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Abstract

This study examines the impact of measurement error, an inherent problem in digital advertis-
ing data, on predictive modeling. To do this, we simulated measurement error in digital advertising
data and applied a GLM(Generalized Linear Model) based and an Kalman Filter based moodel,
both of which can partially mitigate the measurement error problem. The results show that mea-
surement errors can trigger regularization effects, improving or degrading predictive accuracy,
depending on the data. However, we confirmed that reasonable levels of measurement error did
not significantly impact our proposed models.

In addition, we noted that the two models we applied showed heterogeneity depending on the
data size, hence we applied an ensemble-based stacking technique that combines the advantages
of both models. For this process, we designed our objective function to apply different weights
depending on the precision of the data. We confirmed that the final model displays better results
compared to the individual models.

Keywords: Digital Advertising; Measurement Error; Count Data; Time Series Models; Gener-
alized Linear Models; Kalman Filter; Ensemble Methods.

1 Introduction

1.1 Background

Digital advertising has exploded in popularity and has become a mainstream part of the global ad-
vertising market, offering new areas unreachable by traditional media such as TV and newspapers. In
particular, as the offline market shrank during the COVID-19 pandemic, the digital advertising market
gained more attention. Domestic digital marketing spend grew from KRW 4.8 trillion in 2017 to KRW
6.5 trillion in 2019 and KRW 8.0 trillion in 2022, a growth of about 67% in five years, and accounted
for 51% of total advertising expenditure as of 2022 [?].

The rise of digital advertising has been driven by the proliferation of smartphones. With the
convenience of accessing the web anytime and anywhere, which is superior to PCs and tablets, new
internet-based media have emerged. Notably, app-based platform services that provide customized
services based on user convenience have rapidly emerged and significantly contributed to the growth
of digital advertising.

Advertisers prefer digital advertising due to its immediacy and measurability. Traditional medias
such as TV, radio, and offline advertising make it challenging to elicit immediate reactions from
consumers through advertisements. At best, post-ad surveys can gauge brand recognition and the
predilection to purchase its products when needed. However, in digital advertising, a call to action
button leading to a purchase page can precipitate quick consumer responses before diminishing brand
recall and purchase intentions.

In addition, in traditional advertising media, it is difficult to accurately measure the number of
people exposed to the ad and the effect of conversions through the ad. Especially, due to the lag
effect of traditional media mentioned above, there are limitations in retrospecting the ad performance
based on the subsequent business performance as the data rife with noise must be taken into account.
Therefore, there is a problem of distinguishing whether the incremental effect of business performance
is caused by advertising or other exogenous variables. In digital advertising, on the other hand, 3rd



party ad tracking services store user information on the web/app to track which ad users responded
to and subsequent behavior. The benefits of immediacy and measurability help advertisers to quickly
and accurately determine the effectiveness of a particular ad and make decisions.

However, with the advent of measurability came the issue of measurement errors in the data. There
are many sources of measurement error in digital ad data, such as a user responding to an ad multiple
times in a short period of time, or ad fraud, which is the manipulation of ad responses for malicious
financial gain. As a result, ad data providers regularly update their ad reports up to a week to provide
updated data to ad demanders.

1.2 Objectives

In this study, we aim to apply a model that can reasonably make predictions based on data with
inherent measurement errors. The analysis has two main objectives: first, we will verify the impact of
measurement error on the prediction model. We will perform simulations for various cases, considering
that the innovation may vary depending on the size of the measurement error and the data period.
Second, we will present several models that take into account the characteristics of the data and
propose a final model that can robustly predict the data based on these models.

2 Key Concepts and Methods

Endogeneity and Measurement Error

A regressor is endogenous, if it is correlated with the error in the regression models. Let E(e;|z;) = 7.
Then the OLS estimator, b, is biased since

E(X) =8+ (X'X)"'X'n# 5 (1)
So the Gauss-Markov Theorem no longer holds. Also, the estimator is inconsistent since

plim b = 8+ plim( X %) plim(* ) 2 5 )

Endogeneity can be induced by major factors such as omitted variable bias, measurement error, and
simultaneity. In this study, we focus on the problem of measurement error in the data.

Measurement error refers to the problem where data, due to some reason, differs from the true
value. Measurement error is divided into systematic error and random error. Systematic error refers
to the situation where the measured value differs from the true value due to a specific pattern. For
example, a scale might be incorrectly zeroed, giving a value that is always higher than the true value.
Random error means that the measurement is affected by random factors that deviate from the true
value. While systematic errors can be corrected by data preprocessing to handle specific patterns in
the data,random error characteristically requires data modeling for random factors. In theory, various
assumptions can be made about the random factor, it is generally common to assume errors follow a
Normal distribution.

We will cover the regression coefficient of classical measurement error model with normally dis-
tributed random errors. Consider the following linear regression:

y=pz+e (3)
And we define  with measurement error as follows.

T=x+u (4)
Substitute (4) into (3):

y=BE—u)+e= P+ (e—Pu) (5)



Hence,

b= (X'X)"'X"y (6)
. o2
plimb = (m)ﬂ (7)

When measurement error occurs as mentioned above, the larger the magnitude of the measurement
error, the greater the regression dilution problem, where the estimated coefficient approaches zero. In
the extreme case, if the explanatory variables have little information so the measurement error has
most of the information, the model will treat them as just noise and the regression coefficient will
be close to zero. This problem occurs not only in simple linear regression, but also in multiple linear
regression.

