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SHORT SUMMARY

We propose a variation of the classical Control Function (CF) method, called Control Function
Updated (CFU), which considers updating the endogeneity correction using information from the
future equilibria. The proposed method is assessed using Monte Carlo simulation for a strategic
transport model affected by three endogeneity sources, examining the equilibrium results for
various future scenarios. We compare the CFU method by doing nothing and with the classical
CF approach. The forecasts are evaluated in terms of recovering the true (simulated) travel times
and two indices of fit. Results show that the endogenous (do nothing) model produces large biases
in simulated travel times and poor goodness-of-fit measures that steeply worsen with time in
future scenarios. The corrected models perform much better and, in particular, the new CFU
approach shows statistically significant improvements over the classical approach in all scenarios
tested.

Keywords: Endogeneity, discrete choice models, forecasting, control function, strategic transport
models.

1. INTRODUCTION AND MOTIVATION

The correction of endogeneity in strategic mode choice models using the CF approach has been
addressed recently by Guerrero et al. (2020). However, in this paper, we address the important
question of how to make forecasts with such models in the case of strategic supply-demand
equilibration settings. Guevara and Ben-Akiva (2012) proposed an approach to forecasting with
models that have been corrected for endogeneity using the CF method. However, their approach
has the limitation of assuming exogenous shifts to analyse future scenarios, making it unsuitable
for a supply-demand equilibration context where, for example, travel time is the result of a future
equilibrium. To address this limitation, we suggest a new approach, the Control Function Updated
(CFU) method. It allows correcting for endogeneity when models are used to forecast demand
after changes in level-of-service variables determined at equilibrium for future scenarios (e.g. 10
to 40 years ahead from the calibration year).

To test our proposed approach, we used simulated data. We considered three typical sources of
endogeneity that may occur in strategic transport models: (i) measurement error, (ii) omitted
variables and (iii) the simultaneous estimation of key variables in a supply-demand equilibration
mechanism. We also considered six transport modes, in an attempt to emulate the application of
a strategic transport model in an urban case. Future scenarios were assessed considering
exogenous changes in the explanatory variables.



In this setting, we compared three different approaches: (i) do nothing (i.e., no endogeneity
correction), (ii) the CF approach of Guevara and Ben-Akiva (2012) and (iii) our proposed CFU
procedure. The forecasts were evaluated in terms of the recovery of the true (simulated) travel
time, the logarithm of the likelihood expected value - E(1(6)), and the Akaike Information
Criteria’s expected value - E(AIC) (Akaike 1974) for the future scenarios 10 to 40 years ahead.

2. ADDRESSING ENDOGENEITY USING THE CF APPROACH AND THE
CFU METHOD

The CF approach

The CF approach's idea is attributed to Heckman (1978), who first developed it to correct
endogeneity in a simultaneous equation problem. The CF classical version can be applied
following a two-stage procedure or simultaneously (Train 2009).
Guevara and Ben-Akiva (2012) considered how to forecast and simulate in practice using the CF
method under exogenous shifts. Formally, the estimation of the probability P, given Gumbel
errors corresponds to the following multinomial logit expression:

where the parameters ASC; and § in (1) are estimators obtained following the two-stage CF
approach shown previously. Here, the superscript 1 is used to highlight that the model attributes
vary in the forecasting phase; however, &;,, is fixed. This last comment is crucial because unlike
Guevara and Ben-Akiva (2012), we hypothesize that in future scenarios (where new supply-
demand equilibria are reached) the CF approach’s first stage must be updated. Namely, the
instruments and level-of-service attributes might endogenously change in future scenarios. If this
is not corrected, it may cause biases as we will show later. On the other hand, if the CF approach's
simultaneous (one-stage) procedure is preferred, forecasting would follow (2):
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where, superscript 0 indicates data coming from the sample used for estimation and superscript 1
indicates attributes that vary in the forecasting phase (Guevara and Ben-Akiva 2012).

The CFU method

For explanatory purposes, we continue using the superscript O to indicate data coming from the
sample used for estimation and the superscript 1 to indicate attributes that vary in the forecasting
phase. The proposed CFU method for forecasting consists in considering that the residuals from
the first stage of the CF approach for the future scenarios must be obtained using the value of the
instruments for the year of forecasting (z}, and fft},) instead of z2, and fft?, in (8) and (9).
Therefore, these new residuals are identified as §1¢ and §1¢. They are obtained applying an OLS
regression of &, and £, on the exogenous variables in the DCM and the instruments. In this way,
the CFU approach's first stage is represented in (3) and (4):

~

. oLS B
tiln =ag+ Vztziln + V,Eftfftiln + 61175 - 6i1nt: tiln - tiln 3)



OLS R .
Ciln =ac+ Vzcziln + yfcftfftiln + 611nc - 5ilncz Ciln - Ciln (4)

where, a is the intercept of the regression model, y, and yss, are parameters to be estimated for

the exogenous attributes z}, and £t} , respectively. Finally, 8, is the error term of the regression
model.

