the inclusion of HOV volume as well as what to do with the data when there are missing or intermittently-

working detectors at a particular station (or having the entire station non-reporting).

As such, conclusions about the spatial variahility of the speed-volume characteristic cannot be made from
the available data, since either computing the total or the average volume and/or speed is corrupted by the
missing detector counts. The MILOS software was modified to accept variation in the speed-volume
characteristic by location, but without reliable speed-volume data, this feature has not been exercised.

17
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Figure 4 - Example of Speed/Volume Data I-10 at 58th Avenue for all of 1999 from 7:45-8:00 AM
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3.3.3 Long Scenario

MILOS' performance was tested in simulation using a detailed traffic scenario that represented a full
“morning rush” period, representing the 5 AM to 11 AM period. Higher-fidelity (one-minute count) data
was obtained from ADOT, and on-ramp and off-ramp differences were used to compute on-ramp volumes
and off-ramp turning probabilities (volumes). Because of unreliable detectors and detector stations,
developing this scenario from the data was complex. For example, the May 2000 data did not include data
from the on-ramps because the on-ramp detectors were not reporting any data at that time. To remedy this,
additional data from October 1999 was used, when the on-ramp detectors were operating. There was no

data available for off-ramp volumes, so they were estimated from the May 2000 data.

This scenario construction exercise created average traffic volumes arriving from each of the on-ramps
and the average upstream flow, changing every 15 minutes. In running the simulation, these average
volumes are used, with random fluctuations around the average used to vary the number of vehicles
entering the simulated freeway each simulated time step. Based on this data analysis, Table 3 shows the
average volume of traffic entering the freeway model heading east at 83" Avenue, with the average
changing at 15 minutetimeintervals. Table4 & Table 5 show the average on-ramp volumes at each of

the on-ramps from 83" Avenue to 35" Avenue, again with changesin the average flow occurring every 15

minutes.
Table 3 - Long Scenario Upstream Volumes Entering [-10 Simulation
at 834 Avenue (VPH)

:00-:15 :15-:30 :30-:45 45 -:00

5:00 AM 2925 3350 3775 4200

6:00 AM 4500 4500 4500 4500

7:00 AM 4500 4500 4300 4100

8:00 AM 3900 3700 3500 3300

9:00 AM 3100 3100 3100 3100

10:00 AM 3100 3100 3100 3100
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Table 4 - Long Scenario Average On-Ramp Volumes
Every 15 Minutes (5 AM To 8 AM, VPH)

500 |515 |530 |545 |6:00 |[6:15 |6:30 |6:45 |7:00 |7:15 |7:30 | 7:45
83rd 500 500 500 500 500 500 500 500 500 500 500 500
75th 550 750 750 750 750 750 750 750 1000 1000 1000 1000
67th 200 175 175 175 175 175 175 175 175 175 150 150
59th 375 375 375 375 375 375 375 375 375 375 375 375
5]_St 450 450 450 450 450 450 450 450 450 450 450 450
43rd 350 350 350 350 350 350 350 350 350 350 350 350
35th 600 600 600 600 600 600 600 600 600 600 600 600

Table5 - Long Scenario Average On-Ramp Volumes
Every 15 Minutes (8 AM To 11 AM, VPH)

800 |815 |830 |845 |900 |915 |930 |945 |10:00 |10:15 | 10:30 | 10:45
83rd 500 500 500 500 500 500 500 500 500 500 550 550
75th 700 700 700 700 700 700 700 700 600 600 600 600
67th 140 140 140 140 140 140 140 140 140 140 140 140
59th 300 300 300 300 225 225 225 225 125 125 125 125
5]_St 450 450 450 450 450 450 450 450 450 450 450 450
43rd 350 350 350 350 200 200 200 200 200 200 200 200
35th 450 450 350 450 450 450 450 450 450 450 450 450

3.34 Simulation Resultsfrom Long Scenario

Table 3 shows that the highest volumes enter the freeway from upstream between 6 AM and 7:30 AM.
Tables 4 and 5 show that the highest on-ramp volumes come from 75" Avenue between 7 AM and 8 AM.