In addition to the additive case, where the measurement error is added to the original variable,
we can also consider a multiplicative case where the error is multiplied. In the multiplicative case, the
regression dilution problem occurs as follows.

T=xw=2x+u (8)
u=z(w-—1) 9)

Similarly, substituting (9) into (3) yields a result similar to (7), where the variance of the measurement
error u is derived as follows.

02 =FE[X(w—-1)X(w—1)] = E(w?X? - 2wX? + X?) = 02 (62 + u2) (10)

2
u

Therefore, in the case of measurement error, the sign of the regression coefficient does not change,
but the size of the regression coeflicient gets attenuated, making it difficult to quantitatively measure
the effect of a certain variable.

However, let us look at the endogeneity problem from a perspective of prediction, where the impor-
tance lies solely in accurately forecasting the dependent variable rather than the explanatory context
where we try to explain phenomena through data - and so the size and sign of coefficients are not
crucial. Despite the estimation of the regression coefficient being inconsistent in an explanatory con-
text, there is a research that residual errors, which are crucial in the prediction context, deem that
endogeneity is not a significant issue [?].

Given these results and recent advancements in computational science, countless non-linear models
have been proposed, which could lead one to think that the endogeneity problem is not significant
when focusing on the predictive perspective. However, the regression coefficient decreases due to mea-
surement error included in the covariates, resulting in model underfitting compared to actual data. We
will later discuss the influence of underfitting due to measurement error.

Heteroskedasticity

Heteroscedasticity means that the residuals are not equally distributed in OLS(Ordinary Least Squares).
If the residuals have heteroskedasticity in OLS, it is self-evident by the Gauss-Markov theorem that
the estimator is inefficient from an analytical point of view. It is also known that in the predictive per-
spective, heteroskedasticity of residuals in nonlinear models can lead to inaccurate predictions during
extrapolation.

In digital advertising data, measurement error can induce heteroskedasticity, in addition to the
endogeneity problem of measurement error itself. As mentioned in the introduction, the size of the
measurement error decreases the further back in time the data is from the present, since the providers
of advertising data are constantly updating the data. Therefore, the characteristic of varying measure-
ment error sizes depending on the recency of data can potentially induce heteroskedasticity into the
model.

Poisson Time Series

Poisson Time Series is a model based on the Poisson Regression that uses the log-link as the link
function in GLM(Generalized Linear Model) class, with additional autoregressive and moving average



terms. The key difference between the Vanilla Poisson Regression and ARIMA-based model is that the
time series parameter are set to reflect the characteristics of the data following the conditional Poisson
distribution.

Let us set the log-link log(p) = X8 from the GLM as. In this case, the equation considering the
additional autocorrelation parameters are as follows.

p q
log(Ai) = Bo+ Y _ Bjlog(Yij + 1) + Y crlog(hit) + 1/ X (11)
j=1 =1

Where fy is the intercept, 8; is the autoregressive parameter, a; is the moving average parameter, and
7 is the covariate parameter. The estimation is done as follows. Consider the log-likelihood

n

10) = > _logpi(yild) = D_(yilog(Xi(0)) — 2i(9)) (12)

i=1
and the Score function is derived as follows

By iteratively calculating the score function using the mean-variance relationship assumed in the GLM,
the information matrix is derived as follows. For Poisson Regression, it is assumed that the mean and
variance are the same.

100) =Y Var(%g)) = Z(A»ta) )(825)9))(62@5&) ) (14)
i=1 i=1 "

To estimate the parameters maximizing the information matrix, we perform Non-Linear Optimization
using the Quasi-Newton Method algorithm. While the MLE needs to assume the overall distribu-
tion shape, thus being powerful but difficult to use in some cases. But the Quasi-Newton method
computes the quasi-likelihood by assuming only the mean-variance relationship of a specific distribu-
tion. Generally, it is known that Quasi-MLE derived using the Quasi-Newton method also satisfies
the CUAN(Consistent abd Uniformly Asymptotically Normal), given a well-defined mean-variance
relationship, similar to MLE. However, it is inefficient estimator compared to MLE, when MLE com-
putation is possible.

One of the advantages of a Poisson Time Series model based on GLM in this study is that GLM
does not assume the homoskedasticity of residuals, focusing only on the mean-variance relationship.
This allows, to a certain extent, bypass the problem of heteroskedasticity in residuals that can occur
when the sizes of measurement errors in varying observation periods.

Poisson Kalman Filter

The Kalman Filter is one of the state space model class, which combines state equations and ob-
servation equations to describe the movement of data. When observations are accurate, the weight
of the observation equation increases, and on the other hand, when the observations are inaccurate,
correcting values derived through the state equation. This feature allows for the estimation of data
movements even when the data is inaccurate, like in the case of measurement error, or when data is
missing.

