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5l TRANUS Mathematical Description

The activity and land use model

The purpose of the activity location model is tongliate a spatial economic system. Given a regiogityr
divided into zones, the model estimates the aw#/ithat locate in each zone and the interactibas they
generate for a specific time-period.

Basic concepts

The central element in the activity model is a sppabput-output procedure defined by economic secand
their production and consumption relationships.

The starting point is the classical structure ofimput-output model. The main elements are finahaled,
intermediate demand and primary inputs. The vecotoffinal demands represents the final destinatibon o
production. In input-output models final demandalkuincludes private consumption, government comsion,
exports and investments. The economic system nmadupe the quantities demanded in each sectochiese
this, intermediate inputs are required, generasingroduction-consumption chain. In addition to fintediate
inputs there are primary inputs; they include satrimports, profits and taxes. The sum of firedhdnd plus all
intermediate demands is equal to total productiothé system. Similarly, the sum of all intermegliptoduction
plus primary inputs is equal to total production.

In TRANUS, the basic concepts of the input-outputdel have been generalized and a spatial dimeltgisn
been added. The term sector is much more genemaliththe traditional concept. It may include thassical
sectors in which the economy is divided (agric@tumanufacturing, mining, government, etc.), factof
production (capital, land and labor), populatioaugps, employment, floorspace, land, energy, oradhgr that is
thought relevant to the spatial system being remtesl. The number and types of sectors must baedkfi
according to the requirements of each applicatibime units in which each sector is represented (mone
production, jobs, people, hectares, etc.) canladsdefined to suit each case. This makes it passibhpply the
model to urban or regional areas alike.

A first distinction can be made betwegansportable andnon-transportable sectors. The main difference is that
transportable sectors may be consumed in placégatit to those in which they were produced. FangXe,
the demand for coal by a steel industry locatea jrarticular place may be satisfied by mining itides located

in other regions. Similarly, the demand for laborai central area may be satisfied by populatioimdivn the
outskirts. A typical example of a non-transportabdéetor is land or buildings; these must be consuimehe
same place where they are produced. Consequenathgpbrtable sectors generate trades or, in geee@omic
flows of goods, money or people. Such flows arerlatirned into demand for trips in the transpordeloThe
transport system, in turn, must make such flowsiptes and imposes transportation costs on thentdyrast,
non-transportable sectors do not require transpattdo not generate flows.

Another distinction is made betwegnternal andexternal zones, and receive a different treatment in the model.
All economic relations occur between internal zoresternal zones are only used to represent imprts
exports. However, it is possible to define extermahes only for the transport model to represeteragl or
through trips.

In turn, internal zones can be of two typfsst or second hierarchical level. A first level zone may consist of
two or more second level zones, thus affecting spatial and sectoral distributions. A sector may be
transportable at both first and second level zones; be non-transportable, or may be only trangptetat a
second hierarchical level. The sum of all actigitie second level zones will always equal the #@@in the
first level zone to which they belong.

A
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Mathematical Description TRANUS S5

Each sector located in specific zones is charag@rby a number of specific associated variablégsg& are
defined in the following paragraphs.

Exogenous production

It is the production not generated or demandedtbgranternal sectors. It is equivalent to finalrdend in
input-output models. The location of exogenous potidn does not depend on the internal logic inifplic
in the model. Instead depends on elements not mddelexternal to the system. Exogenous produdion
not subject to the spatial and sectoral distribupoocedures of the model. It is a given inputy¢cadded

to endogenous, induced, production. The growthxofienous production from one period to the next by
sector and zone may be given, or alternativelyystvde values may be given together with distribati
functions. Both approaches may be combined.

Induced Production

It is production generated by internal or exter@mands. It is allocated to zones with the spatial
sectoral distribution model. The growth of induggdduction depends on the growth of those sechats t
demand it.

Exogenous demand

It is an additional demand to that generated imténlif this additional demand takes place in exs
zones, it is termed exports. The term exogenousaddthen, will always refer to that taking plaoe i
internal zones only. Exogenous demand is distributgether with induced demand. The growth of
exogenous demand from one period to the next il dih by the incremental model.

Induced demand

It is determined by the consumption requirementinel demand sectors or by the intermediate avi

Exports

Exports are defined as internal production of tiuelys area consumed in external zones. It is reptede
as exogenous demand in external zones. The moldehis the required production among internal
zones only.

Imports

Imports are defined as a demand in an internal matisfied by production in external zones. It is
distributed together with the rest of induced dethdmports compete with internal production, butyma
be restricted to fixed amounts given exogenouslgstimated by the incremental model.

Capacity of production

Total production (exogenous+induced) in a secta zone may be subject to restrictions. Maximum,
minimum or both maximum and minimum restrictionsyrba imposed for particular sectors and zones.

Consumption cost

It is the average cost of a unit of input at thestonption zone (CIF). The consumption cost is, Benc
equal to the production cost plus the transport frasn the production zone to the consumption zone.
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5l TRANUS Mathematical Description

Because consumption in a particular zone may lifisdtby production from several zones with diéfier
production and transportation costs, consumptict isccalculated as a weighted average.

Production cost

It is the unit cost of production at the productisane (FOB). It is calculated as the sum of the
consumption costs of all required inputs, plus eadded.

Equilibrium price

It is the value of a sector in a particular zoneewtproduction is constrained. It represents a scarc
commodity with supply limited to a production réstion. If there are no restrictions, then the eris
equal to the production cost. If demand exceeddymtion capacity, the price increases, generating a
excess profit to the producer pent. The opposite case is that of demand being less ahminimum
constraint; in this case, the equilibrium priceplrdoelow production costs, generating a loss tdymers.

Value added

It is the value of capital and labor that is adttedll other input commodities in order to obtaiarat of
production. Typically value added includes paymeotscapital (rent), to labor (salaries), taxes or
subsidies, capital payments on equipment, and so on

Consumption utility

It is the logarithmic average of the utility valuased in the probabilistic distribution of demard t
production zones. Uses transport utility insteattarisport monetary cost.

Transport cost

It is the monetary expenditure needed to transpoet unit of production from the production zone to
the consumption zone. It is calculated by the partsmodel. In the case of commodities, transpost ¢

is a unit cost. For other sectors, such as resdehis value represents transport expenditure, and
depends on the number of trips in a given timegakrihat is, the time period being representedhén t
activity model (month, year, etc.). It has an iefige on the cost of production.

Transport disutility

Also calculated by the transport model, includes riionetary cost but other elements as well, such as
the value of time, subjective elements, etc. Trartsgisutility is always entered to the activity deb as
a unit cost, i.e. per trip. It influences the splasiectoral distribution of production.

Demand and distribution of production

In principle, every sector requires inputs fromesteectors. Hence, part of total production goasteymediate
consumption, and the rest may go directly to fc@mhsumption, whether internal or external (expoi®&yen a
certain amount of final demand in one or more secand zones, the model estimates induced productio
through demand functions. The model then allocdiesnduced production to zones through spatistridhution
functions. In turn, induced production requiresttiar inputs, thus generating poduction chain and the
corresponding location of activities.

A
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Mathematical Description TRANUS S5

From the above relations, economic transactionsdarved, giving rise to transactions or functioflalvs if
production and consumption take place in differzotes. These are defined taansportable flows involving
people, goods, services or money. From these flonaesport demand is derived at a later stage.oes
transactions, non-transportable commodities maybaved, such as land or floorspace. In this casenomic
transactions are involved, but no flows are geeeraEach sector may generate different transactoms
different types of flows. A manufacturing industrigr example, may require non-transportable land an
buildings as well as transportable raw materiaiseiomanufactured goods and labor, thus generatidgmand
for transport.

As shown in Figure 1, a transaction involves a aomion zone and one or more production zones. llysine
consumption zone is, at the same time, a productmme. The model distributes the goods and services
purchased among production zones in a probabiligig. In the diagram, the blue arrows point in divection

of the flows of goods, while money for such purasasvill flow in the opposite direction as shown wited
arrows.

Figure 1: Relationships between production and consumption

Production zone j=2

Flow of goods
and services

Consumption zone i=1 \/\

> \/— Money flows

Production cost
+ value added

Production cost

+value added Production zone j=3

Production cost
+ value added

Production zone j=4

Production cost
+ value added

Structure of the activity model

The activity location model performs the calculatgieps described in Figure 2:
< incremental location of exogenous variables
e calculation of attractors for induced production
¢ estimation of induced demand

« estimation of production costs

A
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n TRANUS Mathematical Description

¢ location of induced production

e calculation of consumption costs and disutilities

¢ restriction checks and adjustment of equilibriunces

Figure 2: Structure of the activity location model

Incremental location of
Exogenous Variables

Calculation of Attractors
to Production

Calculation of Induced
Demand

Calculation of
Production Costs

Location of Induced

Production
Calculation of Restrictions and
consumption costs and Equilibrium Prices
disutilities

Increments and location of exogenous variables

The first stage in the sequence of calculationthefactivity location model is the estimation oé throwth of
exogenous variables in each sector and zone. Bipititaf, exogenous variables depend on elements not
simulated in the model: they are given inputs. @guently, any increment of these variables in theré must

be given to the model in the corresponding timeeger
The exogenous variables that may be modified foh ¢éiane-period with the incremental model are:

(A .
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exogenous production;

exogenous consumption;

capacity of production (restrictions);
exports;

imports;

initial attractors.

If H denotes any of the above exogenous variablesn¢hement for sectan between periodt1 andt (positive
or negative) in a specific zomenay be added exogenously as:

Hin,t - Hin,t—1+AHin,t ’ 1)

However, for the first three exogenous variableat ts, production, consumption and restrictionss possible
to specify a study-wide global increment. In thise, an attractor function must also be specifibé. model will
allocate the global increments to zones in the @utigns that result from the attraction functiohtere the
distribution of increments of total production issdribed. Exogenous consumption and restrictioasausmilar
formulation.

