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Abstract
In webpage optimization, funnel testing is a popular technique for studying the 
effects of webpage features. This study focuses on how to properly design and ana-
lyze the funnel testing experiments. To address the problem, we propose two new 
design construction methods for funnel testing experiments. The proposed methods 
fully utilize the underlying funnel structures such that the projected designs for dif-
ferent funnels have desirable properties. For the analysis of funnel testing experi-
ments, we consider the penalized regression with the heredity principle to obtain 
parsimonious and interpretable models for each funnel. Thus, the optimization of 
finding the optimal settings of webpages can be appropriately achieved. The per-
formance of the proposed design and analysis is illustrated through a few numerical 
examples.

Keywords  Conversion rate · Fractional factorial design · Penalized regression

1  Introduction

Webpage optimization, also known as conversion rate optimization, is a process of 
designing and executing experimentation for improving specific objectives of web-
pages’ usage, such as customer purchases and subscriptions. For example, an online 
store looks for how to optimize its website for increasing the completion of customer 
checkouts. The experimenters often conduct experiments by changing the features of 
webpages to find which changes will lead to more conversions. Here the conversion 
refers to that visitor have completed the objective of interest. The webpages where 
conversions (e.g., order placement) can happen are called conversion points. The 
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series of webpages that visitors go through until conversion happens is called the 
conversion funnel or simply funnel. One favorite webpage optimization technique 
is the funnel testing, also known as the multi-page testing [2, 11, 23]. It investigates 
the effects of webpage features on the percentage of visitors completing the objec-
tive of interest (denoted as the conversion rate) when they go through a series of 
webpages. A key research question is how to properly design and analyze the funnel 
testing experiments.

Figure 1 shows an illustrative example of funnel testing in the setting of online 
shopping. Specifically, visitors arrive on the landing page with A and B as two 
control factors. The landing page can link to various webpages, where visitors can 
perform a series of actions such as reading product description, viewing product 
images, checking product reviews, comparing with similar products. As shown in 
Fig. 1, (landing page, page 1, page 2) is a funnel, denoted as CF1 , with page 2 as 
the conversion point. Similarly, (landing page, page 1) is another funnel, denoted 
as CF3 , with page 1 as the conversion point. And (landing page, page 2) is the third 
funnel, denoted as CF2 , with page 2 as the conversion point. All the conversion fun-
nels together with associated webpages make up the conversion system.

The primary goal of design and analysis of funnel testing experiments is to maxi-
mize the total conversion rate. In the literature, research on how to construct the 
design for funnel testing experiments and optimize its total conversion rate is lim-
ited. A straightforward method considers the conversion point where its conversion 
rate is low, and it becomes the A/B or multivariate testing problem [5]. However, 
such a method ignores the interactions between different webpages in a funnel. The 
conversion rate in a funnel is often affected by multiple webpages in the funnel.

Recently, Su and Wu [19] proposed to consider the total conversion rate as a lin-
ear combination of conversion rates from the individual funnels. Their framework is 

Fig. 1   A toy example of the funnel testing experiment with three funnels. The CF
1
 is the conversion fun-

nel from the landing page to page 2 via page 1. The CF
2
 is the conversion funnel from the landing page 

to page 2 directly. The CF
3
 is the conversion funnel from the landing page to page 1 directly. Each web-

page has two factors: A and B on the landing page, C and D on page 1, and E and F on page 2. Arrows 
indicate possible visitor’s decisions on that webpage. Exit means visitors leave the system on that page
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to construct a whole fractional factorial design for the factors from all funnels. The 
design for a specific funnel is then obtained by projecting the whole design to the 
factors associated with that funnel. The corresponding analysis of conversion rates is 
conducted for each funnel. Clearly, constructing a whole design, such as a minimum 
aberration design, for all factors is conceptually easy, but is practically challeng-
ing for a large number of factors at a given design size. Moreover, such a design 
approach may overlook the underlying structure of the conversion funnels. It could 
be difficult to justify the construction of the whole design when the conversion fun-
nels have different structures. Lastly, the properties of projected designs for specific 
conversion funnels may not be desirable.