Let us consider the Linear Kalman Filter, a representative Kalman Filter model. Assuming a
covariate U, the state equation representing the movement of the data is given by

Tty = q)l'tfl + Tut —+ we (15)

Where w; is an independent and identically distributed error that follows Normal distribution, assuming
E(W)=0and Var(W) = Q.
The Kalman Filter uses observation equation to update its predictions, where the equation is

Yt = AtXt + Fut + V¢ (16)



Where v; is an independent and identically distributed error that follows the same Normal distribution
as wy, assuming E(V) =0 and Var(V) = R.

Let g = po be the initial value and Py = ¥y be the variance of x. Recursively iterate over the
expression below

Ty = (D.'Etfl + T’U/t (17)
Pt = @Ptfl(I)/—*‘Q (18)
with
x = + Ki(yr — Aszy — Tuy) (19)
P = [I - KtAt]Pt (20)
where
K; = P A[A;P,A, + B! (21)

The process of updating the data in (19) and (20) utilizes ideas from Bayesian methodology, where
the state equation can be considered as a prior that we know in advance, and the observation equation
as a likelihood. The Linear Kalman Filter is known to have the minimum MSE(Mean Squared Error)
among linear models if the model specification well (process and measurement covariance are known),
even if the residuals are not Gaussian.

The Poisson Kalman Filter is a type of extended Kalman Filter. The state equation can be designed
in a variety of ways, but in this study, the state equation is set to be Gaussian, just like the Linear
Kalman Filter. Instead, similar to the idea in GLM, we introduce a log-link in the observation equation,
which can be expressed as

E(yi|0;) = Var(yi|0;) = exp” (22)

We define K, which is derived from (21), as the Kalman Gain. It determines the weight of the val-
ues derived from the Observation Equation in (19), which can be laid between 0 and 1. Noting the
expression in (21), we can see that the process by which K is derived has the same structure as
how 3 is shrunk in (7). Whereas in (7) the magnitude of 02 determined the degree of attenuation, in
(21) the weight is determined by R, the covariance matrix of v; in the observation equation. Finally,
even if there is a measurement error in the data, the weight of the state equation can be increased
by the magnitude of the measurement error, indicating that the Kalman Filter inherently solves the
measurement error problem.

Ensemble Methods

Ensemble Methods combine multiple heterogeneous models to build a large model that is better
than the individual models. There are various ways to combine models, such as bagging, boosting,
and stacking. In this study, we used the stacking method that combines models appropriately using
weights.

Stacking is a method that applies a weighted average to the predictions derived from heterogeneous
models to finally predict data. It can be understood as solving an optimization problem that minimizes
an objective function under some constraints, and the objective function can be flexibly designed
according to the purpose of the model and the Data Generating Process(DGP).



3 Data Description

3.1 Introduction

The raw data used in the study are the results of digital advertising run over a specific period in
2022. The independent variable is the marketing spend, and the dependent variable is the marketing
conversion. Since the marketing conversion, such as 1, 2, etc. are count data with a low probability of
occurrence, it can be inferred that modeling based on the Poisson model would be appropriate.

Figure 1: Daily Marketing Conversion

Figure 2: Daily Marketing Spend

3.2 Data Preprocessing and Assumptions

The raw data were filtered with only performance data generated from marketing channels using
marketing spend out of overall marketing performance. Generally, marketing performance obtained
using marketing spend is referred to as ”Paid Performance”, while performance gained without using
marketing spend is classified as ”Organic Performance”. There may be a correlation between organic
and paid performance depending on factors such as the size of the service, brand recognition, and some
exogenous factors. Moreover, each marketing channel has different influences, and they can affect each
other, suggesting the application of a hierarchical model or a multivariate model. However, in this
study, a univariate model was applied.

To verify the impact of measurement error, observation values were created by multiplying the
actual marketing spend (true value) by the size of the measurement error. The reason for setting it
multiplicatively is that the size of the measurement error is proportional to the marketing spend. At this
point, considering that the observation value is inaccurate the more recent the data, the measurement



error was set to increase exponentially the more it gets closer to the most recent value. As mentioned in
the introduction, considering that media executing ads usually update data up to a week, measurement
errors were applied only to the most recent 7 data points. The detailed process of the observed value
is as follows.

e; = max (0,1 + ;) (24)
7~ N(0,a(l 4 7) 7 mn(On=(0)) (25)
spend; = e; * spend; (26)

Where e; is the parameter representing the measurement error at time i. Since the ad spend cannot
be negative, we set the Supremum to zero. The error is randomly determined by two parameters, a
and r, where a is the scaling parameter and 7 is the size of the error. We also accounted for the fact
that the measurement error decreases exponentially over time.

As mentioned earlier, this measurement error is multiplicative, which can cause the variance of the
residuals to increase non-linear. The magnitude of the measurement error is set to [0.5, 1], which is not
out of the domain, and simulated by Monte Carlo method (n = 1,000).

4 Data Modeling

Based on the aforementioned data, we define the independent and dependent variables for modeling.
The dependent variable count; is the marketing conversion at time ¢, and the independent variable
is the marketing spend at time [¢ — 7,4]. The dependent variable is assumed to follow the following
conditional Poisson distribution.

count;|spend; ~ pois(\) (27)

The lag variable before the 7-day reflects the lag effect of users who have been influenced by an ad in
the past, which causes marketing conversion to occur after a certain amount of time rather than on
the same day. The optimal time may vary depending on the type of marketing action and industry,
but we used 7-day performance as a universal.