The simulator essentially processes these upstream and on-ramp flows, and creates a realistic picture of

congestion on the freeway and queuing at the ramps as a result of the congestion.
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3.3.4.1 Simulation Results with No Control

First, the long scenario was run with no control on the ramps (ramp meters off) Figure 5 shows the time-
space-density diagram, Figure 6 shows the actual on-ramp flows; and Figure 7 shows the queue lengths.
Figure 5 shows congestion beginning around time 150 minutes (7:20 AM) near 35" Avenue, and
propagating upstream from that time forward. (Note: The distance marker of "0" is where vehicles enter
the model at 83 Avenue.) The congestion becomes very significant near 59" Avenue by 250 minutes into
the simulation run (8:50 AM). There is significant queuing at the 67" Avenue ramp at this time because of
the interruption in the flow on the freeway. This congestion persists through the end of the simulation at 11
AM. Note that in the simulation, vehicles do not divert once the queues reach the storage limits on the
ramps, as they would in reality. From Figure 7 it is clear that the queues are dissipated by the end of the

simulation run, although there are still significant number of vehicles "parked" in the congestion on the
freeway.

These results represent the baseline response of the freeway system to the "long scenario” flows. They
represent a "typical™ morning rush hour, with no ramp metering control. The freeway flow breaks down
completely, with vehicles backing onto the 67" Avenue onramp because of the blocked freeway. The next

two sections show how the freeway system can respond using two different ramp-metering strategies.
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Figure5 - Density With No Ramp Control
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3.3.4.2 Simulation Results with Traffic Responsive Metering

For a comparison, the long scenario was also run using the traffic responsive volume/speed metering
with gqueue management policy, described in Section 3.2. Figure 8, Figure 9 and Figure 10 show the
results. Itisclear that this strategy has not improved the flow significantly in the long scenario, with the
congestion shown in Figure 8 building in a pattern similar to the no-control case. Although this strategy
does attempt to limit the flow onto the freeway via metering, it is unsuccessful in avoiding congestion
because of avoiding the building of large queues. This strategy "opens up" the ramps when the queues
reach the storage limits of the ramp. This behavior can be seen with the changes in the metering rates
shown in Figure 9, when compared with the queues shown in Figure 10. For example, this strategy starts
building queues at 75" and 67" Avenues when the on-ramp flows start to increase, but when these queues
become too large, the metering rates are allowed to increase. This stops the growth of the queues, but also
begins to release the stored vehicles onto the freeway, making the already building congestion worse.

Although this approach does respond to traffic conditions local to each ramp, it fails in the objective of

improving overall freeway flow. Itsfocus on loca ramp conditions does not seem to provide enough
information for improving freeway-wide flow.
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Figure 8 - Density With Traffic Responsive With Queue M anagement Contr ol
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3.3.4.3 Simulation Results using MILOS Control

Finally, the long scenario was run with MILOS controlling the ramps. Figure 11, Figure 12 and Figure 13
show the results. With MILOS control, the severe congestion of the no-control caseis essentially
eliminated, as seen from the densitiesin Figure 11. Thisis accomplished through active changing of the
metering rates, as shown in Figure 12. MILOS achieves this improvement in freeway flow by creating

significant queues, as shown in Figure 13.

Thereis no significant building of congestion throughout the morning rush-hour period. Thisisamarked
contrast to the no-control and traffic-responsive cases. The MILOS hierarchical control imposes the
maintenance of freeway flow as a constraint. The area-wide controller allocates the resulting queue growth
across al of the ramps, resulting in the uniform queue growth that isvisible in Figure 13. The local PC-RT
controller will take advantage of short-term opportunities to release more vehiclesto the freeway, but
within the constraints set by the area-wide controller. At 67" Avenue, Figure 13 shows short periods of

gueue growth followed by short periods of queue dissipation, as MILOS actively manages the queue.

Rather than storing all of the queued vehicles at one ramp, MILOS succeeds in using all of the ramps to

store vehicles and maintain the most efficient use of the freeway.

The graphsin Figure 14 summarize the overall freeway performance statistics for the three cases.
MILOS is able to keep freeway speeds highest on average of the three cases. With MILOS control, the
throughput is also the highest, with throughput defined to be the fraction of vehicles entering the simulation
that have left at 11 AM. Although total queuing time for MILOS is largest, the total travel time for
vehiclesin the smulation is significantly smaller. Thetotal travel time includes queuing time at the ramps
aswell astravel time through the freeway. The traffic-responsive strategy actually performs worse than the
no-control case in throughput, total travel time and queuing time. Thisis most likely due to the fact that
this strategy allows queues to build at first, potentially keeping the freeway flowing. But just astraffic on
the freeway begins to build, it begins releasing the stored vehicles onto the freeway because the queue
storage limits are reached. This essentially stores vehicles from the earlier part of the morning, and rel eases
them just as congestion really startsto build, exacerbating the congestion. The traffic-responsive strategy

also is not optimized for this particular situation.