In this work, we propose two methods of constructing designs for the funnel test-
ing experiments. The proposed construction strategy is to fully utilize the underly-
ing conversion funnel structures such that the projected designs for different funnels 
have desirable properties. The first method is to augment the design by considering 
the design for each funnel in a sequential fashion. Such a design can accommodate 
a large number of funnels and a large number of factors with an economic run size. 
The second method considers a funnel-driven D-optimal design such that the desir-
able interaction effects can be accurately estimated. The run size of such D-optimal 
designs can be quite flexible. For the analysis of the funnel testing experimental 
data, we consider the penalized regression model with the heredity principle [4, 21]. 
It enables a parsimonious model fitting with meaningful interpretation and good 
flexibility for optimization. The proposed design and analysis have several major 
advantages: First, the proposed methods adapt to the characteristics of funnel testing 
experiments in terms of different and complex structures of conversion funnels. Sec-
ond, the proposed designs maintain attractive properties when projecting the design 
onto the individual conversion funnels. Third, the proposed methods are applicable 
to the funnel testing experiments with a large number of factors.

Throughout the paper, we consider designs with two levels for the funnel system. 
We also assume that visitors can exit from any webpage and do not complete con-
versions on the landing page. The rest of paper is organized as follows. In Sect. 2, 
we detail the proposed methods to construct designs. In Sects. 3 and 4, we illustrate 
the proposed methods in the examples. In Sect.  5, we perform a simulation case 
study. We conclude this work with some discussion in Sect. 6.

2 � Design Construction

2.1 � Preliminary Setup

Consider a funnel testing experiment with m conversion funnels, denoted as 
CF1,… , CFm . Each funnel has several web pages starting from the landing page and 
ending at the conversion point. Note that each webpage contains some control fac-
tors of interest. Thus, for an individual funnel CFi , we can write 
CFi = {X

(i)

j
∶ j = 1,… , pi} , where X(i)

j
 is the jth factor in the funnel CFi and pi is the 

number of factors in the funnel CFi . Let D denote as the whole design for the funnel 
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system. Then, each funnel has a corresponding design Di by projecting design D to 
the corresponding factors for that funnel.

If the funnel CFi contains all the factors belonging to another funnel CFi′ , we 
denote it as CFi′ ⊆ CFi . The number of factors contained in the funnel CFi is defined 
as the length of the funnel CFi , denoted as |CFi| . Without loss of generality, we 
assume that the funnels are indexed as |CF1| ≥ ⋯ ≥ |CFm| > 0.

For a factor X in the funnel system, it can be characterized into two categories 
from an experimental design perspective: basis factor, Xb , and generator factor, Xg . 
The basis factors are factors used to construct the basic design in the fractional fac-
torial design. The generator factors are the chosen generators in the generating rela-
tions of the fractional factorial design [21].

It is worth remarking that in the funnel system, the factors on the landing page are 
shared by all funnels and thus the shared factors between different funnels always 
exist.

2.2 � Method I

The key idea of the method I is to construct design for the funnel with the largest 
number of factors (i.e., CF1 ) and gradually expand the design to accommodate other 
funnels ( CF2 , CF3 , ...) in a sequential fashion. The shared factors between funnels 
will have the same columns in the whole design. The proposed method I contains 
two key procedures: the partial-expanding procedure and the fold-over augmenta-
tion procedure. We will first detail these two procedures.