First, let us apply a Distributed Lag Poisson Regression with true values that do not reflect mea-
surement error and do not reflect autocorrelation effects. The equation and results are as follows.

8
log(A¢) = Bo + Z BiSpend;—iy1) (28)

i=1

Table 1: Summary of Distributed Lag Poisson Regression

Estimate Std. Error z value
(Intercept) 3.85519 0.02378 162.114 ***
Spend; 0.59618 0.01685 35.390 ***
Spend;_1 0.21094 0.01847 11.420 ***
Spend;_o -0.02472 0.01834 -1.348
Spend;_3 0.02166 0.01934 1.120
Spend;_4 -0.16191 0.02304 -7.028 ***
Spend;_s5 -0.10957 0.02697 -4.062 ***
Spend;_¢ -0.05519 0.02819 -1.958 .
Spend;_7 -0.17524 0.02149 -8.156 ***
Loglik -1293.697
AICc 2607.35
BIC 2629.018

The results show that using the lag variable of 7 times is significant for model fit. To test the autocorre-
lation of the residuals, we derived ACF(Autocorrelation Function) and PACF(Partial Actucorrelation
Function). In this case, we used Pearson residuals to consider the fit of the Poisson Regression Model.



Figure 3: ACF Plot of Distributed Lag Poisson Regression

tag

Figure 4: PACF Plot of Distributed Lag Poisson Regression

By the graph, there is autocorrelation in the residuals, so we need to add some time series param-
eters to reflect the model. The model equation with an autoregressive, mean average parameter that
follows a Poisson distribution is as follows.

7 8

log(A) = Bo + Z Brlog(Yi—p + 1) + arlog(Ai—7) + Z niSpend ;1) (29)
k=1 i=1

Where 7 is the marketing spend used as an independent variable, g is the intercept, and « is the
unobserved conditional mean of the lagged variable of the dependent variable before 7 times, log-
transformed into a log-linear model, which reflecting seasonality. The (8 allows us to include effects
that may affect the model other than the marketing spend used as a covariates, and the « is inserted
to account for the effect of day of the week since the data is daily.

The results show that the lagged variables, o and 3, are significant before 7 times. The quasi log-
likelihood is also -874.725, which is a significant increase from before, and the AICc and BIC, which
are indicators of model complexity, are also better for the Poisson Time Series.



Table 2: Summary of Poisson Time Series Model

Estimate Std. Error z value
(Intercept) 0.7296 0.0811 8.996 ***
B 0.4436 0.0270 16.430 ***
Ba -0.0801 0.0233 -3.438 **
Bs 0.0355 0.0214 1.659 .
Ba 0.0834 0.0221 3.774 ***
Bs 0.0541 0.0240 2.254 *
Be 0.0215 0.0263 0.817
Br -0.1178 0.0282 -4.177 FEE
ar 0.4017 0.0348 11.543 ***
Spend; 0.4561 0.0186 24.522 *H*
Spend;_1 -0.1192 0.0225 -5.298 ***
Spend;_o -0.0407 0.0216 -1.884 .
Spend,;_3 0.0709 0.0218 3.252 **
Spend;_4 -0.2944 0.0261 -11.280 ***
Spend;_5 -0.0333 0.0299 -1.114
Spend;_¢ 0.0124 0.0299 0.415
Spend;_7 -0.0981 0.0274 -3.580 ***
Q-Loglik -874.725
AICc 1790.736
BIC 1828.589

As shown below, when deriving ACF and PACF with Pearson residuals, we can see that autocorrela-
tion is largely eliminated. Therefore, the results so far show that Poisson Time Series is better than
Distributed Lag Poisson Regression.

ACF
o

02

Figure 5: ACF Plot of Poisson Time Series
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Figure 6: PACF Plot of Poisson Time Series

And, we will simulate and include measurement error in our independent variable, marketing spend,
and see how it affects our proposed models.



5 Results

In this study, we evaluated the models on a number of criteria to understand the impact of measurement
error and to determine which of the proposed models is superior. First, the ”"Prediction Accuracy” is
an indicator of how well a model can actually predict future values, regardless of its fitting. The future
values were set to 1 interval and measured by the Mean Absolute Error (MAE).

Since the characteristic of data follows time series structure, it is difficult to perform K-fold cross-
validation or LOOCV (Leave One-Out Cross Validation) by arbitrarily dividing the data. Therefore,
the MAE was derived by fitting the model with the initial d data points, predicting 1 interval later,
and then rolling the model to recursively repeat the same operation with one more data point. The
MAE for the Poisson Time Series is as follows.