For the second stage of the CFU approach, 53¢ and 81 are added as explanatory variables within
the utility function. However, the choices are unknown; therefore, we use P2, coming from (1) or
(2) as a proxy of the choice. Furthermore, it is known that forecasting in transport planning and
social evaluation projects requires the parameters estimated for the calibration year (i.e. ASC;, B,
and f.). The attribute vectors (£1,, &1 in; 5i¢ and 1%) are known for the modeller, therefore the
only unknown elements are 351c and ﬂglt. These can be re-estimated using the linear regression
in (5), which can be seen as an application of the Berkson-Theil transformation procedure
(Ortazar and Willumsen 2011).
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where the left-hand side of (5) is estimated based on Guevara and Ben-Akiva (2012) approach
and it acts as the dependent variable; whereas (8¢ — &3¢) and (83F — 83) act as the independent
variables. Then, the sum of B, (&}, — &), B (¢, — €},) and (4SC; — ASC;) is the intercept. The
calculation of the probability Piln-CF Y after updating the residuals is given by (6) for the two-stage
CF approach. Note that the parameters used are ASC;, B, and . and come from the calibration
year model, however Bglc and Bgu are used instead Bzc and Bz:. On the other hand, if the one-
stage estimation is used, then it must follow (7):
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3. RESULTS

Base year assessment

As the correction for endogeneity in a DCM produces a change of scale in the parameter estimates,
we checked the ratios among parameters. Let 57T be the parameter of travel time for the public
transport modes (Bus, Train and Share Taxi), 8™ for the car modes (Car driver and Share car),

Y for Walking and . the parameter of cost (which was considered generic). Using the

. . . BET  —0.03 gY
parameters shown in Table 1, we can see that the true population ratios are 5 = Tool = 3, 5=
=09 — 5 and M _ oos 4. Our results for the benchmark (true model), endogenous and

-0.01 B. ~ —0.01

PT
corrected models are reported in Table 1, which shows the ratios” mean B ﬁt [;f and = ﬁ L the t-

test against the true ratios and the bias (in percentage) for each case. For the base year, onIy the
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classical CF approach is used to correct for endogeneity and to recover the parameters. Our
approach (CFU) is applied later for forecasting.

Table 1 Statistics for benchmark, corrected and endogenous model

Model BiT (4 test) Y (4 test) B (itest) | % BiasZl | 9 BiasfL | 96 Biasf
[ [ B. B B [
True 3.00 5.00 4.00 - - -
Endogenous | 147(26.89) | 10.19(13.78) 3.67(336) 51.1% 103.8% 8.3%
Corrected 2.97(0.49) 492 (0.58) 3.94(1.03) 0.9% 1.6% 1.6%
4.00—-3.67
The biases for the endogenous ratios are large, varying from 8.3% (i.e. [ ] 100) to

103.8% ([10 19— 500]

100). In this case too, the t-test! against the null hypotheses that % =3,
c

B _ =5and B 2 = 4 can be easily rejected and it can be concluded that the parameter ratios in

Bc
the endogenous model are significantly different from the true values for a one-sided test at the

95% confidence level?. On the other hand, the t-test for the parameter ratios in the corrected model
are all accepted for a one-sided test at the 95% confidence level, meaning that the corrected ratios
are not significantly different from the true ratios. The biases for the corrected ratios are small,
varying from 0.9% to 1.6%.

Future scenarios assessment

Exogenous changes impact individual choices. This happens because the exogenous changes
affect the explanatory variables of the model (travel time and cost), which in turn modify the
supply-demand equilibration in future scenarios. With our Monte Carlo simulation, we estimate
several measures (travel times at equilibrium, the logarithm of the likelihood expected value, and
the expected value of the Akaike Information Criteria) and compare them with those obtained for
the true model.