Because MILOS maintains the freeway flow at the cost of queue growth, it has more total queuing time
than the no-control case. Notice that MILOS is able to allocate the queue growth to al of the on-ramps,
and in the process maintain the flow on the freeway. Because MILOS stores vehicles on the ramps, rather

than on the freeway, the overall travel time for all vehiclesis smaller.

Attempts to penalize queue growth more heavily using the parametersin MILOS, at the expense of
increased congestion, did not lead to significantly different results. Further experiments could explore this

trade-off more carefully with the current software.
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4 INTERFACE DEVELOPMENT

The MILOS architecture is an optimization based control framework. Parameter estimation, especially
turning probabilities, freeway detector data collection/filtering, incident detection and surface-street
performance all are required inputs to the MILOS control hierarchy. In particular, MILOS requires real-
time turning probabilities, demand flows, green splits, and queue lengths from the interchange control
system.

The MILOS hierarchical control algorithms were developed in the MATLAB environment. The
components of the MILOS softwarein MATLAB include the area-wide controller, the PC-RT rate
regulator, the macroscopic freeway simulator and supporting code. To solve optimization problems as part
of the control hierarchy, MILOS makes calls to the CPLEX optimizer. To support real-time data, MILOS
interfaces with ADOT’s FM S software. The diagram in Figure 15 sketches the primary software
interactions. The following sections summarize each of these interactions, and describe the current state of
the development of these software interfaces.

Freeway/Ramp/Queue Optimization Results File
Status File
WN‘ /G
FMS intf | |
= | Optimization
; Module
Unix Call
Unix call M I L OS | (compiled C > CPL EX
code
(matlab) )

A

socket Milos_intf
nection

A Ramp ( (
FMY Metering

OWM/ Rates Math Program File
PseudoOW

Figure 15 - MILOS Softwar e I nteractions

The area wide coordinator calls CPLEX to solve a quadratic program, and the PC-RT controller calls
CPLEX to solve alinear program. Thisisaccomplished through a UNIX call from matlab to compiled C
modules that operate on matlab-generated math program files. These math program files describe the

optimization problems being solved by the area-wide coordinator or PC-RT controller.
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41 FREEWAY REAL-TIME DATA INTERFACE

In order to run using all of its capabilities, MILOS requires real-time input from the freeway, the ramps
and the adjacent interchanges. It must also send commands controlling the ramp metering rates to the ramp
meter controllersin thefield. The current project investigated the technology to create both of these
interfaces (input from field to MILOS, output from MILOS to ramp meters).

The current project was able to use existing software to collect some of the needed input data from the
field. Dataon freeway speeds and volumes are available from the existing FM S. This information was
used, both in arecorded, pseudo-real-time test of the interface concept, and in archived form to assist in
simulation calibration. The FMS system was initially designed to include information from the adjacent
traffic intersections, but this part of the system was not implemented. Because of this, traffic intersection
phase status and queues were not available from the real-time system. Section 4.2.1 describes a test of

concept for such an interface to the traffic intersection information based on a simulation model.

Creating an interface to send commands from MILOS to the ramp meters was explored through a
subcontract, but was not possible within the current project budget. Because of this, the interface to the
ramp meters was not developed. Consequently, al resultsin the test showing the effectiveness of MILOS
are limited to experiments with smulation, as described in Section 3.3.4. MILOS produces metering rates,

but the delivery of these rates to the field still requires software devel opment.

The following sections describe the details of the connection between field data from the FM S and
MILOS.

411 Connecting with FMS

ADOT supplied a“Recorder” executable in order to simulate connecting to real time data through a
socket connection with their FM S server. To run this program, afile called FM5_conf i g will have to be
changed as follows:

1. Change all referencesto “mustang” to the system you are using.

2. Intheentry caled “Router” there isthe name of the file containing the recorded data; change to name
of file you are using.

To run this program, type the following at the UNIX prompt:

./ FM5_Rout er %M LOS_DATAGRABBER -d -f

A routine FMS_cl i ent . ¢ was supplied by ADOT to connect up with this server. This routine should be
linked in with the FMS_i nt f routine.