Table 3: Mean Absolute Error (# of simulations = 1,000)

error(m)\size(n) 20 30 40 50 60 70 90 102

0(2SLS) 272.04 | 164.42 | 124.70 | 99.01 88.69 79.07 66.71 59.84
0(No Simultaion) 157.15 | 112.77 | 82.84 | 71.30 | 62.55 | 57.16 | 50.50 | 46.40
0.5 138.64 | 105.41 | 78.01 67.78 59.74 54.87 48.76 44.89
0.6 144.07 | 108.46 | 80.04 | 69.30 | 60.95 | 55.87 | 49.51 | 45.54
0.7 147.59 | 110.14 | 81.14 70.12 61.62 56.42 49.91 45.89
0.8 152.94 | 112.52 | 82.75 71.29 62.56 57.18 50.48 46.38
0.9 165.59 | 118.39 | 86.56 | 74.09 | 64.80 | 59.05 | 51.86 | 47.59
1.0 176.85 | 123.37 | 89.89 76.56 66.78 60.70 53.11 48.67

We can see that as the magnitude of the measurement error increases, the prediction accuracy decreases.
However, at low levels of measurement error, we actually see lower MAE on average compared to
performance evaluation on real data. This implies that instead of inserting bias into the model, the
measurement error reduced the variance, which is more beneficial from an MAE perspective. The
expression for MSE as a function of bias and variance is as follows.

MSE = Bias® + Var (30)

If Var decreases more than Bias? increases, we can understand that the model has developed from
overfitting. MAE is the same, just a different metric. Therefore, with a reasonable measurement error
size, the attenuation of the regression coefficient on the independent variable due to the measurement
error can be understood as a kind of regularization effect.

However, for measurement errors above a certain size, the MAE is higher on average than the
actual data. Therefore, if the measurement error is large, it is necessary to continuously update with
new data by comparing with the data that is usually updated continuously, or to reduce the size of
the measurement error by using the idea of repeated measures ANOVA (Analysis of Variance).

In some cases, you may decide that it is better to force additional regularization from the MAE
perspective. In this case, it would be natural to use something like Ridge Regression, since the mea-
surement error has been acting to dampen the coefficient effect in the same way as Ridge Regression.

Depending on the size of the data points, the influence of measurement error will decrease as the
number of data points increases. This is because the error of measurement is only present for the last 7
data points, regardless of the size of the data points, hence the error of measurement gradually decreases
as a percentage of the total data. Therefore, we can see that the impact of error of measurement is not
significant in modeling situations where we have more than a certain number of data points.

However, in the case of digital advertising, there may be issues such as terminating ads within a short
period of time if marketing performance is poor. Therefore, if you need to perform a hypothesis test
with short-term data, you need to adjust the significance level to account for the effect of measurement
error.

The 2SLS(2 Stage Least Squares) model, inserted in the table, will be proposed later to check the
efficiency of the coefficients. Note that the 2SLS has a high MAE due to initial uncertainty, but as the
data size increases, the MAE decreases rapidly compared to the original model.

Next, we need to determine the nature of the residuals in order to make more accurate and robust
predictions. Therefore, we performed autocorrelation and heteroskedasticity tests on the residuals.
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The following results is the autocorrelation test on the Pearson residuals. In this study, the Breusch-
Godfrey test used in the regression model was performed on lag 7. In general, the Ljung-Box test is
utilized, but the Ljung-Box test is the Wald test class, which has a high power under the strong exo-
geneity(Mean Independent) assumption between the residuals and independent variables [?]. Therefore,
the strong exogeneity assumption about Wald test are not appropriate for this study, which requires a
test for measurement error and the case of few data points. On the other hand, the Breusch-Godfrey
test has the advantage of being more robust than the Ljung-Box test, because it assumes more relaxed
exogeneity(Same Row Uncorrelated) assumption under the Score test class.

Table 4: p-value of Breusch-Godfrey Test for lag 7 (# of simulations = 1,000)

error(m)\size(n) 20 30 40 50 60 70 90 102

0(2SLS) 0.166 0.215 0.963 0.819 0.914 | 0.850 | 0.705 0.890
0(No Simulation) 0.833 0.415 0.794 0.687 | 0.646 0.800 | 0.509 0.813
0.5 0.749 0.455 0.805 0.668 0.641 0.800 | 0.508 0.813
0.6 0.729 0.456 0.805 0.664 0.642 0.802 0.508 0.813
0.7 0.735 0.450 0.803 0.663 0.641 0.804 | 0.509 0.813
0.8 0.729 0.467 | 0.800 0.661 0.640 0.806 0.507 0.813
0.9 0.738 0.456 0.799 0.658 0.641 0.788 0.510 0.813
1.0 0.733 0.445 0.794 0.654 0.640 0.809 0.506 0.813

The test shows that the measurement error does not significantly affect the autocorrelation of the
residuals.

Next, here are the results for the heteroskedasticity test. Although GLM-type models do not specif-
ically assume homoskedasticity of the residuals, we still need to investigate the mean-variance relation-
ship assumed in the modeling. To check this indirectly, we scaled the residuals as Pearson, and then
performed a Breusch-Pagan test for heteroskedasticity.