Figure 2 shows an illustration example how to expand the design to accommodate 
the second funnel (with factors X1 , X2 , X6 , and X7 ), given the design D† of a first 
funnel (with factors X1 , X2 , X3 , X4 , and X5 ). As shown in Fig. 2, the key is on how 
to construct D∗ (red areas) and D∗∗ (green areas) such that the design for the sec-
ond funnel has attractive properties. Here the construction of D∗ is obtained by the 
partial-expanding procedure, which consists of three rules: Rule 1, consider a facto-
rial design for D‡ (with factors in the second funnel). If unwanted alias structures 
are generated, then consider a fractional factorial design. Rule 2, if D‡ is a fractional 
factorial design, then both factor types, Xb and Xg , exist. The shared factors between 
D† and D‡ will have priority to be used as basis factors over generator factors. The 
factors in D∗ are given priority to be used as generator factors over basis factors. 
Rule 3, if any factor in D∗ is to be used as a generator factor in D‡ , then the cor-
responding column in D∗ is constructed according to the defining relation. For the 
example of Fig. 2, the design of the first funnel, D† , is given by 25−1

V
 using 5 = 1234 . 

Then based on Rule 1 and Rule 2, we reject the choice of 24 factorial design for D‡ 
because severe alias structures between the factors X1 , X2 , X3 , X4 , X5 , and X6 are 
generated. Alternatively, we would consider to construct D∗ by using 24−1

IV
 with the 

defining relation 7 = 126.
The fold-over augmentation procedure is then used for constructing the augment 

design D∗∗ after the design D∗ is constructed. Here we borrow the idea of the fold-
over technique [14] and choose the traditional full fold-over plan. That is, we switch 
the signs of all columns in D∗ . Note that it is also possible to use other techniques, 
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such as the fractional factorial design and the D-optimal design, to construct the 
design D∗∗ . There are two advantages of using the fold-over technique: First, the 
fold-over technique does not create alias structures in the whole design. Second, the 
fold-over technique does not deteriorate the properties of the design projected from 
the whole design to the corresponding factors. Note that it is possible that after the 
fold-over augmentation procedure, the design size of the combined design of D∗ and 
D∗∗ is still smaller than that of D† . In that case, we make replicates of the combined 
design of D∗ and D∗∗ until the resulting design has a design size equal to that of D†.

For a funnel system with multiple funnels, we can describe the proposed con-
struction method I as follows:

Step 1 Start with the longest funnel CF1 and build a (fractional) factorial design 
as its corresponding design D1 . If |CF2| = |CF1| , then stack the copy of design D1 
above the design D1 , and use the combined design as the new D1 . Set k = 1 and 
design D = D1.

Step 2 Expand the design D by constructing design Dk+1 for CFk+1 when CFk+1 
contains factors that are not in CF1,… , CFk . We use similar structures in Fig. 2 with 
D as the design D† and Dk+1 as the design D‡ . We construct D∗ and D∗∗ by the par-
tial-expanding procedure and the fold-over augmentation procedure, respectively.

Step 3 Set k = k + 1 and go to Step 2 until all conversion funnels are 
accommodated.

Note that the run size of the whole design D is determined by the size of D1 , and 
it will not change after Step 1. Thus the proposed method I can apply to the complex 
multiple-funnel systems with a large number of factors. Since the proposed method 
constructs the design by considering the individual funnel sequentially, it can ensure 

X1 X2 X3 X4 X5 X6 X7

D†

D‡

D*

D**

Fig. 2   The illustration example for the partial-expanding procedure and the fold-over augmentation pro-
cedure. There are four different designs: D† (with factors X

1
 , X

2
 , X

3
 , X

4
 , and X

5
 ), D‡ (with factors X

1
 , X

2
 , 

X
6
 , and X

7
 ), D∗ (with factors X

6
 and X

7
 ), and D∗∗ (with factors X

6
 and X

7
 ). The designs D† and D‡ share 

the factors X
1
 and X

2
 . The design size of D† is equal to that of the combined design of D∗ and D∗∗ , but 

larger than that of D‡
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desired properties for the design in each funnel. Moreover, the proposed construc-
tion method will not generate serious alias structures in the whole design D because 
of the fold-over augmentation procedure.