4.1.2 Rea TimeData Conversion

A routine FMS_i nt f . ¢ was written to interface with FM5_Rout er . This routine will:

1. Create asemaphoreto aid in interfacing with MILOS.
2. Synch up with FM5_Rout er by reading a socket returned from FMS_cl i ent and continue
reading until arecord of size 32 wordsisread. Thiswill be the header portion of a FM S record.
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3. Read records from the socket until the header indicates that an
OM FWYSEGVENT _STATUS NMBG has been read.
4. Cal theroutine that will decode this message for MILOS.

This routine is compiled using the following command:
gcc FMs_intf.c FMs dient.c —-I socket -l nsl —oF. out

42 MILOSINTERACTION WITH REAL-TIME DATA

Hooks have been placed in the MATLAB program to read real time datainstead of smulated data. These
hookswill call getreal ti me_15ni n,get _real ti me_demands orget real ti ne_dat a. Each
of these routines will call m | os_i nt f, which will wait for the semaphore to be signaled and then return
control back to the MATLAB program. At this time the above routines will read the record as indicated in
Table 6. In Table 6, column 1 refers to the routine called, column 2 refers to the file read and column 3
refersto the MATLAB matrix that is updated. The file read will be read asa MATLAB vector

Table 6 - Real Time FilesRead by MATLAB

Routine File(s) Read Structure Updated

getreal ti ne_15m n onr anp_r eal
of franp_real
upstream real

get _realti me_demand | demands_r eal

S

get _realine_data vol real
density_real
speed_r eal

queues_r eal
onr anp_r eal

These real timefilesread by MATLAB are formed using the datafrom FM5_Rout er asindicated
inTable 7.
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Table 7 - Formation of Real Time Files

File FMS structure Structure | Detector #(S) Processing
element
onr anp_r eal owm f wysegnent _ Vph 2,14, 20, 25, 30, | Thefield will be the average
status_t 68 and 75 of the 2-minute data over a 15-
minute period. This data
should be element 7 of the
fwdlanes array. However, this
data did not appear in any of
the data looked out
of framp_ owm f wysegnent _ Vph 12, 18, 23, 34, 72 | Thefield will be the average
real status_t and 80 of the 2-minute data over a 15-
minute period. This data
should be element 7 of the
fwdlanes array. However, this
data did not appear in any of
the data looked out
upstream_ owm f wysegnent _ Vph 2 The field will be the average
real status_t of the 2 minute data over a 15
minute period
demands_ owm f wysegnent _ Vph 14, 20, 25, 30, 68 | This data should be element 7
r eal status_t and 75 of the fwdlanes array.
However, this data did not
appear in any of the data
looked out
vol real owm f wysegnent _ Vph 2,5,6,8, 10, 12,
status_t 14, 16, 18, 20,
22,23, 25, 26,
28, 30, 32, 34,
68, 71, 72, 133,
136, 75, 77, 79
and 80
density_ Calculated using vol_real and
r eal density_red
speed_r eal owm f wysegnent _ speed 2,5,6,8, 10, 12,
status_t average 14, 16, 18, 20,
22,23, 25, 26,
28, 30, 32, 34,
68, 71, 72, 133,
136, 75, 77, 79
and 80
gueues_r eal owntisc_ Not available at thistime
snhapshot _t
onr anp_r eal owm f wysegnent _ vph 14, 20, 25, 30, 68

status_t

and 75
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4.2.1 Traffic Interchange I nteractions

To achieve the maximum benefits from MILOS, the status of the traffic intersections adjacent to each
ramp isrequired. Inthe design of MILOS, thisinformation is used to "look-ahead" and helps predict the
rate of queue growth or dissipation at the ramp. The current phase and detector information at the
intersection allows MILOS to more accurately estimate the rate of arrivals to the ramp. In the current FMS,
traffic interchange information is unavailable. The current project only developed interfaces to the FMS
system. Interfaces with other systems to obtain the traffic intersection data were not within the scope or

budget of the current project.

To demonstrate the concept of how the traffic intersection information would be used with MILOS, a
CORSIM madel of an interchange was used. Changes in queues at a ramp were computed using detector
and phase information extracted from the CORSIM model. The CORSIM model interfaces with the queue
estimation procedure through a .DLL written in C++. The CORSIM model and interface procedure
leverages technology developed for the Tempe RHODES project

Ve
e

=

&
5 morh
: ramp meter
d
Vg R N '
=B
EB
y e Np  Creeriime
hE Alocation

Figure 16 - Sour ces of traffic inter section demand for a ramp

The MILOSDLL iswritten in VC++ and cal cul ates the volume of cars and the rate of cars entering the
ramp of the interchange model in CORSIM. The DLL iscalled by CORSIM every time step of the
CORSIM simulation. However, the calculation of volume and rate is done once every MILOS_INTERVAL
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time step that is embedded in the DLL. The reason for thisis that the MILOS model that usesreal time data
wants the details only after afixed timeinterval that is different from that of CORSIM. To bring in this

nature of the real time requirements the DLL has been programmed accordingly.