If Xi*n’t is the exogenous production of seatdn zonei, time period, then:

xi*n,t — xi*n,t—1+Ax*n,tpin,t +Axi*n,t ’ )
where:
Xi*n’t_l exogenous production of sector n in zone i foetperiod t-1;
AX* nt global increment of exogenous production of sestbetween t-1 and t;
AXi*n’t given increment of exogenous production of n inezofor time period t (user defined);
pint proportion of the increment of n allocated to zofe period t.

The proportion of the global increment assigneedach zone is a function of the attraction function:

nt — A™
ZA‘M

1% ; ©)

where Ant is the attractor of sectarin zonei for periodt. There are two options to define the attractoctiam.

The first option is a lineal function predefinedtire model with three terms. The modeler may ugeaymore
terms when defining the function.

AM :Zkbnk (a,nk)zik,t—l + g il +/\/nink,t—l) , @

where:

A
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5 TRANUS Mathematical Description

nk

b relative weight of sectdein the attraction function of sectoy

Xik’t_l total production (exogenous + inducedkan i at perioct-1

pik’t_l price ofk ini at periodt-1;

Qik’t_l excess capacity (maximum constraint — total pradogofkini at period-1
nk _nk _nk . L

a ,B ,x parameters regulating the relative importanceacheslement.

As a result, several sectdesnay be combined into the attractor of a spec#ict@rn, and this is regulated by the
set of weightsbnk. Specific characteristics of the attracting sectmay be specified. For example, if only the
price of the attracting sector is of interest, thQrKP 0, Bnk> 0, andxnk: 0.

As a second option, the modeler may freely defmati&ractor function for the distribution of glodatrements
in exogenous variables. He or she may select thecthg sectors, variables and parameters of ttyges of
equations: linear, power and logit, and also a tonsterm. Up to four equations may be used tondeéin
attractor function.

Linear: At =C+ Y ™ Xt a™ x 2kt ®)
Potential: ~ AM=C+Y [(ka-t‘l)alnk x(x 2kt f" ] ()
Logit: A =expC+ Y (e X1t a2 X2kt @)

For each sectam, several attractor sectdksnay be specified1, X2, ..., that attract exogenous productiorof
and the appropriate parametead, (a2, ...). The following variables may be specifieckogenous Production,
Total Production (exogenous + induced), Exogenoasd@nd, Minimum Restriction, Maximum Restriction,
Price and Capacity (Maximum Restriction - Total dRretion). The model takes the amount of the presiou
period. If some increments are given to specifinemoin the current period, they are added to tlodsine
previous period before the distribution of the glbimcrement.

Calculation of attractors for induced production

In the case of induced production, attractors alewtated before the iterative sequence starts. aftnaction
functions are defined as follows:

An,t — Zbl?(iik,t—l) in,t ®)
k

total production (exogenous + induced) of a sektttractingn in zonei;

~
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b;? relative weight of sectdt as an attractor to sectayr
Wn’t initial attractor of zone that takes into account non-modeled elementsatigdct the
location ofn.

The set of relative weights of each sedtdn the attraction function of sectarmay be different for first and
second level zones.

Generation of induced demand

The amount of inputs that a unit of production skator requires from another sector is determizyeal demand
function. The model includes as options a fixed aedn(equivalent to technical coefficients in anuitaputput
model), variable (elastic) demand and the posgibilf specifying substitutes. Land is a typical myde of a
substitute when different types of land are preseribe system, such as low density, high densigistrial,
commercial, etc.

The general form of the demand function is as faslo

a™ = minm”+(maxm”—minm”)Edaxp(— Jm”Ui”), )
where:
aimn amount of production of sectordemanded by a unit of sectorin zonei
min™" minimum amount of required by a unit production of
max maximum amount ofi required by a unit production of
o elasticity parameter @h with respect to the cost of inpait
Uin consumption disutility ofi ini.

The resulting form of the demand function is shamwirigure 3. In this example a maximum consumptbb0

and a minimum 010 is applied for different values G

A
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5 TRANUS Mathematical Description

Figure 3: Examples of demand functions
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Next, the proportion applied to the demand functmmake into account the presence of substitstestimated
with a multinomial logit model (may be powit as Wyealf the form:

gm= RN Ok noK" (10

whereK" is a set of substitutes for, and Ji”“ is the scaled utility term of the substitutions rabdiefined as
follows:

gm=—A 2, (1)
{mlgn(&mkakwﬁk)}

~n

where the terma™c" is the amount of that sectom is willing to consume in zoné multiplied by the
consumption cost afi in i, thus representingkpenditure. This expenditure is, in turn, multiplied huymn which
acts as a penalizing factor. The denominator is élgjuation scales the utility by dividing it by thiity of the
best option, that is, the option with the leastglieed expenditure. Finallyén sets the degree of scaling; if

d"= 1, the utility function is fully scaled; iJEm:O, the utility function is completely unscaled, wjgbssible values
in between.

The amount of inputs demanded by sectarin zonei is, then:

0o
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Mathematical Description TRANUS S5

Dimn — (xi*m + xim)aimn Smn (12)

The total demand for inputs in a particular zone is the sum of the consumption ofby all sectoram, plus
possible exogenous demands:

D" => DM+D*", (13)
m
where:
Dzn total demand fon in zonei,
D *;-1 exogenous demand forin zonei.

In the first iteration the system will only haveogeenous production and the induced production threlerived
from it. In successive iterations, induced demandhfthe production of all sectors in the previcsation are
added.

Calculation of production costs

The production cost is calculated as the consumpticst of all necessary inputs to produce oneafmitin zone
i, plus the value added to production:

ey = (zplmnaﬁJ VA, (14

1
n

whereVA-m is the value added to the productiomopfand ;" is the consumption cost of inpuiin zonei.

Location of induced production

Once the amount of production demanded in each haséeen estimated, it must be distributed to ymtich
zones. If a sector is non-transportable, all prtidods assigned to the zone in which it is demandfethe sector
is transportable, demand is distributed to productiones with a multinomial logit model, in whidtetutility
function of each zone is determined by:

n _yn{,,n n n
Ui =A (pj+hj)+tl.j, (15)
where:
p;’ is the price of sectarin the production zong

A
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h;l is the shadow price of sectoin the production zong
tznj is the transport disutility for sectarfrom the production zoneto the consumption zoneand
A is a parameter that regulates the relative impogteof prices versus transport disutility in thdityt
function

The shadow price of production is estimated abcation stage.

The results of the above calculation are dividedheyutility of the best option to obtain thealed utility:
_ un
(minU;')
J

where d' sets the level of scaling of the utility terldq,.: 0_11f §'= 1, then the model is said to lhdly

scaled; if d' = 0, then the model ianscaled. These scaled utilities are entered into the muttiial logit model
to estimate the probability that the productios@ftom demanded in zonds located in zong

oo (A et na”i)
LX) rexpl- 807
i (7)

Xi? = Din PI’,? , (18)

where:

X production of located in the production zopénduced by activities in the consumption zone

Al attractor term for the production win j,

a is a parameter that regulates the relative impogasf the attractor versus the utility functiontire
location of secton,

Ui? scaled utility of location ofi in zonej to satisfy the demand in zohe

,Bn dispersion parameter of the multinomial logit mlode

If the consumption zonkeis an internal zone, the distribution is appliedll zones, both internal and external. If
the consumption zone is external (exports), theildigion is applied to internal zones only. In @ttwords, the
model does not allow the demand for exports todbisfeed by imports.

Finally, total induced production allocated to aeas obtained by adding over all demand zones:

‘A
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Mathematical Description TRANUS S5

XJn =y xi? . (19)
i

Consumption costs

Once demand has been assigned to production zmesjmption costs are calculated, that is, the abtbat a
sectorm located ini has to pay for the consumption of one unit of inpuBecause purchases are spatially
distributed, an average is calculated, weightedhkyprice paid in each production zone plus theesponding
transport costs:

> 7} +tmf)
-éin = J , (20)

2%
j

where:
Xi? amount of production of sectardemanded inand produced if
p? unit price ofn in the production zong
trr]T monetary cost of transporting a unit of sectofrom the production zong to the

consumption zone(different from transport disutility).

Consumption disutility

The disutility of consuming in i is the logarithmic average of the disutilities dise the distribution to the
production zones:

_InPg"

n

Uin =

. an
(mjani?) : (21)

Note that the expression is multiplied by the mumimdisutility, because in the distribution the scatlisutility
was used. This returns the original scaling toctiiaposite utility.Pg is defined as a series of the following form:

j-1
Pg" = ¥ G; |'|1(1—Gh), (22

where the tern; is the exponential element in the numerator ofttedbability that the production demanded in
locates in zong from equation (17):

A
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5 TRANUS Mathematical Description

G, =exg-A07), (23)

Checking for restrictions and adjustment of Equilibrium prices

The production of a sector in a zone may be limitethe minimum and/or maximum capacity of produatilf
the production assigned to a zone after the digtdh lies within the established limits, the priseequal to the
production costs plus value added. If, howeverdpction is above the maximum or below the minimtimen
the price is determined by demand-supply equilibritAt the end of each iteration, the model cheaks f
restrictions and adjusts the prices accordingly;gdtice is increased if the maximum restrictiomitdated, and is
reduced if the minimum restriction is violated. $hevariations in price affect the distribution ebguction in
subsequent iterations, until an equilibrium is reat Prices are adjusted as follows:

<P} [X; 4 X7 )< Rmin]
pti> pj‘"‘l,(X}“ + X}‘)> Rmax] ¢, (24)

=c],Rmin = 0,Rmax] =

where
n,t-1 PR ; ;o ; ; ;
p; unit price of secton in zongj in the previous iteration1
p?’r unit price of secton in zonej in the current iteratiom,
Rminrj1 and Rmax’].‘ minimum and maximum restriction to the productifrsectom in zonej
C?'t production cost of sectorin zonej in the current iteration
X}“ + XJ” total production: exogenous production + inducemtipction of secton

The rate at which prices are changed from onetiter#o the next is also affected bygraoothing parameter.