Table 5: p-value of Breusch-Pagan Test (# of simulations = 1,000)

error(m)\size(n) 20 30 40 50 60 70 90 102

0(2SLS) 0.309 0.237 | 0.148 0.024 | 0.012 0.215 0.471 0.547
0(No Simulation) 0.679 0.542 0.162 0.058 0.074 0.135 0.449 0.536
0.5 0.744 0.423 0.156 0.059 0.075 0.135 0.452 0.536
0.6 0.744 0.426 0.156 0.059 0.075 0.134 0.453 0.536
0.7 0.736 0.444 0.158 0.060 0.075 0.133 0.454 0.536
0.8 0.732 0.470 0.162 0.059 0.076 0.132 0.454 0.536
0.9 0.730 0.490 0.163 0.060 0.076 0.130 0.455 0.536
1.0 0.707 | 0.500 0.169 0.062 0.076 0.130 | 0.455 0.536

We can see that the measurement error does not significantly affect the assumed mean-variance rela-
tionship of the model. Consider the process of estimating the parameters in a GLM. The Information
Matrix in (14) is weighted by the mean, whereas in Poisson Regression, the mean is same as variance,
so it is weighted by the mean. Since it utilizes a weight matrix with a similar idea to GLS(Generalized
Least Squares), it has the inherent effect of suppressing heterogeneity to a certain extent by giving
lower weights to uncertain data.

On the other hand, we can see that the Breusch-Pagan test has a low p-value on some data points.
If the significant level is higher than 0.05, the null hypothesis can be rejected. This is because there is
a regime shift in the independent variable before and after n = 47, as shown in Fig. 1.

To test this, we performed a Quasi Likelihood Ratio Test(df = 9) between the saturated model,
that considered the pattern change before and after the regime shift and the reduced model that did
not consider it. The results are shown below.
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Table 6: Quasi-LRT for Structural Break (Changepoint = 47)

Q-Loglik Test Statistic p-value
Saturated -718.60 312.25 0.000
Reduced -874.73

Since the test statistic exceeds the rejection bound and is significant at the significance level 0.05. It can
be concluded that the interruption of ad delivery after the changepoint, or the lower marketing spend
compared to before, may have affected the assumed mean-variance relationship. We do not consider
this in our study, but it would be possible to account for regime shifts retrospectively or use a Negative
Binomial based regression model to account for this.

Next, we test for efficiency of statistics. Although this study does not focus on the endogeneity of
the coefficients, we use a 2SLS model as the specification for the efficiency test. The proposed instru-
mental variable is ad impressions. The instrumental variable should have two characteristics: first, it
should be "Relevant”, which means that the correlation between the instrumental variable and the
original variable is high. The variance of the regression coefficient estimated with the instrumental
variable is higher than the variance of the model estimated with the original variable, and the higher
the correlation, the more favorable it is to reduce the difference with the variance of the original vari-
able(Highly Relevant). Since the ad publisher’s billing policy is ” Cost per Impression”, the correlation
between ad spend and impressions is significantly high.

On the other hand, ”Validity” is most important for instrumental variables, which should be un-
correlated with the errors to eliminate endogeneity. In the digital advertising market, when a user is
exposed to a display ad, the price of the ad is determined by two things: the number of ”Impressions”
and the ”Strength of Competition” between real-time ad auction bidders. Since the effect of impres-
sions has been removed from the residuals, it is unlikely that the remaining factor, the strength of
competition among auction bidders, is correlated with the user being forced to see the ad. Further-
more, the orthogonality test below shows the difficulty in rejecting the null hypothesis of uncorrelated.

Table 7: p-value of Test for Orthogonality

size(n) 20 30 40 50 60 70 90 102
p value 0.969 0.742 0.361 0.345 0.639 0.916 0.956 0.602

Therefore, we can see that it makes sense to use "Impressions” as an instrumental variable instead of
marketing spend. Here are the proposed 2SLS equations.

Spéndt =9+ y1Imp; (31)

7 8
log(Ae) = Bo + Y Brlog(Yik + 1) + azlog(A—7) + Y m:Spend, ., (32)
k=1 i=1

It is known that if there is measurement error in the instrumental variable, the number of impressions,
but the random measurement error in the instrumental variable does not affect the validity of the
model.

We performed the Levene test and Durbin-Wu-Hausman test to see the equality of residual vari-
ances. Below is the result of the Levene test.
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Table 8: p-value of Levene Test (m = 0) (# of simulations = 1,000)

error(m)\size(n) 20 30 40 50 60 70 90 102

0(2SLS) 0.250 0.619 0.108 0.209 0.100 0.126 0.153 0.194
0.5 0.891 0.857 0.946 0.982 0.997 0.998 0.993 0.998
0.6 0.888 0.852 0.947 | 0.979 0.995 0.996 0.993 0.998
0.7 0.883 0.880 0.934 0.975 0.992 0.994 0.991 0.998
0.8 0.874 0.900 0.922 0.971 0.987 | 0.992 0.991 0.997
0.9 0.868 0.911 0.912 0.963 0.981 0.989 0.990 0.997
1.0 0.840 0.906 0.888 0.949 0.975 0.987 0.990 0.997

We can see that the measurement error does not significantly affect the variance of the residuals. Fur-
thermore, 2SLS also shows that there is no significant difference in the variance of the residuals at the
significance level 0.05. This means that the instrumental variable is highly correlated to the original
variables.

The Durbin-Wu-Hausman test checks whether there is a difference in the estimated coefficients
between the proposed model and the original model. If the null hypothesis is rejected, the measurement
error has a significant effect and the variance of the residuals will be affected. The results of the test
between the original model and the model with measurement error are shown in the table below. We
can see that the presence of measurement error does not affect the efficiency of the model, except in a
few cases.