We assessed and compared the new CFU method with (1) No endogeneity correction and (2) the
Guevara and Ben-Akiva (2012) CF approach for the eight scenarios shown in Table 2. In each
case, the model forecasts were evaluated in terms of their ability to recover the true (simulated)
travel times at equilibrium (TTE), the logarithm of the likelihood expected value - E(I(8)) for
the true model, and the expected value of the Akaike Information Criteria® — E (AIC) for future
scenarios in 10, 20, 30 and 40 years ahead. The true model is the benchmark and E (1(6)) and
E(AIC) were calculated as shown in (8) and (9), respectively:

E(LO)™) = T Dicawm In(PIVF * PITHEE) (8)

E(AIC™) = 2k — 2E(1(O)T*") (9)

1 The t-test statistic has the form t =

/\/_ XZ, ey Xn, Of

size n, sd is the estimate of the standard deviation of the population, and w is the population mean.
2 When the sign of the parameter is known a one-sided test should be applied; the critical value of t is 1.64
for a one-sided test at the 95% confidence level.
3 AIC is a measure of the relative quality of a statistical model. It provides a trade-off between the goodness
of fit of the model and its complexity (Akaike, 1974).
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where Pl.:f”e't represents the choice probability of alternative i for individual n in the true model

for year t; P{,’Z't is the choice probability of alternative i for individual n in approach m (No
endogeneity correction, Guevara and Ben-Akiva (2012) and CFU) for year t, and the subscript (1)
indicates the number of repetitions. In our case, in (9) we used E(1(8)]*") to estimate E (AIC;™")
for approach m and year t, where k corresponds to the number of model parameters.

Table 2 summarizes the average for all repetitions of the free flow time in the base year and with
the exogenous change (see Table 2), as well as the travel times achieved for the future equilibria
in the simulations for each scenario.



Table 2 Average of the free flow time and travel times in equilibrium (TTE) for 100 replications

Scemario 1 Scenario 2 Scenario 3 Scenarie 4
¥ear Approachk Car Public Wilking Car modes Public Walking Car modes Public Walking Car modes Public Walking
mader modez meods modez meds modez meods modez mads

Calibratios Free fhow e 4343 LR ] i3 43.0% 44 5% 13 43.0% qu sk i3 43.0% L ] L]
I'l'E L i3 is 0.1 i3 004 040 an

I'T'E True 0.2l 15 i ) ! 55

i I'TE Mo endosgeneity cormectin 0347 14 thl th! 55

I'T'E Ciueyar T P8 14 18 55

I'l'E CFL” 151 i3 38 T4 5%

I'TE True 4T.7H 15 '4.73 i5 Hi.491 15 55

- I'TE Mo endegen L | 13 H3.549 i3 Hibl 13 35
- I'TE =95 15 Al | 5 Hd. =Y 15 L2 35
I'l'E 3 rA i3 9 i3 Hd. 10 'l i3 Hb G an

I''E O] 15 EI11N i3 g 9o.0d 15 1175 55

” I''E LY i3 1148 i3 12414 i3 1357 55
I''E LE2.5 L33 15 1S 58 i3 118Xz 15 1243] 55

I'TE L B89 548 13 3. TS i3 113.12 13 12204 11 54 35

I''E 1345 i3 1416k i3 13%0 i3 130 147 sy an

" I'TE Ll 52 15 I bl 5 1H4.T% 15 2.l In% L8 35
I''E IEL A K] i3 134,44 i3 119l i3 1345 13t %] an

I'IE 144l i3 1310 i3 171 4% i3 1M D] 13T 68 L]

Free flow timne with exogenous change 410% i3 45.0% i3 AA% i3 45.0% k] 55

Scemaria S Scenario 6 7 Scenarie §
Year Approazk Car Public Walking Car modes Public Walking Car modes Walking Car modes Public Walking
madez modes mode modez maods mode modes mads

Calibratice | Froe fhow tne 4533 13 45.33 i3 14 44.0% 4353 55
| [ 13 [ i3 . 4 13 . 4 [ 35

| 4.0l 15 fnl. L4 5 fl 2 15 SH.44 35

0 1 kL i3 0421 i3 D04 i3 an

1 4] 14 34 544 14 55

I'l'E CFLT 1% is 0354 th! 55

I'TE Lrue R R 15 55

) I'TE Mo endosgeneity cormectin 0. 34 i3 i3 LR th 55
I'TE Giuevara and Ben-Akiva 4] hd. 6k i3 i3 Hl.440 i3 55

I'l'E CFLT nd. 14 i3 thl f th! 55

I'T'E True HL.30 14 s 345 thl 55

o I'TE Mo endsgeneity cormecinn 9147 15 i3 12246 15 55
I'TE Gueyvard and Ben-Akivi o ] .45 13 i3 LI 15 35

I'l'E CFL” H14 13 i3 1 AH 13 35

I'TE True 134,51 11445 15 i5 13455 15 Lk}

4 I'TE Mo endesen L. 50 13331 13 15 18152 14 55

| ] L5314 12395 15 i5 16 E2 15 55

1 142,44 12107 i3 i3 Lo 42 i5 35

Free flow tisne with exogenous change A5 5412 14 34 4ip8% 18 34




Results are shown for the base year and the 10 to 40 forecasting years for the three approaches compared
(No endogeneity correction, Guevara and Ben-Akiva (2012) and CFU) as well as for the benchmark (true
model). As can be seen, for the base year, the TTE are the same in all scenarios because the estimates
replicate the values. Note that the free flow time and the TTE do not change for the Walking mode, because
walking does not share infrastructure with other modes; therefore, it is not affected by congestion. The TTE
(in the base year) are higher than the free flow time because of congestion*.