Convergence

In each iteration the convergence in prices andymrtion are evaluated. Both are calculated for eaxte and
sector as the percentage variation with respetttet@revious iteration. These indicators are cateal separately
for each sector, and adopt the value of the wansé zthat is, the zone that varied the most:

nr _ pn,r—l
nr _ J J
ij - ma nr-1 '
j Pj

o
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nr _ ynr-1
CX" =ma ij X | (25)
J h x n,r-1 !
] j

where Cp?’ris the price convergence indicator, afiX ?’T is the production convergence indicator. The

model ends the iterative process when both conweggndicators are smaller than a pre-specified/e@ence
criteria, or when a maximum number of iterationeeigched.

(A)
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Activities-transport interface

The activity location model produces as output, agn@thers, a set of matrices of economic flows by
(transportable) economic sector. Transport demanivates from these flows in several transportgmaies. In
turn, the transport model calculates transportscastd disutilities by transport categories, whichstmbe
transferred to the sectors that originated thestrip other words, a two-way set of transformatiomsst be
performed: from activities-to-transport and fromrtsport-to-activities. These are shown in Figubekbw.

Figure 4: Activities-transport interface

Flows by Flows by
economic transport
sector category

Activity
Model

Activities-transport
Interface

Costs and Costs and
disutilities by disutilities by
economic transport
sector category

The interface module performs other transformatitmsnake compatible the units of time, magnituded an
direction of the flows between the land use andspart model. The following transformations aregiolg:

» formation of transport categories from economievlip
» time factor,

» volume/value factor

« direction of flows.

Each one of these possibilities is described irfallewing sections.

From economic flows to transport categories

The interaction between transportable economioviie8 generates flows of goods or people. In &goreg
application, for instance, the interaction betwéedustries such as agriculture, manufacturing aodos,
generate movements of commodities. Similarly, thieraction between employment and residents generat
movements of commuters. Each transportable seetoergtes a corresponding matrix of flows. It maythze
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some categories coincide with those in the trarigpodel, but this may not be the case. For exangai@nomic
transactions between productive sectors (measarggbney units) may generate movements in sevenasport
categories such as heavy bulk, general cargo, ioen¢aand so on.

The definition of transport categories occurs i@ &ttivities- transport direction. Once the transport model has
finished its calculations, it will generate matgcef transport costs and disutilities by transpattegories. The
interface module transforms these back, to askigmrorresponding quotes to the economic sectorgémerated
them. The transformation rules will be the samé¢ itueverse.

Consider the example of an agricultural sector tjeaterates bulk, general and container transptegoges in
60%, 30% and 10% proportions. The interface modillesplit the agricultural flows in these propantis. Next,
the transport model will assign them to transpappdy in terms of daily Tons. As a result, the sport model
will estimate matrices of costs and disutilities faulk, general and containers. These are fed bacthe
agriculture sector in the activities model. Theeifdce weights each one by the same proportiomich they
were generated. Thus, each cell in the transpatt roatrix for agriculture will be the sum of 60% tbe cost
transporting bulk, 30% of transporting general caaigd 10% of transporting containerized cargo.

In other words, the number and types of sectotldractivity model does not have to match transgategories.
The activity-transport interface allows for sucartsformations, applying given parameters.

Time factors

It is common that the activity model is set on #edént time scale as the transport model. In doreg
application, production by sector usually referabmual amounts, while the transport model willgatdoly work
on a daily basis. In an urban application, montinhts are probably the most convenient way to regme
salaries rents and expenditure, and a peak houtation is required for the transport system.

To make time units compatible, the interface makefistinction between two types of flowsrmal flows and
habitual or commuter-type flows. Commodity movements are typically representedaashal flows. For instance,
the annual flow of Tons of agricultural productdl\generate a certain daily amount, defined witimae factor.
Movements of people are typically represented asnaater-type flows. Flows between jobs and resideuilts
generate trips that take place every day, eveheifactivity model is in monthly terms. Hence, fbisttype of
flows time factors are not applied.

These transformations are made in the activitisansport direction. In the opposite the critesaéversed. In
the case of commodities, the transport model wiline out with the cost of transporting, say, one Bén
produce. This cost will be the same, regardlesh@ftime period involved. In the case of commutews$, the
activities model wants to know transport expeneitthat is, how much money was spent on commusiaghat
this amount can be compared to other expenditstes) as services, land and floorspace. As a resatisport
costs and disutilities are not multiplied by thadifactors in the transpostactivities direction for normal type
flows, while commuter type flows are.

It is important to note that the transport modekesaa distinction between transport costs anditiig. As will

be described later, the transport model applieslastic trip generation model to transform flowsttgnsport
category into actual trips. In the case of transposts, the emphasis is in expenditure. We wakihtw how
much people or firms spend on transport. Consefyeghe unit cost of transporting a good or passerggts
multiplied by the number of trips made during thansport period. Assume the typical home-work commuter
from a to b spends $ 2 per trip, and makes two such tripsitneg in $ 4 per day. If (s)he makes 22 such trips
per month, according to the time factor, then tialtmonthly expenditure will be 4*22=88.

By contrast, transport disutilities a) cannot bdtiplied by trip generation rates, and b) it islavant if they are
or are not multiplied by the time factor. These sidarations are dealt with in the transport moldet,are worth
pointing out to improve the understanding of thteriface. We shall take each argument in turn.

A
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Consider first argument a), that is, that transp@tilities cannot be multiplied by trip genecatirates. Because
trip generation is elastic, any improvement in transport system will reduce transport disutilijnd hence,
induce more trips. If transport disutilities wereltiplied by an increased number of trips made,dffiect of the
improvement could cancel out, or result in a largglue. Any transport improvement must reduce disut
Because transport disultilities represent accegmbiland are an important component of the utilityction in
the allocation/interaction process, they must oefleny possible transport improvement adequatelyother
words, if disutilities get multiplied by the numbef trips made, then the activities model would et wrong
message.

In the case of b) the time factor is a constant thaltiplies all elements of a given disutility mat

Consequently, any improvement in the transportesystesulting in a reduction of disutilities is rost, and
remains proportional. In Tranus, disutilities araltiplied by the time factors, but only to approsta them to
the scale of costs.

The following table summarizes the applicationiwfet factors.

Activities - Transport Transports Activities
(flows) (costs and disutilities)

Normal flows Divided by time factor Time factor igred
Commuter-type flows Time factor ignored Multipliegl time factor

Value-to-volume factors

The units in which activities are represented mabtivity model do not necessarily have to comesipto those
used to represent transport flows. For instanceyufiaaturing industry might be represented in moueis or
even employment units (jobs) in the activities mode the transport model, however, the movemerits o
industrial products are represented in physicaiswich as Tons. Similarly, population might berespnted in
terms of households, while the transport model wiorkerms of trip makers. The set of constants used
transform activities units into transport units seamed in general aglue-to-volume factors.

In the activities-transport direction, flows by socioeconomic catégprare multiplied by value-to-volume
factors; in the transpostactivities direction, costs and disutilities argidéd by the value-to-volume factors.

Direction of flows

The activity model always generates economic flénesy consumption zones to production zones, thahithe
direction that purchases take place. This, howewight not be the direction of the transport movetseof
people or goods. In an urban application, for eXamesidents are usually generated from employmiémnis,
the resulting economic flows will be in the woskome direction. If the transport model is goinglerive peak
hour trips from these flows, it will be necessasyréverse the direction of the flows. If total daips are being
considered, then both directions will be relevantdpresent return trips. These transformationsabse dealt
with by the interface module of Tranus.

Transformation of flows equation

All the transformations described in the precegiagagraphs may be represented in a single equagitoilows:

A
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where:
F,JS flow of transport demand catega@yrom origini to destination, in transport units;
Xi? production of the transportable economic seatimcated in and consumed in
vol™ value-to-volume factor for the economic flowthat forms part of the transport categsry
tiem™ time factor for the economic flowthat forms part of the transport categsry
cpnS proportion of the economic flow that moves in tlieection consumption production;
pcns proportion of the economic flow that moves in ¢heection production. consumption.

Summation is made over all economic flowghat form part of the transport categery

Note that the:pnS and pcnS terms represent both the proportion in which e@dnomic sector contributes to a
transport category, as well as the direction offtbes. Consider an example in which three econosaictors:
agriculture, mining and industry, give rise to #hiteansport categories: general cargo, bulk anthgwers. In this

case, we want all flows to be in the producticconsumption direction, so that abnS:O, and aIIpcnS will have
significant values. The following table shows pbksivalues for thqacnS terms:

Transport categories
Economic categories General cargo Bulk Containers
Agriculture 0.3 0.6 0.1
Mining 0.2 0.8 0.0
Industry 0.4 0.3 0.3

In this example, 30% of agricultural produce travil the form of general cargo, 60% as bulk and 16%

containers. There are no restrictions on the ptapw, although it is common thi anS =1
S

It is essential that every transportable econoraatos forms part, at least, of one transport catedgwowever
small the proportion. This is because all transpinet sectors need matrices of transport costs igndlidies. If a
transportable sector has not been assigned torangport category, the interface will not know hmabuild
such matrices.

The are no restrictions on the proportions thatmeine the direction of flows. For example, in aman
application, residents might generate service eynpémt. If the transport model is being appliedhte morning
peak hour, then the direction of the economic flofussidents.services) is probably the same as the
corresponding transport flows (homservices). In this case:

A
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cpns: 1 and pcns: 0.

In the same application, jobs might generate ressdebut for the morning peak we are interestedhm
home- work direction, that is, in the productiorconsumption direction. In this case:

cpns: 0 and pcns: 1

Assume the transport model is representing a two-ioorning peak period, and that we know that 90% o
workers are going from home to work, and 10% gth@opposite direction. In this case:

cpns: 0.1 and pcns: 0.9
If a two-way directionality is needed, as for tataly trips, then:

cpns: 1 and pcns: 1

A}
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The transport model

Basic concepts

The main purpose of the transport model is to eggéntravel demand and assign it to transport sypplsh that
an equilibrium is reached. As described in the jotey sections, the activities model estimates arsdtices of
flows by economic sector. The interface transfosush matrices into flows by transport categoriese T
transport model takes these flows as inputs anch&sts the number of actual trips made in the givansport
period. Trips are then assigned to supply, reptedely the various modes and infrastructure. Tramsmsts
and disutilities resulting from demand/supply eidpilm are used by the activities model to simulate
subsequent time period.