Table 9: p-value of Durbin-Wu-Hausman Test (m = 0) (# of simulations = 1,000)

error(m)\size(n) 20 30 40 50 60 70 90 102

0.5 0.341 0.319 0.039 0.273 0.768 0.005 0.636 0.499
0.6 0.311 0.300 0.061 0.309 0.746 0.013 0.649 0.559
0.7 0.329 0.356 0.071 0.316 0.668 0.038 0.581 0.547
0.8 0.344 0.431 0.040 0.343 0.655 0.039 0.618 0.500
0.9 0.375 0.365 0.077 | 0.400 0.605 0.075 0.581 0.518
1.0 0.369 0.387 | 0.105 0.445 0.557 | 0.118 0.504 0.512

In addition, we check whether there is a difference in the coefficients between the proposed 2SLS and
the original model. If the null hypothesis is rejected, it can be understood that there is an effect of
omitted variables other than measurement error, which can affect the variance of the residuals. The
results of the test are shown below.

Table 10: p-value of Durbin-Wu-Hausman Test (2SLS)

error(m)\size(n) 20 30 40 50 60 70 90 102
0(No Simulation) 0.000 0.000 0.000 0.000 0.301 0.999 0.102 0.277

When the data size is small, the model is not well specified and the 2SLS is more robust than the
original model, but above a certain data size, there is no significant difference between the two models.
In conclusion, the results of the above tests show that the proposed Poisson Time Series does not
show significant effects of measurement error and unobserved variables. This is because, as mentioned
earlier, the weight matrix-based parameter estimation method of AR, MA parameters, and GLM class
model inherently suppresses some of these effects.
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In addition to the GLM based Poisson Time Series, we also proposed a State Space Model based
Poisson Kalman Filter. In the Poisson Kalman Filter, the inaccuracy of the observation equation due
to measurement error is inherently corrected by the state equation, which has the advantage of being
robust to measurement error problem.

The table below shows the benchmark results between Poisson Time Series and Poisson Kalman
Filter. You can see that the log-likelihood is always higher for the Poisson Time Series, but lower for
the Poisson Kalman Filter in the MAE. This can be understood as the Poisson Time Series is more
complex and overfitted, compared to the Poisson Kalman Filter.

However, after n = 40, the Poisson Time Series shows a rapid improvement in prediction accuracy.
On the other hand, the Poisson Kalman Filter shows no significant improvement in prediction accuracy
after a certain data point. This suggests that the model specification of the Poisson Time Series is
appropriate beyond a certain data point.

We also compared the computational speed of the two models. We used ”furrr” library in the R
4.3.1 environment, and ran 1,000 times each to derive the simulated value. In terms of computation
time, the Poisson Time Series is about 1 second slower on average, but we do not believe this has a
significant business impact unless you are in a situation where huge simulation is required.

Table 11: Benchmark

model\size(n) 20 30 40 50 60 70 90 102
Loglik(GLM) -81.16 -103.75 | -192.78 | -254.06 | -349.69 | -520.21 | -741.30 -874.73
Loglik(KF) -161.25 | -227.37 | -328.71 | -392.34 | -529.03 | -861.19 | -1085.90 | -1322.65
MAE(GLM) 157.15 112.77 82.84 71.30 62.55 57.16 50.50 46.40
MAE(KF) 69.51 51.35 40.86 44.98 44.89 43.83 39.48 38.31
Computational Time(s)(GLM) 1.90 1.35 1.28 1.40 1.40 1.41 1.44 1.56
Computational Time(s)(KF) 0.14 0.15 0.24 0.27 0.37 0.40 0.44 0.49

The following table below shows the test results for the residuals between the Poisson Time Series and
the Poisson Kalman Filter. We can see the heterogeneity between the two models. In the case of the
Poisson Kalman Filter, we can see that the evidence of initial autocorrelation and homoscedasticity is
high, but the p-value decreases above a certain data size. This means that the Poisson Kalman Filter
is not properly specified, when the data size increases.

Table 12: p-value of Robustness Test

model\size(n) 20 30 40 50 60 70 90 102

Serial Corr(GLM) 0.833 0.415 0.794 0.687 0.646 0.800 0.509 0.813
Serial Corr(KF) 0.193 0.113 0.061 0.014 0.001 0.000 0.000 0.000
Heteroskedasticity (GLM) 0.679 0.542 0.162 0.058 0.073 0.135 0.449 0.536
Heteroskedasticity (KF) 0.879 | 0.901 | 0.891 | 0.065 | 0.097 | 0.410 | 0.130 | 0.043

Finally, the PIT(Probability Integral Transform) allows us to empirically verify that the model is prop-
erly modeled by the mean-variance relationship. If the modeling was done properly, the histogram after
the PIT should be close to a Uniform distribution. The farther it is from the Uniform distribution,
the less it reflects the DGP of the original data. In the graph below, we can see that the Poisson Time
Series shows values that do not deviate much from Uniform distribution, but the Poisson Kalman
Filter results in values that are far from the distribution.
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Figure 8: PIT of Poisson Kalman Filter

6 Ensemble Methods

So far, we have covered Poisson Time Series and the Poisson Kalman Filter. When the data size is
small, the Poisson Kalman Filter is reasonable, but above a certain data size, the Poisson Time Series
is reasonable. To reflect the heterogeneity of these two models, we want to derive the final model
through model averaging. The optimization objective function is shown below.

t

. ~(G A
1 = argming Y wily; — (pp M + (1= p)g))| (33)
=1
st.0<p<1, Yw >0 (34)

The objective function is set in terms of minimizing the MAE, and different data points are weighted
differently via the w; parameter. w; is the reciprocal of the variance at that point in time out of the
total variance in precision, to reflect the fact that the more recent the data, the better the estimation
and therefore the lower the variance. And the better the model, the lower the variance. The final
weighted model prediction process is shown below.