Example 1: Method I for Case 1  We illustrate the method I with a toy example 
(denote as case 1) similar to the one used in Su and Wu [19]. Figure 1 shows the rep-
resented conversion system where there are three funnels: CF1 = {A,B,C,D,E,F} , 
CF2 = {A,B,E,F} , and CF3 = {A,B,C,D} with |CF1| > |CF2| = |CF3| . CF1 is the 
conversion funnel from the landing page to page 2 via page 1. CF2 is the conversion 
funnel from the landing page to page 2 directly. Note that page 2 is contained in both 
funnels CF1 and CF2 . CF3 is the conversion funnel from the landing page to page 1 
directly. Each page has two factors: A and B on the landing page, C and D on page 1, 
E and F on page 2. Arrows indicate possible visitor’s decisions on that webpage. On 
the landing page, the three possible decisions are: go to page 1, go to page 2, or exit. 
On page 1, the three possible decisions are: complete a conversion, go to page 2, and 
exit. On page 2, the two possible decisions are: complete a conversion or exit.

According to the method I, we start with the longest funnel CF1 . Suppose the 
design size is limited to 32, then we choose the fractional factorial design 26−1

VI
 with 

the design generator F = ABCDE . Since CF2 ⊆ CF1 and CF3 ⊆ CF1 , no more action 
is needed for expanding the design. Thus the resulting whole design D for case 1 is 
26−1
VI

 with the design generator F = ABCDE . The corresponding D1 is a 26−1
VI

 with the 
design generator F = ABCDE . D2 and D3 are 24 factorial designs. Factorial designs 
are efficient and allow the effects of factors to be estimated while other factors are 
present [15].

Example 2: Method I for Case 2  We illustrate the method I for another toy example 
(denote as case 2), which is used in Su and Wu [19]. Figure  3 shows the repre-
sented conversion system for case 2, where page 2 has different factors in different 
funnels CF1 and CF3 . We denote the variation page as page 2’ in the funnel CF1 . 
This funnel system contains three conversion funnels as CF1 = {A,B,C,D,G,H} , 
CF2 = {A,B,C,D} , and CF3 = {A,B,E,F} with |CF1| > |CF2| = |CF3| . The other 
settings of case 2 are the same as case 1. Note that in case 2 each webpage has two 
factors.

Suppose the design size is limited to 32. According to the method I, we start with 
the longest funnel CF1 and choose the fractional factorial design 26−1

VI
 for D1 with the 

design generator H = ABCDG . Since CF2 ⊆ CF1 , we will expand the design by con-
structing D3 for CF3 where factors E and F are not contained in D1 . For constructing 
the design D3 for CF3 , we can use 26−1

VI
 as D† . By the partial-expanding procedure, 

we construct a 24 factorial design and reverse the signs in D∗ to construct D∗∗ by the 
fold-over augmentation procedure.

Table 1 shows the resulting whole design D for case 2. The D1 is the 26−1
VI

 with the 
design generator H = ABCDG . The D2 is a factorial design 24 with factors A, B, C, 
D. The D3 is the 32-run fold-over design where factors E, F are not aliased with the 
factors C, D.
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Note that when using the Su and Wu [19] method (hereafter called the SW 
method) for case 2, one would consider a minimum aberration fractional factorial 
design 28−3

IV
 with a run size of 32. The design generators of this design are F = ABC , 

G = ABD , H = BCDE . Then many two-factor interactions are aliased. In our pro-
posed method, the designs for each funnel are either fractional factorial design with 
resolution V or factorial design. Thus there are no alias structures between two-fac-
tor interactions for each funnel. Another possible choice of design based on Su and 
Wu [19] is a minimum aberration fractional factorial design 28−2

V
 with a run size of 

64. The design generators of this design are G = ABCD and H = ABEF . Then the 
resulting design is two times the size of our proposed design by method I.

2.3 � Method II

The method II is to construct a funnel-driven D-optimal design for the funnel 
system. Based on each funnel in the funnel system, we can identify the main 
effects and two-factor interactions. By considering the main effects and two-
factor interactions from all individual funnels, we can construct a D-optimal 
design. Such a design can be more efficient since not all two-factor interac-
tions will be useful given the structures of funnels. For example, for two funnels 
CF1 = {A,B,C,D,G,H} and CF3 = {A,B,E,F} , the two-factor interaction CE is 
not meaningful in the analysis of funnel testing experiments.