The two main elements of the transport model dren,tsupply and demand. Users represent demartdstha
people or goods that require a transport servicdréight or passengers. On the supply side, fidssible to
distinguish betweeperative supply and physical supply. The operative supply is the set of private orligub
organizations that operate vehicles of severalstypéysical supply is the transport infrastructecuired by the
operators to perform their functions. Aadministrator is usually in charge of the physical supply. Users
operators and administrators are the main entitiése transport system.

Figure 5 shows these entities of the transportesysind their main economic relationships. Usersaaeima
transport service from the operators, and for they pay tariffs. Operators charge users, andrim pay for
operating costs and for the use of the infrastrectddministrators, in turn, charge operators aag fheir
suppliers for maintenance costs.

This is the general scheme, but in practice it adgypt specific forms. Private transport is a speziae in which
users are their own operators. It is also commat thilways companies both operate the service and
administrate their own infrastructure. The transpoodel, however, will always consider them as sztga
entities for accounting purposes. Also payments tmaydirect or indirect. Passengers, for instancay pay
directly to a bus operator in the form of farest bar users indirectly pay themselves to coverrthests.
Operators may have to pay administrators direntipé form of tolls, port tariffs, parking chargesd so on, but
there might be indirect payments, such as fuelstaaad taxes, and the like. There are also susstdiconsider,
such as reduced fares for children and elderseerrbads and parking.

Figure 5: Elements of the transport system

Demand Operative supply Physical supply
services infrastructure
Users S Operators tolls, etc. Administrators
Suppliers Suppliers
(operating costs) (maintenance costs)
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Transport demand

Users are classified by transport categories. BH@wvs for a separate treatment of passengers reight.
Passengers, in turn, may be classified by inconseigrtrip purpose, or combinations of both. Eacrsqe
category may have an associated car availabilay ltmits the selection between public and privatedes of
transport. There may be several types of freighiated categories, such as bulk or containers.

From each travel option, users perceive a disgtilitat includes the monetary cost of travel, thkie of travel
time and waiting time, and subjective elementshsascomfort, reliability, safety, and so on.

Operative supply

Transport supply is organized hierarchically inethitevels: modes, operators and routes. Modesseaqra set
of operators that provide a service for a particidlad of user. In TRANUS, modes represent broaegaries
such as public, private, light or heavy commoditieach trip category may choose among specific myoslech
that commodities can only choose from freight modled people can only choose from passenger modes. F
each transport category a choice set must be defoensisting of a list of modes available to thatticular
category.

Each mode, in turn, may consist of several opesathin operator is characterized by a service ofesgemeral
characteristics, such as vehicle type, tariffsrafieg costs, transfer costs, energy consumptiot,sa on. Many
operators may belong to a common mode. A userreatyftransfer from one operator to another, prediduch
operators belong to the same mode. A typical agftic may consider three modes: freight, public pridate.

The freight mode may contain light and heavy trudkdlways, barges, and so on, as operators, athat
consignment may combine them to reach its destinafhe private mode usually considers a singleaipe

cars, but parking or HOV cars may be included ab. Weiblic transport probably provides the most pter

structures, and a large number of different opesattay be specified, such as buses, minibuses,digh heavy
subways, feeder buses, jitneys, etc. Certain mi@g be imposed on transfers; integrated fares ésexample,
and some transfers may be prohibited altogethem évthe source and destination operator belorthe¢ocsame
mode. For instance, a transfer between a normalrche HOV car may be prohibited.

At a more detailed level, a public transport opmratay be organized as a set of routes. The definif a route
is a service that must follow a specific sequerfdeks in the network. If a user wants to trandfem one route
to another, he or she will have to pay a transbst and waiting time, except for possible integtdtees.

Physical supply

A transport network represents physical supply in the model. The nétigodefined as a directed graph, or a set
of one-way links and nodes, like the example oluFég6. Nodes may represent road junctions, pointghach
the characteristics of a road may change, statimns, stops, ports, and the like. A subset of natescalled
centroids. Centroids represent zones, and for the transpodel all trips either start or finish at centroisch
centroid must be connected to one or more noddéseohetwork. Links, on the other hand, may represtret
sections, highways, rural roads, railways, airwayeterways or any other kind of relevant infrastuoe. Links
have specific characteristics, such as distanggaity, speed, and so on. Some of these chardier@se link-
specific (distance, capacity), but others are @efigenerically, in the form dfnk types. All links of the same
type share common characteristics (speeds, totgebBamaintenance costs, etc.). Link types alsmelefhich
operators can use them; for instance, a highwéytyipe may be used by trucks, cars and buses,dbltyntrains
or vessels.
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Figure 6: Example of a transport network

The following characteristics define a link:

origin node

destination node

link type

link length

physical capacity

transit routes

prohibited turns or turn delays

The link type attribute specifies the following geic characteristics:

free flow speed by operator

car-equivalent units by operator

distance-related operating cost of vehicles peraipe
charges or tolls by operator

administrator in charge

fixed and marginal operating costs

capacity restriction function

Usually, the physical capacity of a link is measlune car-equivalent units per hour or daily. In cpécases
other units may be used for convenience, suchaaissircoaches, Tons, or any other. In very dends pha city,
the capacity of a link may be determined by theacéyp of intersections.

Transit routes are coded directly in each link.HEemute has a specific frequency (vehicles per timi¢). The
model assigns the corresponding vehicles to thevamkt It is also possible to specify transit routeith an
undefined frequency, in which case the model vdjuat the frequency to demand.

Prohibited turns may be coded for each link, tadatk nodes towards which vehicles cannot turns &hsimple
way of coding turn prohibitions that minimizes thessibility of errors and avoids the need for fiotis nodes

A
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and links. Turn delays may also be coded, to remtesignals, left turn conflicts, and other delaysh as load
and unload, access to ports, tolls stations arahso

Representation of the transport network

The transport model represents the transport nktimbernally as adual graph. The network is coded in the
traditional way, with links representing road seet and nodes representing intersections. Themprbgram
automatically turns the external links into nodéso internal dual graph, and creates internaklittkrepresent
possible connections. This method is completelysjparent to the model user, because once all atilmg have
been performed, the model translates back thetseisuthe original form. In other words, the modedees not
have to do anything, but it is important to baremind the concept behind the dual graph techniaqwk its
consequences for coding the network and intergetie results. This section presents a brief cdneép
description of the dual graph technique. A fullagsgtion and mathematical specification is giverDoal Graph
Representation of Transport Networks’, by J AfiedeTla Barra and B PéreZransportation Research B, Vol
30, pp 209-216, 1996. This paper is also availabla Modelistica’'s home page.

Figure 7 shows an example of a simple network, isting of eight nodes and 18 links. As in most s@ort
models, this network is coded in the form of a daljst of links as follows:

Origin node Destination node
1 2
2 1
2 3
3 2
2 5
...etc.

Figure 7. Example of a network with the original direct representation

No. of nodes: 8
No. of links: 18

From this list, the dual graph is generated byrtioelel. In the dual, each original link becomes denor vertex
of the graph, and links represent possible conmegtiFigure 8 shows the resulting internal dugblgrereated by

A
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the model. For instance, the original link 1-2 é&eected to links 2-3, 2-5 and 2-7 in the origimatwork. In the
dual network, link 1-2 becomes a node, and thdtieguist of links would look something like:

Origin node Destination node
1-2 2-3
1-2 2-5
1-2 2-7
2-3 3-4
...etc.

Because this dual list is easy to automate, theeimdilds it internally. The total list of nodeslwiow be made
of 20 dual nodes and 36 dual links.

Figure 8: The dual graph created by the model

3 o——os—n"
7N
fl
1 // 7] e 6
- /, ——— Direct graph

\ /ﬁ — Dual
| No. of nodes: 20
, LD . e

The main advantage of this scheme is that it iy w&sy to define prohibited turns and turns deldyse
difficulty of defining them in the direct graph vell known. This is usually done by replacing eadde by
several nodes, and then the modeler must code berurf fictitious links to represent turning movertge This
process is tedious and error prone, and resuléslarge number of unwanted fictitious nodes ankslirSome
models automate this process, but the computatmmalen can be significant, and the results areeiatble.

The dual graph representation complete avoidgifios links. All the modeler has to do is to spgcfbr each
direct link, the nodes towards which vehicles canom, if any. Assume that all left-turns are photed in the
simple network above. The network code thus becomes

(A)
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Origin node Destination node Prohibited turns
1 2 3
2 1
.etc.
2 5 4
5 2 7
...etc.

When the model builds the dual graph, it checkspfussible prohibited turns. A dual link is createdy if the
destination node of the link to which it is conretisnot in the list of prohibited turns. The more proheoit
turns are defined, the smaller the generated nktwontrary of most traditional models.

Figure 9 shows the resulting dual graph when #litlens are banned. It may be seen that the dualaontains
fewer links, 26 instead of 36. In fact, as morentprohibitions are indicated, the size of the neknwmecomes
smaller. In traditional models the opposite happé@&ie figure also shows the resulting minimum gatim 1 to
3 in the dual.

Figure 9: The dual graph created by the model with left turn prohibitions
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\ = Dual
Min path
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Turn Delays

Optionally, it is possible to specify turn delayghich is useful for representing traffic signalslanany others,
such as loading-unloading for freight trips, tatations, access to ports and so on. The inputisléite average
delay, defined in a similar way that turn prohitits. Figure 10 shows a signalized intersection I08.average
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delay for the East-West road is two minutes (0.888and one minute (0.017 Hr) for the North-Sowdhd. Left
turns are prohibited.

The table under the figure shows permitted turrigtatsection 103 and the corresponding delays.iristance,
node 516 can not be accessed from link 107-108itefdelay=turn prohibition). Turning to 702 impdydelay
of two minutes. Delays are added to travel time laade effect on all vehicles (cars, buses, trueksjgned to
the multimodal network of TRANUS, which is descidbe the next section.