N (GLM (KF
Y41 = pt+1y§+1 ) +(1 _pt+1)yt(+1 ) (35)
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Below graph is the weights of the Poisson Time Series per data point derived from Stacking Methods.
You can see that the weights are close to zero until n = 42, after which they increase significantly.
In the middle, where the data becomes more volatile, such as the regime shift(blue vertical line), the
weights are partially decreased.

tsgm_weight

Figure 9: Weight of Poisson Time Series

The table below shows the results of the comparison between the final stacking model and the Poisson
time series and Poisson Kalman Filter. First, we can see that the stacking model is superior in all
times in the MAE, as it absorbs the advantages of both models, reflecting the Poisson Kalman Filter’s
advantage when the data size is small, and the Poisson Time Series’ advantage above a certain data
size. We can also see that the robustness test shows that the p-value of stacking model is laid between
the p-values derived from both models.

Table 13: Benchmark

model\size(n) 20 30 40 50 60 70 90 102

MAE(Stacked) 69.51 51.32 40.85 41.66 38.74 37.39 35.64 33.52
MAE(GLM) 157.15 112.77 82.84 71.30 62.55 57.16 50.50 46.40
MAE(KF) 69.51 51.35 40.86 44.98 44.89 43.83 39.48 38.31

Table 14: p-value of Robustness Test

model\size(n) 20 30 10 50 60 70 90 102

Serial Corr(Stacked) 0.193 0.113 0.061 0.387 0.646 0.800 0.459 0.813
Serial Corr(GLM) 0.833 0.415 0.794 0.687 0.646 0.800 0.509 0.813
Serial Corr(KF) 0.192 | 0.113 | 0.061 | 0.014 | 0.001 | 0.000 | 0.000 | 0.000
Heteroskedasticity (Stacked) 0.879 0.900 0.890 0.061 0.074 0.135 0.416 0.536
Heteroskedasticity (GLM) 0.679 0.542 0.162 0.058 0.074 0.135 0.449 0.536
Heteroskedasticity (KF) 0.879 | 0.901 | 0.891 | 0.065 | 0.097 | 0.410 | 0.130 | 0.043
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7 Conclusion

We have shown the impact of measurement error on count data in the digital advertising domain. Even
if the main purpose is not to build an analytical model but simply to build a model that makes better
predictions, it is also important to check the measurement error in predictive modeling since the model
may be underfitted by the measurement error, and the residuals may be heteroskedastic depending on
the characteristic of the measurement error.

To this end, we introduced GLM based Poisson Time Series, and Poisson Kalman Filter, a class
of Extended Kalman Filter, which can partially solve the measurement error problem. After applying
these models to simulated data based on real data, the results of prediction accuracy and statistical
tests were obtained.

In terms of prediction accuracy, we found that the magnitude of the coefficients is attenuated due
to measurement error, causing a kind of regularization effect. For the data used in this study, we
found that the smaller the measurement error, the better the prediction accuracy, while the larger the
measurement error, the worse the prediction accuracy compared to the original data. We also found
that the impact of the measurement error was relatively high when the data size was small, but as the
data size increased, the impact of the measurement error became smaller. This is due to the nature of
digital advertising data, where only recent data is subject to measurement error.

The test of residuals shows that there is no significant difference with and without measurement
error. Therefore, the proposed models can partially avoid the problem of measurement error, which is
advantageous in digital advertising data.

We also note that the two models are heterogeneous in terms of data size. When the data size is
small and the impact of measurement error is relatively large, we found that the Poisson Kalman Filter,
which additionally utilizes the state equation, is superior to the overspecified Poisson Time Series. On
the other hand, as the data size increases, we found that the Poisson Time Series is gradually superior
in terms of model specification accuracy. Finally, based on the heterogeneity of the two models, we
proposed an ensemble class of stacking models that can combine their advantages. In the tests of
prediction accuracy and residuals, the advantages of the two models were combined, and the final
model showed better results than the single model.

On the other hand, while we assumed that the data follows a conditional Poisson distribution,
some data points may be overdispersed due to volatility. This is evidenced by the presence of struc-
tural breaks in the retrospective analysis. If the data has overdispersion compared to the model, it
may be more beneficial to assume a Negative Binomial distribution. Also, since the proposed data is
a daily time series data, further research on increasing the frequency to hourly data could be consid-
ered. Finally, although we assumed a univariate model in this study, in the case of real-world digital
advertising data, a user may be influenced by multiple advertising media simultaneously, so there
may be correlation between media. Therefore, it would be good to consider a multivariate regression
model such as SUR(Seemingly Unrelated Regression), which considers correlation between residuals,
or GLMM(Generalized Linear Mixed Model), which considers the hierarchical structure of the data,
in subsequent studies.
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