On the other hand, both the CFU and Guevara and Ben-Akiva (2012) results are better than those of the
endogenous model, but they are still different from the true model. This can be attributed to a simulation
error. Notwithstanding, the TTE reached with the CFU approach are closer to the values of the true model
than the TTE reached with the Guevara and Ben-Akiva (2012) approach. We applied the t"-statistics
(Orthzar and Willumsen 2011, 341-342) to test the null hypothesis that the mean difference of TTE for the
100 repetitions between CFU and Guevara and Ben-Akiva (2012) was zero. The t"-statistics applied for 20,
30 and 40 years show that these values are superior to the critical value (i.e., 1.96 for a two-sided test at the
95% confidence level); therefore, the null hypothesis is rejected, and there is a significant difference between
the means. Consequently, we can conclude that the CFU approach is better than the approach proposed by
Guevara and Ben-Akiva (2012). This happened in all the scenarios analysed. Figure 1 focuses only on the
car modes and shows the boxplot for the TTE reached by each of the three approaches.

Figure 1 TTE reached with the three approaches compared vs true model for Scenario 8
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4 We simulated a case with endogeneity only in travel time due to the equilibrium conditions (i.e., no endogeneity due
to measurement error and omitted variables), so the cost was not endogenous. We found that the effect was similar but
smaller than in the case with three endogeneity sources, an expected result; as there is less bias, the TTE will tend to
be closer to those in the true model. So, there appears to be an additive effect regarding endogeneity sources; that is,
if the endogeneity sources increase, the bias also does.



Again, the true model’s travel times are the benchmark. These are represented by the dashed line drawn at
zero. The points that belong to the boxplots are the difference between the TTE reached from any other
approaches and the true model. We show only the case corresponding to Scenario 8 for explanatory purposes
because it is one of two scenarios affected by the most significant number of exogenous shifts. Besides, for
the other scenarios, the performance was very similar. As can be seen, “No endogeneity correction” is the
worst in recovering the TTE. Figure 1 also shows that the endogenous model overestimates congestion. This
makes sense given that, as shown in Table 1, the parameter ratios show large bias for the endogenous
estimations.

To assess the relative quality of each approach, we used again E(1(6)) and E(AIC). A summary of their
estimates for each approach and year are given in Table 3 for the scenarios shown in Table 2, and all the
repetitions run in the simulation. Given that “No endogeneity correction” uses a model (endogenous) that is
a restricted version of the model used in both Guevara and Ben-Akiva (2012) and in the CFU approach, it
is possible to apply the likelihood ratio (LR) test (Ortizar and Willumsen 2011, 281) to compare them. LR
is asymptotically distributed y? with r degrees of freedom, where r is the number of linear restrictions
required to transform the more general model into the restricted version. The null hypothesis is that the two
models compared are equivalent; rejecting it, implies that the restricted model is erroneous. In our case, r =
2 (because the restrictions are that both [?3; and Bga are zero). The LR test for the results of scenario 8 and

year 10° comparing “No endogeneity correction” against Guevara and Ben-Akiva (2012) is LR =
—2(—5459.9 + 5427.4) = 65, and comparing “No endogeneity correction” against CFU is LR =
—2(—5459.9 + —5398.5) = 122.8. These values must be compared with the critical value for two degrees
of freedom at the 95% confidence level (y2 = 5.99). As LR > yZ (for both cases), the null hypothesis is
confidently rejected, and we can conclude that the corrected version models are superior. Given that the
CFU approach has E (1(08)) better than the Guevara and Ben-Akiva (2012) approach, we can conclude that
the CFU approach performs best. Given that E(AIC) values are calculated using the E(I(6)) and k (see
expression 41), then it is expected that the E (AIC) from CFU approach will also be better than those of the
other methods (see Table 3).

S For the other scenarios and years, the performance is similar. We highlighted in bold the values from Table 5 used
to apply the LR test.