Fig. 3   A second toy example of the funnel testing experiment with three funnels. The CF
1
 is the conver-

sion funnel from the landing page to page 2’ via page 1. The CF
2
 is the conversion funnel from the land-

ing page to page 1 directly. The CF
3
 is the conversion funnel from the landing page to page 2 directly. 

Each webpage has two factors: A and B on the landing page, C and D on page 1, E and F on page 2, and 
G and H on page 2’. Arrows indicate possible visitor’s decisions on that webpage
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Here we assume that three-factor and higher interactions are negligible. The 
D-optimal design is to maximize the determinant of information matrix �T

� with a 
fixed number of design points, where � is the model matrix [9, 10, 15, 22].

We would remark that method II is an algorithmic design, which is known to be 
flexible in terms of the run size. This is useful when the experimental resources are 
restricted. However, the resulting alias relations might be more complex than that 
in the fractional factorial design. In contrast, method I is based on the (fractional) 

Table 1   The 32-run proposed whole design constructed by method I for case 2, and the corresponding 
simulation data on the leave rate (LR) on the landing page and conversion rates for funnels CF

1
 , CF

2
 and 

CF
3

A B C D G H E F y
LR

y
CF1

y
CF2

y
CF3

1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 0.1807 0.0000 0.5361 0.0120
2 1 − 1 − 1 − 1 − 1 1 − 1 − 1 0.0764 0.0255 0.3822 0.0127
3 − 1 1 − 1 − 1 − 1 1 − 1 − 1 0.1646 0.0366 0.0366 0.0305
4 1 1 − 1 − 1 − 1 − 1 − 1 − 1 0.1345 0.1228 0.0234 0.0234
5 − 1 − 1 1 − 1 − 1 1 1 − 1 0.1274 0.0000 0.7707 0.0318
6 1 − 1 1 − 1 − 1 − 1 1 − 1 0.1226 0.0000 0.5226 0.0323
7 − 1 1 1 − 1 − 1 − 1 1 − 1 0.1871 0.0129 0.1871 0.0258
8 1 1 1 − 1 − 1 1 1 − 1 0.1083 0.0701 0.1720 0.0255
9 − 1 − 1 − 1 1 − 1 1 − 1 1 0.1657 0.1065 0.3609 0.0473
10 1 − 1 − 1 1 − 1 − 1 − 1 1 0.0963 0.2519 0.2370 0.0074
11 − 1 1 − 1 1 − 1 − 1 − 1 1 0.1149 0.0878 0.2568 0.0338
12 1 1 − 1 1 − 1 1 − 1 1 0.1214 0.2214 0.1429 0.0143
13 − 1 − 1 1 1 − 1 − 1 1 1 0.1064 0.0213 0.5248 0.0284
14 1 − 1 1 1 − 1 1 1 1 0.1192 0.1192 0.3377 0.0132
15 − 1 1 1 1 − 1 1 1 1 0.1385 0.0615 0.3615 0.0462
16 1 1 1 1 − 1 − 1 1 1 0.1421 0.1530 0.3279 0.0219
17 − 1 − 1 − 1 − 1 1 1 1 1 0.1765 0.0000 0.5948 0.0131
18 1 − 1 − 1 − 1 1 − 1 1 1 0.1429 0.0124 0.3602 0.2919
19 − 1 1 − 1 − 1 1 − 1 1 1 0.1529 0.0064 0.0318 0.0446
20 1 1 − 1 − 1 1 1 1 1 0.1046 0.0196 0.0131 0.2680
21 − 1 − 1 1 − 1 1 − 1 − 1 1 0.1768 0.0061 0.6707 0.0549
22 1 − 1 1 − 1 1 1 − 1 1 0.0934 0.0000 0.5055 0.2802
23 − 1 1 1 − 1 1 1 − 1 1 0.2039 0.0000 0.1974 0.0066
24 1 1 1 − 1 1 − 1 − 1 1 0.1027 0.0274 0.2055 0.2534
25 − 1 − 1 − 1 1 1 − 1 1 − 1 0.1233 0.0616 0.3767 0.0548
26 1 − 1 − 1 1 1 1 1 − 1 0.0994 0.1170 0.2281 0.2982
27 − 1 1 − 1 1 1 1 1 − 1 0.1854 0.0464 0.2053 0.0199
28 1 1 − 1 1 1 − 1 1 − 1 0.1607 0.1964 0.1131 0.2738
29 − 1 − 1 1 1 1 1 − 1 − 1 0.0920 0.0491 0.5644 0.0061
30 1 − 1 1 1 1 − 1 − 1 − 1 0.1620 0.0775 0.3310 0.2676
31 − 1 1 1 1 1 − 1 − 1 − 1 0.1925 0.0435 0.4099 0.0124
32 1 1 1 1 1 1 − 1 − 1 0.0927 0.0927 0.3510 0.3113
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factorial designs, which are orthogonal, balanced, and possessing good projection 
properties. But method I is not as flexible as method II in the run size.