CORSIM has run time extensions that are used to invoke the DLL’s. The CORSIM Traffic Tool hasto be
configured to run the DLL. Figure 17 shows the information flow in the interactions between the CORSIM
interchange model and the MILOS DLL, as described below:

1 CORSIM 4
> >

2 3
‘—P To MILOS.out file

Figure 17 - Sequence of MILOS traffic intersection DLL interactions

1. CORSIM isrun with the interchange input file, using the MILOS tool configured to invoke the
MILOSDLL at runtime.

2. When CORSIM findsthat it has arun time extension in itsinput file, at the appropriate time, it
hands control to the MILOS DLL. Now MILOS DLL has control.

3. MILOSDLL executesitscode. It hasaccessto al of the CORSIM data structures, including
detector counts. It does all the ramp calculations and stores them onto afile MILOS.out. After the

calcuations are complete, it hands over control back to CORSIM, which resumes from where it |eft.
4. Oncethe simulation is over the MILOS.out file and the usual CORSIM output file are generated.

Note: Steps 2 and 3 occur continuously throughout the entire run of the ssmulation. Step 4 only occurs at
the end of the simulation run.

The Milos DLL has been programmed in such away that it is easy to plug in real time data in place of
the CORSIM module at alater stage. The program right now uses two levels of abstraction. Onethat is
more generic and could be used for the real time data and the other that is CORSIM specific. The generic
abstraction makes the plugging in of real time modules easier at alater stage. The CORSIM specific
functions are invoked by the generic ones. As shown in Figure 18, the CORSIM specific modules need
only be replaced when tranglating the procedures for real-time calculations. For example, this .dll could be
invoked in real-time by MILOS to compute the changes in queue lengths as a result of activity at the
interchange.



Main Module

Generic Module

CORSIM Module

Figure 18 - Abstraction Levelsfor Traffic I nterchange Software
To runthe MILOS.DLL, follow the steps below:

1. Openthefile MILOS.mdp in VC++ and compile the program.

2. Oncethisisdone run CORSIM Simulation on the input file using the MILOS option inthe TSIS
Tool - Simulation menu.

3. The Simulation generates two files MILOS.out and MILOS1.out that contains the Ramp Details that
has been calculated by the MILOS.DLL.

422 MILOSout

Thisisthe output file that is generated by the queue estimation program. Thisfile has easy readability as
all values printed have a description of what they are. It contains the following details.

Number Of Cars Onto The Ramp Coming From The Left.

Number Of Cars Onto The Ramp Coming From The Right.

Number Of Cars Onto The Ramp Coming Straight Through.

Total Number Of Cars Onto The Ramp.

Rate Of Entry Of Cars Onto The Ramp For The Last Time Interval

Rate Of Entry Of Cars Onto The Ramp For The Last Three Time Interval

An example of the MILOS.out output fileis found in the Appendix.

The MILOSL.out fileis similar to the MILOS.out file except that it just has all the data without any
descriptions of what they stand for. Each linein thisfile stands for each MILOS interval. The data are
printed in the same order as that in the MILOS.out file.
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5 CONCLUSIONS

51 RESEARCH CONTRIBUTIONS
The following list highlights the major contributions of this MILOS research project:

Created a macroscopic simulation model of the I-10 freeway. In this process, a methodology was
developed for using freeway flow data from the FM S archives and tailoring it to the form for the

simulation model.

Demonstrated potential effectiveness of MILOS in significantly decreasing freeway congestion due to
merging on-ramp traffic. Testsin the field will be required to show how these simulation results

trandate to actual performance.

In the simulation tests, demonstrated evidence of the superiority of coordinated MILOS strategy to
independent metering at each ramp. MILOS can achieve this at the cost of building significant ramp
gueues during times of heavy on-ramp flows. In the simulation experiments, these queues were
distributed across all of the ramps being controlled. Together with the earlier simulation experiments
for SR202, MILOS has now been shown to be consistently effective in these smulation tests.

Severa students, both undergraduate and graduate, were involved with this development and
integration effort, and gained valuable experience in the software issues of a hierarchical, real-time

transportation system.