Figure 10: Turn Delays

Node
702

Node
103

Average delay=2 min

Node @I Node
Y G PNt — T
N

_ § Prohibited

= turns

T

%

)

©

]

(o))

o

()

Z Node

516
Origin Node Destination Node Turn to node Delay (hours)

107 103 702 0.033
107 103 345 0.033
107 103 516 Infinita
516 103 702 0.016
516 103 345 Infinita
702 103 516 0.016
702 103 345 0.016
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Multimodal Network

The dual network concept is extended to itinétimodal network. Depending on the link type, several modes
operators or routes may use a common link. For pigma typical road may allow for cars, several buges,
minibus routes, trucks, bikes and pedestrians. Fdmfsical link is expanded by the model, such #wath
link/operator-route combination becomes a link. iAghis is an internal process, transparent taribdeler.

Figure 11 shows a simple example of a multimodalvaek. There are three physical links and two buges.
The model generates one multimodal link for eaamkioation of physical link and route. In the duatwork,
each multimodal link becomes a node, and dual larksgenerated for every possible combinatiorhdfdrigin
and destination routes amet the same, such as a transfer from the red routeetblue route, transfer costs are
added. Transfer costs may include monetary costrding tariff) and the value of waiting time.

Figure 11: Generation of dual links in a multimodal network
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Calculation of monetary costs

As described in Figure 5, the transport model makedistinction between three types of monetary scost
corresponding to the three main entities in thadpart system: users, operators and administraitiesse are
calledmonetary costs to users, operating costs andmaintenance costs. In the following paragraphs, each one of
these cost elements are described.

Monetary costs to users

The monetary component of user costs is tertagéf. It is the amount of money that users pay to herators.
Two broad types of tariffs may be specified, depeman whether they are related or independenipefating
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modelistica 27



Mathematical Description TRANUS S5

costs. It is common that public transport servimesrate with tariffs that are quite independerthefr operating
costs. Freight operators, by contrast, tend to tanffs with their actual operating costs, (indhgl a profit
margin). In the case of private cars, the userapatator are the same, so that tariffs shouldtlstdéorrespond to
operating costs; however, there is considerabldesie that car users do not perceive their fullsgdmit only a
small proportion. For convenience, the term tagfers to monetary costs to users, even if in #se ©f cars it
might sound inadequate.

Furthermore, not all demand categories pay the garifés. It is common that students and seniadeeits pay
preferential fares. It could also be that some dypiefreight operators may charge different farepeshding on
the commodity being transported. All these elemarggtaken into account by the model when calagatriffs.

In general, the tariff charged by operators to sisecalculated as:

tc,C
ts =tpg| tf, +tt, +tdy, +—22 |, @7
to,
where:
tg is the tariff paid by trip makers of tygeo operatoo;
tpg is the proportion of théull tariff that trip makers of type pay to operatoo; the rest of
the elements of the equation above representtafiff;
tfo fixed tariff when operatoo is boarded; if there are integrated tariffs, ttfgrwill depend
on the previous operator;
tto time-related tariff of operatay, calculated as the time that the operator takgetform
the trip, multiplied by a tariff per unit of time;
tdo distance-related tariff of operator calculated as the distance travelled, multipbgda
tariff per unit of distance;
tc,C
to 0 the operating cost of operatmrcy, multiplied by a factotc, representing the proportion
0O

of the operating cost to be added to the tariff] divided by the occupancy rate of
operator 0f0g.

The operating cost of vehicles is representedrimgeof vehicles, such as per car or per truck. ddig by the
occupancy rate implies that the operating coseiadshared by all users in the vehicle. In thes aafsprivate
cars, for instance, if the occupancy rate is hdnteach passenger will pay 1/1.4 of the cost.I&ilyi if a truck
carries 8 Tons on average, then each Ton will &l df the operating cost.

Different tariff functions may be specified for éaoperator. In the case of a freight service, itasnmon to
specify tariffs as a function of operating costsnt¢e onlytcy will have a significant value (e.g. 1.2), leavithg

rest of the elements as zero. In the case of privats, it is common that all elements are seeto,z2xceptcy
that is set to 0.5 or 0.6 or whatever value is mred as representative of the proportion of dpegecosts
perceived by users. In the case of transit, ibisimon to have tariffs as a function of distance/anthe fixed
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component, settintg to zero. In general, tariffs either have a spedifiaction related to distance and time, or
are related to operating costs. A combination df i@very rare.

A typical function for transit operators is presshtn Figure 12. In this example there is a fixechponent and a
distance-related tariff. In the case of taxissitommon to have a fixed component, together waith klistance
and a time-related components.

Note that congestion will affect tariffs only ifehe are time or operating cost-related componéfas.
operators of this kind, congestion will increase tériffs paid by users. This may occur if a specime-
related tariff has been defined, or if there iseaergy function and/or a time-related operating,casd
the operator transfers the cost to the user.

Figure 12: Typical fixed+distance-related tariff

tariff

Tariff per unit

<« of distance

Fixed tariff

Y

distance

Operating costs

Operating costs per vehicley of a particular operatar includes a fixed element, a distance-related ehénze
time-related element and possible charges. Ther legpresents the amount that operators pay tongtraitors,
representing elements such as tolls, parking ceamet tariffs and others. These elements aresepted in the
following expression:

Co=Cfg+ ctgt cdg+ Chot Ceg, (28)

where:

o
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cfo fixed operating cost of a vehicle of operatoto be applied only when the vehicle is

boarded, that is, once for every trip made; usuedfgrs to administrative costs and
loading/unloading in the case of goods vehicles;

cto operating cost per unit of time; usually includeivers’ salaries and capital payments;

cdg operating cost per unit distance of a vehicle pgratoro, usually including tires, spares,
maintenance, lubricants, and others; this cosesdy link type;

chg charges paid by operatorto administrators, usually representing tolls kpay, duties,
etc.;
C& energy cost of operator o, a function of distanu speed.

The cost of energy is calculated as:

— min max min
ce, = [ed0 +(edo -ed) )Dexp(— oV, )J pe, ., (29)
where:
C& energy-related cost per unit distance of a veldtlgperato;
edg"n minimum consumption of energy per unit distancemvh vehicle of operatartravels at
free flow speed;
egmax . . _ .
o maximum consumption of energy per unit distancem vehicle of operatartravels at
a speed close to zero;
Vo speed of vehicle of operatoyrafter capacity restriction;
50 parameter regulating the steepness of the energgumption curve;
pey price of a unit of energy.

This calculation is made on a link-by-link basigchuse the speed is link-specific. The functiondgative,
because as speed increases, energy consumpticdused. Figure 13 shows examples of typical energy
consumption curves for two different operators.

The cost of energy may be calculated in differemtsufor each operator. For example, cars may be
calculated in terms of liters of gasoline, trucKitars of diesel, and rail in KWh. If the energynttion is
not known, the corresponding cost may be specified distance-related cost.

A
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Figure 13: Examples of energy consumption curves
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8 16 24 32 40 48 56
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Maintenance costs

Administrators pay for fixed and marginal maintecercosts per unit distance. Fixed costs includdirmeu
maintenance and any other, assuming that no vshicse the infrastructure. Marginal costs represieat
maintenance costs attributable to each additiomdlicle traveling along the link per unit distandgach

administratora is in charge of a particular set of link typE%. If It is a link of the seL  of links of typer, the
cost of maintenance of administratois:

em*= Y 3 |mf, 00f + Y mal ove?, (30
e tol
where:
mf 7 fixed maintenance cost per unit distance of lityke r
df distance of link of typer
ma? marginal cost of maintenance of links typg@er vehicle of operatar
qu number of vehicles of operatoitraveling along link

Structure of the transport model

The transport model follows a calculating sequesselescribed in Figure 14. Two distinct procedumay be
distinguished: path building and the transport nhitdelf. Path building may be seen as the prooégenerating

0o
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travel options for each origin and destination,niyde. Based on the description of the network ardrpeters
and functions describing costs and disutilitieg, path building module generates a set of sucloigtinstead
of generating a single minimum path, this procedvitegenerate the firsh paths.

The transport model takes the path descriptionspanfbrms a number of calculations. It begins biguating

the costs and disutilities involved in each pathdach transport category. These costs are aggregaer all
paths to generate costs and disutilities by moné,aggregated again to obtain costs and disusilitietransport
category.

The next stage is to estimate the number of trggeetated by O-D pair and category. This is aniel&stction
of the flows and disutilities. Trips are then seped by mode, and are then assigned to paths kel df the
network. The modal split stage is optional, sirta@ay be combined entirely with the assignmentestadis is a
powerful feature that will be explained in detaitther below. Finally a capacity restriction progeslis applied
to adjust speeds and waiting times according ta#&mand/capacity ratios in each link and route.aBse speeds
and waiting times affect costs and disutilitiesjtarative procedure is performed. The processpgated several
times, until a demand/supply equilibrium is reached

In the first iteration, costs and disutilities a@culated on the basis of free-flow speeds andnmaim waiting
times. At the end of the iterative process, speswt$ waiting times may have changed considerablythas
network is loaded with trips. These are terrraatled costs and disutilities.

The following sections describe each component.

Figure 14: Structure of the transport model

Path building Transport costs and
by mode disutilities

Y
Trip
generation

Y

Modal split
(optional)

Y
Multimodal
assignment

A
Capacity
restriction
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Path building

As was mentioned, the purpose of the path builgiogedure is to derive a set of travel options feomorigin to
a destination by a particular mode. A path is mst g sequence of links, but a sequence of link&atpes (or
routes) combinations. There might be two paths wd#ntical physical links, but with different opéses or
transit routes.

Formally, a path may be described as:

ml’ rr‘2’ m3’ . rr]Z

mi = (li, oi)
where my denotes a particular combination of a physical linknd an operator (or rout®) along the path
sequence. The origin node &f must be the centroid of the origin zone, where afpen, is boarded. Along the

path sequence, a change from one operator to anmothyeoccur, and this introduces the possibilityrahsfers.
Finally, the destination node bfcorresponds to the centroid of the destinatiorezufthe trip.