Example 3: Method II for Case 1  In case 1, there are six main effects and 15 two-
factor interaction terms for funnel CF1 = {A,B,C,D,E,F} . Since CF2 ⊆ CF1 and 
CF3 ⊆ CF1 , the proposed funnel-driven D-optimal design can be constructed based 
on the model including these six main effects and 15 two-factor interactions. The 
constructed 32-run D-optimal design is listed in “Appendix 1.” The D-efficiency of 
such a constructed design is 100%.

Example 4: Method II for Case 2  In case 2, there are six main effects and 15 two-
factor interactions in CF1 = {A,B,C,D,G,H} . Because CF2 ⊆ CF1 , its main effects 
and two-factor interactions are included in those for CF1 . For CF3 = {A,B,E,F} , 
there are four main effects and six two-factor interactions, but the main effects A and 
B and the interaction term AB overlap with those in CF1 . By taking the main effects 
and two-factor interactions from all individual funnels, there are eight main effects 
and 20 two-factor interactions. Table  2 shows the D-optimal design based on the 
model accounting for these 28 terms using the package AlgDesign in R software. 
The D-efficiency of such a constructed design is 91.6%.

3 � Analysis of Funnel Testing Experiments

In this section, we consider using the penalized regression with the heredity princi-
ple to analyze the data for each funnel with their respective designs. With the fitted 
models, we can find the optimal settings of factors to maximize the total conversion 
rate with the consideration of leaving rate on the landing page. For a funnel CFk , the 
conversion rate is defined as

The total conversion rate is computed as a linear combination of conversion rates 
from each funnel. In this study, we assume equal weights for each conversion funnel. 
In addition, the leave rate on the landing page is defined as the ratio of the number 
of visitors left on the landing page and the number of visitors arrived on the landing 
page.

Specifically, we apply the heredity principle [21] onto the Lasso regression 
model to produce a more meaningful and interpretable model [4]. The Lasso 
technique assumes that only a small number of variables are significant [20]. The 
heredity principle requires that the two-level interaction terms can appear in the 
model only if one of its main effects appeared in the model [21]. There are two 
types of heredity principles: weak heredity and strong heredity. The weak hered-
ity principle only requires one of its parent terms to be significant. The strong 

yCFk =
number of conversions completed in funnel CFk at a specific design setting

number of runs at the specific design setting
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heredity principle selects the interaction term only if both main effects are signifi-
cant. In this work, we apply the weak heredity principle to the models.