52 FUTURE RESEARCH ISSUES

Some significant obstacles to testing MILOS in the field remain. Many of these are integration-related
issues:
Unreliable data from the detectors led to difficulty in estimating necessary freeway parameters.
Although thisis inconvenient and made the data analysis task more time consuming the project was

able to make necessary adjustments and approximations in estimating parameters off-line. 1n the end

this didn't, in our opinion, serioudly affect the study results.

Unreliable data from the detectors will make it very difficult to deploy the system in real-time.
Reacting to freeway datathat isreliable only afraction of the time is a serious burden for any ramp
metering strategy. Especially for a coordinated ramp metering system that tries to adjust metering
rates along a corridor, "holes" in the data will seriously degrade the system's effectiveness. Itis
estimated that MILOS can be effective with less than 90% detector reliability. It isunlikely for
MILOS to be effective with less than 50% detector reliability.

In this project, FM S system outputs were never decoded reliably to be able to read FM'S messages and

extract volumes/speeds, etc. It was difficult to localize problemsto the project software, versus when
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they were aresult a detector station failure. In the future, working closely with someone intimately
familiar with the details of the FM S software should make this interaction between MILOS and the
FMS red-time data more reliable.

In order to implement coordinated ramp metering in the field with the current FMS, an interfaceis
required that allows ramp-metering rates to be communicated from a central location to the individual
metering station controllers. For example, MILOS could reside on aworkstation in a central location
(such as the TOC) and then be communicated viathe FMSto thefield. This centralized, automated
updating of ramp metering rates should be available on atime scale such as every few minutes.
Because developing this interface was not feasible within the budget of this current research project,
the project only tested the MILOS system on the 1-10 freeway through a simulation based on real
ADOT traffic data.

Queue length estimation should be integrated in the MILOS software. Appropriate experiments using
the queue length estimates are also needed to determine the required accuracy of these queue estimates.
Poor estimates could lead to poor performance by MILOS. Currently, the 1-10 simulation passes
perfect information about the queues to the optimization procedures. In practice in the field, such

perfect queue length information is not possible.
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APPENDIX A

DESCRIPTION OF MATLAB SOFTWARE

MILOS isimplemented in MATLAB as a set of 34 M-files, and approximately 20 supporting M-files

that are not essential to running the simulation. Each of these 34 M-filesislisted in the table below, with a

one-line description of its top-level functionality. More detailed comments are embedded in the code itself.

Name of .M File

Short Description

Apply_next_rate

Given the measured demand at the ramp and upstream on the freeway, locate
the correct ramp metering rate in the PC-RT solution table and send it to the
meter

Check_steady

A statistics processing support function which determines when the freeway
has returned to “nominal” congestion conditions. Used for reporting the
time after congestion clearing.

Compute_segments

Given the definition of the section lengths and the nominal section length,
determine how many sections are in each segment.

Get_nominals From the volumes predicted in each section by AWCOP, retrieve the set-
points of density and speed for each section

Get_ODetc Retrieve the turning probability and demand matrices from the MATLAB
workspace and synthesize the OD matrix from the turning probabilities

Getmaxvol Find the maximum volume limitation in a section from the speed-density
relationship

Initialize vars Initializes most of the internal arrays, statistical counter variables

Linearize Gets the linear formulafor a nonlinear equation around a set point

Make lowprob Writes a lower-level PC-RT sub-problem to a text file for reading into
CPLEX for solution

MakeQP Writes the upper-level AWCORP to a text file for reading into CPLEX for
solution

Makel P Writes an upper-level linear AWCORP to atext file for reading into CPLEX

for solution (for comparison of MILOS to other ramp metering control
methods)

Make solve lowprobs

Wrapper loop that iterates through al of the lower-level PC-RT prediction
combinations, solves the problems using CPLEX, and stores the solution for
the next time period in amatrix of “next rates’

Mesh_fwy NEW Set of graphics calls to display the results of the simulation, tailored to the I-
10 scenario

Modfwy?2 The macroscopic freeway flow model

Monitor | dentifies the points within the freeway flow and on-ramp demands when the
trend of the volume is exceeding the SPC inner or outer control bands.
Explicitly finds the locations one-minute upstream (based on current
estimate of travel time) of each ramp location.