Table 3 Average estimates of E(1(8)) and E(AIC

for 100 replications

Scenario 1 Scenario 1 Scenario 3 Scenario 4 Scenario 5 Scenario § Scenario 7 Scenario §
Year Approach

E(I(8Y) E(arc) | E(l(6n  E(Arcy | E(I(6Y)  E(aIcy | E(I(6Y) Efarc) | E(l(en  Ecarcy | EC(BY)  E(Arc) | E(I(6Y)  Efarc) | E(l(B))  E(arcy

Mo endogeneity comraction -3303.4 106248 | -32963 108106 | -337B5 107750 | -32395 105367 | -350B2 1105344 | -31658 105496 | -33757 107695 | -54589.9 109379

10 | Guevara and Ben-Alkiva (2012) -5184.3 104105 | -32122 104464 | -33367 106954 | 51832 103884 | -54822 109865 | -5157.6 103372 | -3329.3 106306 | -5427.4 108769
CFU -5136.0 102838 | -3157.% 10337.9 | -325B2 106184 | -51351 102812 | -54492 105204 [ -3102 10227.8 | -528B.3 105%8.7 | -5398.5 1031E9

Mo endogeneity comection -3052.8 101236 | -3046.4 1011008 | -514%0  10316.0 | -3024.1 10066.1 | -3282.5  10603.0 | -3037.7 100834 | -5154.8 10327.6 | -3266.0 103499

20 | Guevara and Ban-Akiva (2012) 48719 97637 | 48922  9E064 | -3056.0 101340 | 48300  9BOZ.O | -32155 104530 | 48692 97605 | -30555 101330 | 51953 104116
CFU 47854  B3929 | 4BOT2 963635 | 49TES 99797 | 4R07.7 96374 | 51411 103043 | 47837 B389 | 49765 99730 [ 51239 102699

Mo endoganeity comrection 45349 94078 | 46878 93936 | 4B140 96460 | 46799  93TTE | 49803  99TE4 | 47061 94302 | 48324 96319 [ 49308 99794

30 | Guevara and Ben-Akiva (2012) -4402.0  B3B26.0 | -4417.0  BEI60 | 46065 92351 | 44308  BBEIS | 47977 86173 | 44343 BES05 | 48232 92714 [ 4Bl68 96316
CFU 43191 36603 | 43330 36879 | 43173 90365 | 43438  BT096 | 4TO66 94333 | 43480 8TIS | 43349 80519 [ 47242 94704

Mo endogeneity comection 4191.0 24000 | 41807 833793 | 43278  B6735 | 41804  B3TRT | 43292 90765 | 4222 34637 | 43616 37412 3564 91307

40 | Guevara and Ben-Alkiva (2012) S37R31 0 Te0B2 | -3TRE3 Tel44 | 38811 79861 | -3BOB.1 TH3B2 | 42133 34485 | -3B4TS 0 TTITN | 40273 80767 [ 42648 83516
CFU S3T4L0 7S040 | -3T4Z6 0 TS07.1 | -391B1 0 TBIRS | 374908 75218 | 41437 33093 | -37RL0 Te03% | 38310 79479 [ 41805 34031




4. CONCLUSIONS

We emulated a complex transport modelling process affected by three different endogeneity sources that
are common in strategic studies (measurement error, omitted variables and simultaneous estimation in a
supply-demand equilibration context). In this setting, we compared three different approaches: (1) No
endogeneity correction (which has been, so far, the only method used in practice), (2) the CF approach
proposed by Guevara and Ben-Akiva (2012) and (3) our new proposal, the CFU approach. Forecasts were
evaluated in terms of recovery of the true (simulated) travel times, and two goodness-of-fit indices, E (1(6))
and the E(AIC), for future scenarios in 10 to 40 years ahead. This was a challenge because this type of
modelling is usually done using commercial software packages, where the level-of-service variables are
estimated from complex supply-demand equilibria processes considering multiple user classes, several
transport modes, complex networks and many other aspects.

Monte Carlo simulation helped us to demonstrate that under fairly reasonable conditions, consistent with
observed data, the new CFU proposal performs better than both other approaches; in particular, it performs
much better than the “doing nothing” approach and marginally (but significantly) better than the more
classical CF approach of Guevara and Ben-Akiva (2012). We also show that the adverse effects of
endogeneity increase over the years, severely impacting future scenarios’ forecasts.

Our methodological findings suggest two important recommendations for practice. The first is to avoid
forecasting with endogenous models as the problem is severe in the case studied. The second is that even
when correcting for endogeneity, in forecasting the residuals from the first stage of the CF approach for the
future scenarios should always be updated. Thus, our new CFU approach is especially recommended to
correct for endogeneity when discrete choice models are used to forecast strategic scenarios involving
supply-demand equilibration.
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