Consider the example of a multimodal path in Figlfe this travel option involves 11 physical lirdesd three
operators (walk, bus, and metro). Trip makers walthe bus stop, then take a bus, then walk toteonséation,
then take a metro and finally walk to the destomati

Figure 15: Example of a multimodal path

lo,
Origin (17,03) (12.05) (o0 (110,03)
? . T \(|11.01)
l1, 5

Q-0 (200 oy (s (8D — 04

T %EOEO?O Metro T Destination

T (1500) —
walk

Bus

During path search, the model calculatesgireeralized cost for each path, accumulating the following elements
for each link/operator combinationthat forms part of the sequence:

ijp

4
co =Y RTs+RD: +TR> .. (31)
m=1

A}
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where:
Cilj(; generalized cost of pafhfromi toj by modek for the categoryg,
RT,TS] time-related costs in link combination(l,0) for demand category
RD,?1 distance-related costs in link combinatioi,0) for demand category
TRrSn—],m transfer costs, that is, the cost of boarding a operator or route; this can take place

either at the beginning of a trip or when thera tsansfer somewhere along the path, i.e.,
wheno(m-1) zo(m).

In the following paragraphs each one of these eleshents are described. Most of the elements wseal¢ulate
these costs have already been defined when deggobierating costs and tariffs.

Time-related costs

Includes two main components: monetary and perde&e follows:

RT, = tvm(tt0 + %) pcs +tv., (wS pt..pg, ppj) : odm (32
o
where:
RTrﬁ time-related cost for the link/operator combinatinas perceived by trip-makess
tVm travel time of operatow in link I, a function of the length of the link and the speéthe
operator;
ttg time-related fare charged by operatpr
cto time-related operating cost of operator
tco proportion of the operating cost that operattmansfers to users;
tog occupancy rate of operator
pcj proportion of fare paid by users of categsty operatoo;
w value of travel time of the trip categasy
Ptm penalizing factor associated to the link typehaf tcombinatiomm(1,0);
PYo penalizing factor associated to operator
ppg penalizing factor associated with the operatorand travel demand category
combination.

A
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The first part of the equation represents the naygetomponents: a possible time-related tatiff)( and time-

related operating costs being transferred to usks$co/ t0g). The monetary component is, in turn, multipligd b
the proportion that each category pays to the dperthis is because some categories, such as Istchpsoor the
elderly, may pay reduced fares. The second path@fequation represents the non-monetary, subgectiv
perceived part of the generalized cost. Includes \alue of time, multiplied by three penalizing ttas
associated with the link type, the operator andréneel demand category.

It is important to note that the value of time fdyorelated to the trip-making category. All ottespects
related to the subjective perception of time ar&era care of by the penalizing factors (by
operator/category, or by link type).

The factor associated with the link type is usedepresent non-modeled factors related to the tyuafithe
infrastructure, such as convenience, safety, ra#el-services, and so on. Consider the example dfrain
connected to a destination by two alternative roadsmall curvy road and a large highway. Assura¢ ttavel
times and costs are the same in both cases, butighevay has better signals, the possibility ofideots is
smaller, has lighting, emergency facilities and djooad-side services. In such conditions userspiéfer the
highway, and this is represented in the model witimaller penalizing factor.

Similarly, the penalizing factor associated withecgiors is used to represent non-modeled elements as
reliability, safety, comfort, and so. In practi@eyalue of 1.0 is usually assigned to the penaifactor of the
best option, and bigger values for the less attmacptions, such as 1.1, 1.3, etc.

Finally, the operator-travel demand category peiraifactor is used to represent preferences. ¥t beathat a
specific category prefers a specific mode, reggltna reduced penalty for such combination. Adgpbexample
of this is a bulk commodity preferring rail oveudks. In the case of passengers, this factor maysbkd to
represent preferences by income group. High incoavelers may show a strong preference for cargevudw
income travelers might show a preference for ttansdes. This does not mean that low-income trasalsslike
the car option in principle; however, the choicecafs could mean that the consumption of other gooaly have
to be sacrificed if the corresponding household tniisur in the high cost of buying a car. This isvery
important feature, because in this way the modil sage in the model may be skipped altogethethis case,
modal split is entirely dealt with at the assigninstage, providing great flexibility and realism the
simulations. Car availability, instead of being imput parameter to the model, becomes an outputamnd
endogenous variable.

It is recommended that the modal split stage isdeebin the model design. Instead, the use of dapera
category penalty factors is encouraged. Modal dpi$ been maintained in the model structure
compatibility with previous versions that did notiude this powerful feature.

—

or

Distance-related costs

Distance-related costs to users include distarle¢ecktariffs, and distance-related operating ctraissferred to
users:

RD; =d, (td0 +%j pc:, l,oOm , (33

(o]

where:

A
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RD; Distance-related cost for the link/operator corabion m and categor,

d length of linkl;

tdo distance-related fare charged by operator

cdm distance-related operating cost of operator link [;

tco proportion of the operating cost that operattnanfers to users;

tog average occupancy rate of vehicles of opermtor

pcj proportion of fare paid by users of categsty operatoo.

Transfer costs

Transfer costs are paid by the user when theréranafer, that is, a change of operator or rooteesvhere along
the path. These may include a monetary boardirgy farssible fixed operating costs transferred e¢auer, and a
perceived value of waiting time. These costs atg computed if the current operator-route of thmkioperator
combinationm is different to the operator-route of the previcosnbinationm-1 along the path, that is, ib(m-
1)Zo(m).

TR, = (tf0 + %} pc; +te.ve® ,o00m, (34)
o
where:
TR; transfer cost for categoswhen boarding operatorat link|;
tfo boarding fare of operatar,
cfo fixed operating cost of operatoy
tco proportion of the operating cost that operattmansfers to users;
too average occupancy rate of vehicles of opermator
pcj proportion of fare paid by users of categsty operatoo;
tem waiting time for a vehicle of operatorin link | (applies only to transit);
ve’ value of waiting time for trip categosy

Note that the boarding fatg is a matrix of the forngfrom operator, to operator); this is to allow for integrated

fares, in which casf#y=0, reduced fares or to prohibit a specific comboratwith tfo=co. An example of an
integrated fare is the case of a metro system awdbivith a bus-feeder system. An example of a redifere is
a port, in which both railways and trucks come mtoad; if the railway has a highly automated ancimamized
unloading system, the transfer cost from railwagh@ could be less than the truck-to-ship costefample of

A
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a prohibited combination is a case in which theetauses, walking and bicycles; the model spetifinamay
allow for people to walk to buses, but not bikétses, if there are no special facilities to do so.

Prohibited combinations are also useful to repregark-and-ride situations. In this case a P&R afmgrmay be
defined and assigned to specific links in the netwilext, car options may be allowed to combindWA&R but
not with buses, and in turn P&R may be combinedh witses. This means that car-travelers may onhbgwm
with buses at specific P&R facilities.

Waiting time depends on two main factors: the fesguy of the service involved, and the demand/capaaiio.
The frequency of the service defines a minimum imgitime. As the demand/capacity ratio increasesting
time also increases in addition to the minimum. T¥ey in which waiting time varies as a function the
demand/capacity ratio is dealt with at the capa@striction stage, described further below. If trework is
empty, as in the initial path search or the firstadtion of the transport model, then waiting timenly a function
of the frequency. Assuming a random arrival of pagsrs, the average waiting time is:

. 1
tg, =temin,+ — ,o00m, (35)
2f,
where:

tem waiting time when boarding a vehicle of the roateoperatoro in link |, assuming the
demand/capacity ratio is very low at that point;

teming minimum waiting time for vehicles of the operatoin addition to the frequency-related
time;

fo is the frequency of the route or operaidwehicles per unit of time).

Two types of transit operators are recognized énrttodel: scheduled and unscheduled. If the trapsitator is

scheduled, only the first part of the equation @&bapplies, that iteg = teming. This form is particularly useful
when representing rural or inter-urban services wéry low frequencies. For example, if a bus rauily has
one bus per day, it is obvious that passengerswaillwait on average half a day, since they willqably know
the time-table of the service. Tranus allows sitindatransit services without specifying routes;tlis case
frequencies are calculated automatically in fumctd demand.

Additionally, Tranus allows defining a range foeduencies by operator. The model estimates thedrexy that
maximize the operator income. The resulting fregyesf,

The path search algorithm

The costing elements described in the previousiosectare the basis of path search. For each osggih
destination, the path building procedure analyfigsossible link/operator or route combinationstthmay form a
reasonable travel option. This may lead to a vargd set of options, particularly if the networkiahe operators
and routes make a densely connected system. In tordeduce the number of options, the path segrebedure
selects a smaller subset, that is, a set of n-pats main criteria are used to select the setdths:

« those of least generalized cost;

¢ those that make clear, distinct options.

A
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The first criteria is quite obvious, but if it wése only one to be applied, some of the resultiatpp could be
very similar; some paths could share a large nurobdink/operator combinations. This would represeery

close options, that travelers would consider aasglesoption with very small variations. There isigk that small
variations around a successful path may rule onteseery reasonable options. Consider the examplégofre

16. At first sight there are two main paths a) édpath b) offers a considerable number of closéations.

Assume that path b) and all its variations havealler generalized cost compared to path a). Iigéneeralized
cost was the only criterion for selection, onlytpab and six of its variations would get selectegmpletely
neglecting path a).

Figure 16: Simple network to show overlapping effects

Path a)

Origin ——
Path b) Destination

The path search algorithm includes a procedureotural for the independence of options, to avoighhi
correlated paths with small variations as sepatistinct options, calledverlapping control. The method keeps
track of the degree of coincidence among compgdatys in terms of link/operators combinations. Azsult,
paths are selected as those with the least geretalbst and least overlapping.

Overlapping control is achieved through a penaljfctor called th&®z factor, a positive number greater than
one. Bigger values dDz increase the effect of overlapping in the selectd paths. With this factor, the path
search model proceeds in the following steps:

a) search for the minimum path frointo j by modek and store it;

b) penalize byOz the link-related costs of all link/operatarsthat form part of the path, excluding
transfer costs;

c) go back to step a) and iterate until:

d) the minimum path found in a) is identical to anytie# paths that got stored.