Network_setup Identifies the physical and geometric parameters of the study location

Ramp_meter Applies the ramp metering method being used. Allows no control, ADOT
feedback control, ADOT feedback control with queue control, Area-wide
LP, and MILOS

Reopt_overcap Identifies the time when the freeway at some location has transitioned to
congested conditions and re-solves the AWCOP with a capacity limitation in
the congested section (or sections)

Reopt_QP Re-optimizes the QP for new target ramp metering rates and target freeway

flows when the SPC monitor function identifies a drift in one of the critica
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variables

Runl10 new

Runs the ssimulation for one iteration

Runsiml10

Runs the simulation for multiple iterations to get statistics of performance.
Establishes a number of global parameters, such as which control method to
use, how many time periods to run, etc.

Set_parameters

Trandlates one listing of macroscopic model parameters into another array of
parameters with additional parameters. A confusing addition to the software,
this conversion from one array to another should be modified within the code
at some point

Setup_lowprob

Establishes some data (e.g. predictions of demand flows) to be used in
“making” the low problem with make lowprob

Solvelowlp

Calls CPLEX and retrieves the solution variables for a lower-level PC-RT
optimization problem

SolveLP

Calls CPLEX and retrieves the solution variables for an upper-level linear
AWCOP

SolveQP

Calls CPLEX and retrieves the solution variables for an upper-level MILOS
guadratic AWCOP

Speed_dens_char

Implements the speed-density relationship used in the macroscopic flow
model

Speed_deriv

Implements the derivative of the speed-density characteristic used in the
macroscopic flow model (in the PC-RT formulation)

Study_settings

Establishes a number of variable parameters that affect performance of the
simulation and the optimization process, such as the weighting values on
each surface-street interchange congestion, weighting values for freeway
segment congestion, minimum and maximum metering rates, when MILOS
should be allowed to run during the simulation, etc.

Threshold

Applies an exponentia function to restrict the flow on or off of the freeway
a an on- or off-ramp, respectively, per the modified macroscopic flow
model

Volume

Implements the formula for volume

Volume2

Implements the formula for volume, linearized about a set-point
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APPENDIX B

CONVERSION OF EMBEDDED CONSTANTS

During the initial phase of the MILOS research, a number of parameters were embedded in the code and

“hard-wired”. Over the course of this research, most of those hard-coded parameters have been converted

to variablesand initialized in the set _par anmet er s. mM-file. The following table lists the parameters

that were converted:

Num ti mesteps_per_nin

Corresponds to the timestep length, default was 6
seconds, but changed to 12 seconds for 1-10

Start_graph_tine

Time after beginning of simulation to begin collecting
statistics for graphing the results at the end

Rmi n Minimum ramp metering rate (one lane)

Rmax Maximum ramp metering rate (one lane)

Cap_buf fer Percentage of the full capacity to use in solution of the
upper-level AWCOP

Ells Parameter of the speed-density characteristic converted
to variable by location (segment)

Ems

Parameter of the speed-density characteristic converted
to variable by location (segment)
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APPENDIX C

EXAMPLE OUTPUT FROM TI SIMULATOR/QUEUE ESTIMATOR

As described in Section 4.2.1, the queue estimator uses information from the flows at the traffic
intersection to estimate the number of vehicles entering the on-ramp during atimeinterval. This
information will be necessary in integrating traffic interchange information into the MILOS software. This
appendix shows an example of the output of the queue estimator.

After tinme interval 1

Left Turners O

Ri ght Turners 0

Thru Traffic O

Total No of cars entering ranmp O

Rate for Last Tine Interval 0.000000

Rate for Last Three Tine Interval 0.000000

After time interval 2

Left Turners O

Ri ght Turners 0

Thru Traffic O

Total No of cars entering ranmp O

Rate for Last Tine Interval 0.000000

Rate for Last Three Tine Interval 0.000000

After tinme interval 3

Left Turners O

Ri ght Turners 0

Thru Traffic O

Total No of cars entering ranmp O

Rate for Last Tine Interval 0.000000

Rate for Last Three Tine Interval 0.000000

After time interval 4

Left Turners O

Ri ght Turners 0

Thru Traffic O

Total No of cars entering ranmp O

Rate for Last Tine Interval 0.000000

Rate for Last Three Tine Interval 0.000000

After tinme interval 5

Left Turners 1

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 2

Rate for Last Tine Interval 0.100000

Rate for Last Three Tine Interval 0.033333

After time interval 6

Left Turners 1
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Ri ght Turners 2