Table 2   The 32-run D-optimal design constructed by method II for case 2, and the corresponding simu-
lation data on the leave rate (LR) on the landing page and conversion rates for funnels CF

1
 , CF

2
 and CF

3

A B C D E F G H y
LR

y
CF1

y
CF2

y
CF3

1 − 1 1 − 1 − 1 − 1 − 1 − 1 − 1 0.1691 0.0294 0.0294 0.0368
2 − 1 − 1 1 − 1 − 1 − 1 − 1 − 1 0.1818 0.0000 0.6818 0.0065
3 1 − 1 − 1 1 1 − 1 − 1 − 1 0.1019 0.1847 0.2803 0.0064
4 − 1 1 − 1 1 1 − 1 − 1 − 1 0.1620 0.1127 0.1972 0.0634
5 1 − 1 − 1 − 1 − 1 1 − 1 − 1 0.1258 0.0629 0.3522 0.0126
6 1 1 1 − 1 − 1 1 − 1 − 1 0.0714 0.0786 0.1214 0.0143
7 − 1 − 1 1 1 1 1 − 1 − 1 0.2023 0.0405 0.4913 0.0231
8 1 1 1 1 1 1 − 1 − 1 0.1522 0.1739 0.2971 0.0145
9 − 1 − 1 − 1 1 − 1 − 1 1 − 1 0.1895 0.0588 0.2941 0.0458
10 1 1 − 1 1 − 1 − 1 1 − 1 0.1097 0.2194 0.1742 0.2258
11 1 − 1 1 − 1 1 − 1 1 − 1 0.1370 0.0000 0.4863 0.2740
12 − 1 1 1 − 1 1 − 1 1 − 1 0.1733 0.0133 0.2467 0.0067
13 1 − 1 1 1 − 1 1 1 − 1 0.1925 0.0559 0.3292 0.2298
14 − 1 1 1 1 − 1 1 1 − 1 0.2159 0.0398 0.3636 0.0682
15 − 1 − 1 − 1 − 1 1 1 1 − 1 0.1608 0.0000 0.4965 0.0210
16 1 1 − 1 − 1 1 1 1 − 1 0.1364 0.0284 0.0227 0.2898
17 1 − 1 1 1 − 1 − 1 − 1 1 0.1623 0.0974 0.3636 0.0195
18 − 1 1 1 1 − 1 − 1 − 1 1 0.1677 0.0659 0.3653 0.0359
19 − 1 − 1 − 1 − 1 1 − 1 − 1 1 0.1644 0.0000 0.5342 0.0479
20 1 1 − 1 − 1 1 − 1 − 1 1 0.1076 0.1203 0.0443 0.0316
21 − 1 − 1 − 1 1 − 1 1 − 1 1 0.1697 0.0788 0.3394 0.0182
22 1 1 − 1 1 − 1 1 − 1 1 0.0921 0.2368 0.1645 0.0066
23 1 − 1 1 − 1 1 1 − 1 1 0.0972 0.0000 0.5347 0.0069
24 − 1 1 1 − 1 1 1 − 1 1 0.1310 0.0179 0.1786 0.0238
25 1 − 1 − 1 − 1 − 1 − 1 1 1 0.0976 0.0183 0.3354 0.2988
26 1 1 1 − 1 − 1 − 1 1 1 0.1071 0.0357 0.1786 0.2321
27 − 1 − 1 1 1 1 − 1 1 1 0.2011 0.0335 0.5028 0.0391
28 1 1 1 1 1 − 1 1 1 0.0921 0.1184 0.3684 0.2171
29 − 1 1 − 1 − 1 − 1 1 1 1 0.1902 0.0109 0.0109 0.0272
30 − 1 − 1 1 − 1 − 1 1 1 1 0.1830 0.0000 0.7059 0.0261
31 1 − 1 − 1 1 1 1 1 1 0.1418 0.1631 0.2270 0.2340
32 − 1 1 − 1 1 1 1 1 1 0.1781 0.0548 0.1644 0.0411
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3.1 � Simulation on Visitor Actions for Case 2

For illustration, we will focus on case 2 and choose the constructed design from method 
I as the simulation settings. Following the simulation process in Su and Wu [19] for 
case 2, we simulate visitor actions to obtain conversion rates for each funnel. Specifi-
cally, on the landing page, the visitor first decides to go to page 1 with the probability 
t01 . If the visitor does not go to page 1, then he/she decides to go to page 2 with the con-
ditional probability t02 . If the visitor does not go to page 2, then he/she leaves.