If Oz=1 the minimum path found in the first search willnmrediately re-emerge in the second search; in #ie c
the model yields a single path for each O-D pag .tile value 0Dz increases, the number of paths that succeed
in getting stored also increases. Note that a sgpaeator/link combination may emerge several timedifferent
paths and is penalized over and over again. Alse ti@at no paths will be stored with a generalizest grater
than the cost of the minimum path multiplied®g so that this value also acts as a maximum digpefactor.

A
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Ideally, the procedure to select paths should lpdiepto each category and mode. Each categoryauvélers
will value time differently, and so will consideiifférent choice sets. However, to avoid the comianal

burden, paths are only selected by mode. Hencentiueler must make sure that the path set is widegh to
accommodate all categories of transport users. Wherpath choice model is applied, as describethdur
below, each category will be treated with its ovafues to simulate path choice.

Disutilities and probabilities

Transport disutilities are measures of accesgibitiit influence both location decisions and transphoices.
Transport monetary costs form part of disutilitiesd are used directly to calculate production <astthe
activities model. The transport model keeps traddkodh disutilities and monetary costs separately.

As shown in Figure 17, three main levels of decisiare considered in the transport model: pathcehanode
choice and trip making choice, that is the decisisio how many trips to make. For each one oftlmsls, the
model estimates disutilities, and these in turmnfthe basis for the calculation of probabilitiBsobabilities are
calculated with scaled multinomial logit models.

The arrows in the figure show the sequence in wiiiedse calculations are made. The process begins by
calculating the disutility at a path choice le@&cause this is the lowest level in the invertedisien tree, the
utility function for path choice corresponds to teneralized cost of each path. The way in whiaregdized
costs are calculated were described in the predeasons, and include monetary costs and perceragdl and
waiting times. Generalized costs are then aggrdgater all competing paths to form a composite dnst
category and mode, which is the utility term at@de choice level. Finally composite costs are aggjesl over

all competing modes to form a general composité fayseach transport demand category, which isutfigy

term at the trip making level.

Trip making choice is estimated by the trip gerieratnodel, mode choice is estimated by the modélrspdel,
and path choice by the assignment model. These thozlels are linked to each other by the compasists,
forming a large hierarchical or nested multinonhogiit model.

It is important to point out that the modal sptiage in TRANUS is optional, and may be skippedgdtber in
certain circumstances. This is because of thenmdal nature of the assignment algorithm, that doet
physical links and operators and routes. For angivensport category, such as people of a certzomamic
level, a single mode may be specified: “passendHnis single model may include all operators avddafor
passengers, such as cars, buses, trains, walksawod. In this case, the model assumes that afl siply
options may be combined and linked together to form alsitrgvel option, subject to certain rules. Fotanse,
a direct transfer from car to metro may not beved#ld, except at park-and-ride facilities. The sirglede
configuration is highly recommended in situatiortseve there is a relatively high proportion of tniykers with
car availability.

The detailed formulation for disutilities and praoiidies at each stage in the calculation processeiscribed in
the following paragraphs.

A
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Figure 17: Disutilities and probabilities at each decision level

Disutilities Probabilities
Overlapped generalized Trip assignment,
cost for each path, mode ——————1 or path choice
and demand category probabilities
e —
— Composite cost over all Modal split, E
5! paths, by mode and  [——————1 or mode choice i
'*§ ! demand category probabilities i
Composite cost over all Trip generation,
modes, by demand —> or trip making choice
category probabilities

Path choice level

As was mentioned, the utility term at the path chdevel is based on the generalized cost of eatth @Pn the
basis of the generalized cost, @mrlapped cost term is built. Overlapping is different to the ola@ping control
used to generate paths. The latter was used to thekesulting path options as distinct as poss®lerlapping
in the assignment model is used to compensateo&silple remaining attribute correlation or overiagpamong
competing paths. The probability that trip makefrsaiegorys choose patp when travelling from toj by mode
k is given by the following scaled multinomial logitodel:

pls ex;{— 4 Sqik;)

ijp = Zpexp(-ysﬁj";) :

(36)

where E”kps is the scale@nd overlapped generalized cost of travel, aASw'd; the dispersion parameter in the logit
path choice model.

Overlapping in the assignment model is represebyehultiplying the link-related elements of the gealized
cost of each link/operator combination by @amrlapping factor, defined as the number of paths that share the
combination. Figure 18 shows a simple example aflapping factors, with values of 1, 2 and 3, foiotal
number of paths = 6.

A}
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Figure 18: Example of overlapping factors in the assignment model

Destination

If Cilﬁ, represents the resulting overlapped generalizetl @foeach path, as described above, then thedscale
disutility of a path becomes:

- ks
_ Cijp
ol | — (37)

HS
(mgn(c'i'j(ﬁ)j

whered sets the degree of scaling in the utility function

The composite travel disutilitft,“-]!(S fromi toj by modek to trip makers of categosyis estimated by aggregating
over all paths in the following way:

ks 6°
~ks _ InP . .k
Gj = ——E(mln(cug)] : (38)
y Y
where:
& is a parameter regulating the degree of scalingdtegorys.

o
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This equation is multiplied by the overlapped aafshe minimum option because scaled utilities Haeen used.

Pg ks is defined as a series in the following way:

p-1
ks _
Pg’®=3 Gp [1(1-Gn). (39)
h=1
where functiorG, is the numerator of the logit model of equatio)(3
— s~ks
G, = exp(—y cijp) , (40)

Mode choice level

As mentioned, the mode choice stage may be skippddeplaced by operator-category penalizing fadtothe
assignment stage. The model user may still waspéxify a mode choice level. What follows is a dipgion of
the modal split stage, if this option is used.

The probability that trip makeischoose a specific modeto travel fromi to  is calculated from the composite

disutilities of each modéi}(s with the following scaled multinomial logit model:

exp(— AS(‘c}}‘S /(mkin(Ei}‘S))HS D
RIS = . kOKS (41)

: Zk eXF(_/‘S(EiJks /(mljn(ai}(s»gs D

where:
AS dispersion parameter of the logit mode choice hode
KS is the set of modds available to categorg, e.g. goods only choose from freight modes,
people from passenger modes, etc.;
E,Jks is the composite disutility of mode
min(('f”ks) is the composite disutility of the best mode ia thoice set;
k
g is a parameter regulating the degree of scalingdtegorys.

Finally, the composite disutility for all trip matses traveling fromi to is estimated aggregating over all modes:

s 6°
gs=_InPg (mkin(ai}‘S)j . kOKS 42)

IJ AS

A
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This equation is multiplied by the utility of thedt mode, to unscale it back.

Pgs is defined as a series in the following way:

k-1
S _
Pg® =3, Gk [1(1-Gn) . (43)
h=1
where functiorGy is the numerator of the logit model of equatioh)(4

Gy =exd- 1%G°) . (49

Trip generation

The purpose of the trip generation model is to date the number of trips derived from a functiofialv
estimated by the activity location model and transied into flows by transport category by the land
use/transport interface. The number of trips gerdrhy a categorgfor an O-D pair for a particular time period
is a function of the composite disutility calculdt| equation (42). Strictly speaking, trip genenatshould be
represented as a discrete choice model with aatdndultinomial logit form, similar to path or modhboice. In
this way trip makers would be viewed as choosintgvben making one trip per flow, two, trips,... or tnips at
all. However, it is difficult to associate a didityi to each one of these options. A much easier @fadoing this

is to represent trip generation as an elastic ddmarve:

S S|\,S S S S<S
Tij = |:ij Vimin (Vmax ~ Vmax-min )exd_” Gij )J ' (45)
where:
Fijs flow by transport categoryfromi toj;
Vrsnin minimum number of trips per unit of flow made tegorys, whatever the value of the
composite disutility;
Vr%ay maximum number of trips per unit of flow made bgtegorys, when the composite
disutility tends to zero;
n elasticity of categorg with respect to the composite disultility.

In each iteration of the transport model, disytilitcreases because of congestion. As a resultuimber of trips
decreases, depending on the elasticity of thectegory. When the system converges to an equitifyrihe
difference between the number of trips estimatettiérfirst and last iterations is callegpressed demand, that is,
the number of trips that were not made becausergjestion.
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Modal split

If included in the model design, the modal splitdebestimates the number of trips of categotitat choose
modek, from the modal probabilities of equation (46) @nel number of trips by category calculated in (45)

(46)

Tijks =Tijsﬂjksl¢s +(1—¢S)B"J | Bk = {1 if k is public }

0 if kis not publi

S. S
Where ¢ is the car availability rate for transport catggar

Note that the probability applies only to trip meké¢hat have a car available, while transit captiepulation
only choose between public modes. Also note ttatehmcar availability is used, and not car ownership; a trip
maker may not own a car but still have a companycahare the trip with others.

Trip assignment

Trips by category and mode are assigned to pattis avscaled multinomial logit model, with the pathoice
probabilities calculated in equation (36) appliedtte trips by mode calculated in (46):

TS =Tk oplS

ijp ] ijp “n

Once the assignment process has finished for &l @xrirs, categories and modes, the model calcubateds
displays the following results:

Tm demand in the link/operator combinatim(l,0), in proper units (e.g. Tons, passengers)

Vm number of vehicles traveling along link/operatgrapplying occupancy rates, except for transitesut
with given fixed frequencies

VE| number of vehicles in equivalent units on lirkstimated as:

VE| = vam €m - (48)

whereegm are car equivalent rates by operai@nd linkl.

Transit operators get a special treatment; if guemcy has been defined for a particular route ntiraber of
corresponding vehicles is a given data that the ehadsigns directly to the links involved. Howevira
frequency has been left undefined, the model cafeslthe required frequency from demand figurepliep
given average occupancy rates and assigns theimgseghicles to links.:

T
f = mlax—”(; , if the frequency is undefined, (49)
to

0. . . . .
whereto  is the occupancy rate for operatoiThe capacity of an operator or route in a link is:

A
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Oy = frto® (50)

The demand/capacity ratio for each operator inlais:

dcy, = T—m (51)
Om

The overall demand/capacity ratio for the link &@calated dividing the equivalent vehicles thatrshia by the
given physical capacity of the link:

DC, :E , (52)

Q

Speeds and waiting times for each operator or rargealso presented as a result of the assignmecegs after
capacity restriction. This is described in thedaling section.