Thru Traffic O

Total No of cars entering ranmp 3

Rate for Last Tine Interval 0.150000

Rate for Last Three Tine Interval 0.083333

After tinme interval 7

Left Turners 4

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ramp 5

Rate for Last Tine Interval 0.250000

Rate for Last Three Tine Interval 0.166667

After tinme interval 8

Left Turners 1

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 2

Rate for Last Tine Interval 0.100000

Rate for Last Three Tine Interval 0.166667

After tinme interval 9

Left Turners O

Ri ght Turners 0

Thru Traffic O

Total No of cars entering ranmp O

Rate for Last Tine Interval 0.000000

Rate for Last Three Tine Interval 0.116667

After time interval 10

Left Turners 1

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 2

Rate for Last Tine Interval 0.100000

Rate for Last Three Tine Interval 0.066667

After time interval 11

Left Turners 3

Ri ght Turners 2

Thru Traffic O

Total No of cars entering ramp 5

Rate for Last Tine Interval 0.250000

Rate for Last Three Tine Interval 0.116667

After time interval 12

Left Turners 3

Ri ght Turners 2

Thru Traffic O

Total No of cars entering ramp 5

Rate for Last Tine Interval 0.250000

Rate for Last Three Tine Interval 0.200000

After time interval 13

Left Turners 3
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Ri ght Turners 0

Thru Traffic O

Total No of cars entering ranmp 3

Rate for Last Tine Interval 0.150000

Rate for Last Three Tine Interval 0.216667

After tine interval 14

Left Turners 1

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 2

Rate for Last Tine Interval 0.100000

Rate for Last Three Tine Interval 0.166667

After time interval 15

Left Turners O

Ri ght Turners 0O

Thru Traffic O

Total No of cars entering ranmp O

Rate for Last Tine Interval 0.000000

Rate for Last Three Tine Interval 0.083333

After time interval 16

Left Turners 2

Ri ght Turners 2

Thru Traffic O

Total No of cars entering ranp 4

Rate for Last Tine Interval 0.200000

Rate for Last Three Tine Interval 0.100000

After time interval 17

Left Turners 3

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranp 4

Rate for Last Tine Interval 0.200000

Rate for Last Three Tine Interval 0.133333

After time interval 18

Left Turners 2

Ri ght Turners 0

Thru Traffic O

Total No of cars entering ranmp 2

Rate for Last Tine Interval 0.100000

Rate for Last Three Tine Interval 0.166667

After time interval 19

Left Turners 2

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 3

Rate for Last Tine Interval 0.150000

Rate for Last Three Tine Interval 0.150000

After time interval 20

Left Turners 1
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Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 2

Rate for Last Tine Interval 0.100000

Rate for Last Three Tine Interval 0.116667

After time interval 21

Left Turners 3

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranp 4

Rate for Last Tine Interval 0.200000

Rate for Last Three Tine Interval 0.150000

After time interval 22

Left Turners 2

Ri ght Turners 3

Thru Traffic O

Total No of cars entering ramp 5

Rate for Last Tine Interval 0.250000

Rate for Last Three Tine Interval 0.183333

After time interval 23

Left Turners 2

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ramp 3

Rate for Last Tine Interval 0.150000

Rate for Last Three Tine Interval 0.200000

After tine interval 24

Left Turners 1

Ri ght Turners 0

Thru Traffic O

Total No of cars entering ranmp 1

Rate for Last Tine Interval 0.050000

Rate for Last Three Tine Interval 0.150000

After time interval 25

Left Turners 3

Ri ght Turners 2

Thru Traffic O

Total No of cars entering ramp 5

Rate for Last Tine Interval 0.250000

Rate for Last Three Tine Interval 0.150000

After time interval 26

Left Turners 2

Ri ght Turners 2

Thru Traffic O

Total No of cars entering ranp 4

Rate for Last Tine Interval 0.200000

Rate for Last Three Tine Interval 0.166667

After time interval 27

Left Turners 2



Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 3

Rate for Last Tine Interval 0.150000

Rate for Last Three Tine Interval 0.200000

After time interval 28

Left Turners 1

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 2

Rate for Last Tine Interval 0.100000

Rate for Last Three Tine Interval 0.150000

After time interval 29

Left Turners 2

Ri ght Turners 1

Thru Traffic O

Total No of cars entering ranmp 3

Rate for Last Tine Interval 0.150000

Rate for Last Three Tine Interval 0.133333

After time interval 30

Left Turners 3

Ri ght Turners 2

Thru Traffic O

Total No of cars entering ramp 5

Rate for Last Tine Interval 0.250000

Rate for Last Three Tine Interval 0.166667
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