Capacity restriction

The general purpose of the capacity restrictiorc@dare is to adjust travel times and waiting times function
of the demand/capacity ratios. Such adjustmentsnade at the end of each iteration, once all derhasdeen
assigned to supply. This procedure involves twtndisset of adjustments:

« the speed of all vehicles
e waiting times for transit .

In the first case, speed of vehicles in each lirk reduced in function of congestion levels, respea fixed
capacity. The model estimates queuing vehiclesthadupstream queue in the precedent links. In ¢oersl
case, the model use queue theory to increase wiiitires as the spare capacity of a transit seisiceduced.

The following sections describe the way in whichsth adjustments are calculated.

Vehicle speed adjustments

Figure 19 shows the main components of the linlkebasapacity restriction with a simple example. Tinks
converge to intersection 102 connected to other lwks. When the volume assigned to link 102-101
approximates the capacity of the link, the follogverctions occurs:

¢ Inthe link 102-101 the speed of all vehicles aduced
¢ A number of vehicles in the link 102-102 are queuin

e The queue extends to the upstream links 103-10284€L02 in proportion to the volume accessing the
link 102-101

The traveling speed of each operator in each Sradjusted at the end of each. For those links avitindefined
capacity, speeds remain constant, equal to thelifieée flow speeds.

A
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Figure 19: Link-based capacity restriction

If the number of vehicles in
this link gets close or above There may be o 103
capacity, speed is reduced. turn delays in
Those vehicles that cannot this intersection.
be ‘served’ by the link will /
form a queue. Queuing vehicles
generated in link 102-101
‘propagate’ upstream on
102 these two links in
X proportion with the
(@) <« 0 corresponding
contributions.
101

X

104

105 O

If there is no congestion in
this link, speed is not
reduced, queues are not
formed and are not
porpagated upstream.

The model applies the capacity restriction usirgititreased volume of the link, defined as thegassi volume
plus vehicles in queue due to downstream congestion

V(1) = V(1) + Qu(l), (53)

where:

IV: the increased volume in the lithk
V: assigned volume in the link
Qv: queuing vehicles in the linkdue to downstream congestion

The queuing delay function in a link approximatd3oésson curve using the following parameters:

Service Time | S = 1/free flow speed

Rate of arrival| F = Volumé(

Server C = Capacity)(

Queuing delay is:
QD(l) = Poissons(S,F,C)

(A)
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The queuing delays are added to the costs of thie paultiplying it by the value of time of the trgport
category. For capacity restriction only, queuindiigkes in a linkl are added to the upstream links in the
proportion of the volume incoming lirlk

The model adjusts the speed of all operators wsiimgk | with the following group of equations, which defian
hyperbolic secant. The subscrptexpress a link-operator combinatida)(

VARSAVARS secdp(DC, )’ J , (54)
p=sech(l-a), (55)
n sech_l(ty
Y
B= ; (56)
Iny
where:
Vr: Speed of operatarin link I, for the iteratiorr;
Vm0 Initial (free flow) speed of operator(iteration 0) in link;
DC Demand/capacity ratio for link queuing vehicles added to Demand
a given proportion in which the initial speed is uedd when the demand/capacity ratio is =1
v given proportion in which the initial speed is uedd when the demand/capacity ratip =
y demand/capacity ratio at which the initial speeteduced to the minimum valugy > 1)

The value of DC, that is, the demand/capacity ritioalculated by dividing the number of equivaleehicles
assigned to the link (plus queuing vehicles), dher capacity of the link, also measured in termsafivalent
vehicles. Parameteosu y are given inputs to the model.

Figure 20 shows an example of a speed reducticctiumfor an operator with an initial free-flow sukof 80
Km/hr, with a value ofy = 1.25. The full line corresponds to a valueneD.7 and the dotted line to a value of
0=0.95. In both casaswas set to 0.01. As can be seen, wh&@=0 there is no reduction to the initial speed; as

DC increases, the speed is reduced, until it reaghvadue of (1— a)vn‘j whenDC=1. BeyondDC=1, reduction

continues until DCywhere speed iS)Vrg. From thereafter speed is asymptotic to zero.
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Figure 20: Speed reduction functions for different values of a

speed

80.00

70.00 : a=0,7 (70% reduction)

60.00 N :

50.00 ~

40.00 + A

30.00 s
20.00+ ~
10.00+ N o~
0.00 —

0=0,9 (90% reduction)

y=1.25

0.a0

0o+
0.20 +
050 +
150 1
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There are two main reasons for choosing the abmweulation for the capacity restriction functionTinanus:

a) Produced realistic results according to the abunelapirical evidence. The curve may be adjusted
to closely match the well-known BPR curves devetbpg the Transport Research Laboratory of
Great Britain.

b) In contrast to most curves used in transport madelincluding BPR curves, the formulae
described here uses a single equation, and congggbas no discontinuities or inflexion points,
which facilitates convergence.

To make convergence even easier, the speed toddeiughe following iteratiorr+1 is the weighted average
between the current speeds in iteratiand those of the previous iteratioAd.:

Vot =V + (Ve -V ) L+ w) (57)

Wherew is the weight given to the previous iteratipa with respect to the current iteratiom>=0. It may be
seen that ifv=0 speed is equal to the current speedysfl both speeds have the same weight resulting in a
simple average; as w increases >1 speed converglattof the previous iteration. If the model #nit difficult

to converge, especially in the early stages of mddeelopment, the use of high valueswofs recommended,
such as 3.

Adjustment of waiting time

The capacity restriction procedure also adjustdimgatimes for transit passengers as the numbgas$engers
boarding units get close to capacity. This is ayverportant procedure that allows the model to Kopaite

demand and supply in public transport servicesofdiag to queuing theory, waiting times will incegasharply
as the demand/spare capacity ratio gets very ¢tode According to queuing theory, when this rdiEcomes

A
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equal to 1, waiting time is infinite. In this formation, however, a ‘softened’ version is used toilitate
convergence.

The calculation of waiting time begins by specifyia minimum waiting time, that is, the time thasgengers
will have to wait even if the demand/spare capaisityery close to zero. This minimum waiting tinie turn, is

determined by two factors: a constant term andréguency of the route. The constant term represiuet time
needed for buying tickets, looking the time-tablet;., and maybe small. The frequency of the raiffects

minimum waiting times if we assume that boardinggemgers arrive randomly to the transit stop diostaln

some cases, however, passengers may not arrivernyndf the transit service is scheduled. In sucseas
passengers know when the next service will comd, &l arrive to the stop just before that. Hendee

minimum waiting time will be:

MW= CWi, (58)

if the service is scheduled, whevi&\j,, andCW,, denote the minimum and waiting times of roata link |, and:

MW, =CW, + % | (59)

(o]

if the service is unscheduled, whéges the frequency of route This assumes that passengers arrive randomly
to the station, so that on average, passengergowrdite inverse of half the frequency.

In addition to the minimum waiting time, total wai time increases as the demand/spare capadityafthe
route also increases. For example, if there amwapfissengers arriving randomly to a bus stop asddarrive
relatively empty, then passengers will wait on agerhalf the inverse of the frequency. Howevedouges arrive
with only a few spaces left, the probability thatre passengers will not be able to board immedgiatdl
increase. Also, as the number of waiting passengereases at the stop, the probability of havimgvait for
subsequent units increases. Furthermore, the adalitivaiting time will be larger if the frequenci/tbe service
is low. Thus, the average waiting time for passengereases as the demand/spare capacity getstolds and
is affected by the frequency of the service.

This phenomenon may be represented as a queuingl.mctording to queuing theory, the case of waitin
passengers represents a typical example of customngving randomly with the service arriving at@nstant
rate, with the capacity of servicing many clientsttee same time. The latter is known agk service. If we
assume that the rate at which passengers arrvestation with an exponential distribution, themdad may be
assumed to have a Poisson distributiom,|flenotes the demand/spare capacity for rouelink I, total waiting
time is calculated as:

1
Pm A

TW,, = MW, +——=. (60)
1-p,,

Note that as the frequendy increases, total waiting time gets smaller. Alsiienthat, as the demand/spare
capacityo, approaches to 1, the denominatop,ltends to zero, so that waiting time tends to itfinin other
words, this function is characterized by its vettiasymptote gb,, = 1, and by being undefined for larger values
of g This may be seen in Figure 21.

Such asymptotic behavior is not numerically trekgtai an iterative model such as TRANUS, in whighmay
well have values larger than one in intermediarttons, and even in the final iteration of a nidkat is not yet
calibrated. For practical terms, then, the modé&tutates the equation above as a series and thanates it.

A
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Figure 21 compares the curves obtained from thergtieal curve and that of the approximation used i
TRANUS, both assuming that spare capaeityl. The curve used in TRANUS is very close to thesBa
distribution up to aboup,=0.7. From this point the ‘practical’ curve departs frdhe theoretical one and
assumes a non-asymptotic, monotonically increastiage.

Like speeds, waiting times are also averaged atrideof each iteration:

T -1
TW, +TW,

TWz'+1 -
" 2

, (61)

These last calculations end the current iteratforfresh iteration starts with new estimates of apiag costs,
generalized costs and disutilities as a resulthef ddjusted travel and waiting times; these in faffact trip
generation, modal split and assignment, causingwa set of adjustments in capacity restriction. Oatle
necessary iterations have been performed, thetirgsutosts and disutilities will affect the locaticand
interaction of activities in a new time period.

Figure 21: Increase in waiting time as demand/spare capacity increases
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Convergence

In the transport model, convergence is checkedafiolinks as the percentage difference betweenctireent
iteration and the previous one, considering twoiaddes: operating speeds and traffic flows. Theattee
process ends when such differences are both belore-defined convergence criterion. The model repthre
worst case links in terms of speeds and traffia/$lo
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