Suppose that the visitor is on page 1 from the landing page, he/she first decides to 
complete a conversion with the probability c01 . If the visitor does not complete a con-
version on page 1, then he/she decides to go to page 2’ with the conditional probability 
t12 . If the visitor does not go to page 2’ from page 1, then he/she leaves. If the visitor 
goes to page 2’ from page 1, he/she decides to complete a conversion with the prob-
ability c12 . If the visitor does not complete a conversion on page 2’, then he/she leaves.

Suppose that the visitor is on page 2 from the landing page, he/she decides to com-
plete a conversion with the probability c02 . If the visitor does not complete a conversion 
on page 2, then he/she leaves.

The probability functions are summarized as follows:

In the simulation, we perform a randomly replacement sampling for a row from the 
whole design as the input setting. Each simulation run terminates when the visi-
tor either completes a conversion or leaves the system, and 5000 simulation runs 
in total were preformed. Table 4 shows the simulated conversion rates for the three 
conversion funnels and the leave rate (LR) on the landing page when the design is 
constructed by method I.

3.2 � Analysis Results for Case 2

When the Design is Constructed by Method I  The fitted models on the conversion 
rates for the funnels CF1 , CF2 , and CF3 are:

The fitted total conversion rate is

t01 = 0.65 − 0.1A, t02 = 0.52 + 0.21B, t12 = 0.45 + 0.3A − 0.08AD,

c01 = 0.48 − 0.2B + 0.12C + 0.13BD, c02 = 0.4 + 0.2E + 0.17AE,

c12 = 0.47 + 0.29D − 0.1G + 0.02AD + 0.01CG.

ŷCF1 = 0.064 + 0.027A + 0.007B − 0.015C + 0.04D − 0.013G + 0.004AB

− 0.005AC + 0.013AD − 0.006AG − 0.004AH − 0.001BD

− 0.008CD + 0.004CG + 0.003CH − 0.001DG,

ŷCF2 = 0.323 − 0.052A − 0.134B + 0.073C − 0.001D + 0.026AB + 0.067BD,

ŷCF3 = 0.089 + 0.032A.
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We fit a linear regression model on the leave rate on the landing page. The fitted yLR 
is:

Based on the fitted ŷLR , we set A to the +1 level in order to minimize the leave rate 
on the landing page. Therefore, the optimal settings to maximize the total conver-
sion rate are:

A B C D E F G H

+1 −1 −1 −1 * * −1 −1

Here the ∗ in the table means that the factors E and F can take either +1 or −1 
levels.

When the Design is Constructed by Method II  The simulated conversion rates for 
the three conversion funnels and the leave rate on the landing page are available in 
Table 2. The fitted models on the conversion rates for the funnels CF1 , CF2 , and CF3 
are:

The fitted total conversion rate is

The fitted linear regression model on the leave rate on the landing page, yLR , is:

ŷCF = ŷCF1 + ŷCF2 + ŷCF3 = 0.477 + 0.006A − 0.126B + 0.059C + 0.039D − 0.013G

+ 0.03AB − 0.005AC + 0.013AD − 0.006AG − 0.004AH + 0.066BD − 0.008CD

+ 0.004CG + 0.003CH − 0.001DG.

ŷLR = 0.136 − 0.019A.

ŷCF1 = 0.067 + 0.031A + 0.016B − 0.018C + 0.04D − 0.012G + 0.008AB

− 0.009AC + 0.014AD − 0.004AG − 0.004BG

+ −0.01CD + 0.001CG + 0.001GH,

ŷCF2 = 0.309 − 0.037A − 0.127B + 0.074C + 0.019AB − 0.005AC + 0.063BD,

ŷCF3 = 0.083 + 0.019A.

ŷCF = 0.459 + 0.013A − 0.111B + 0.056C + 0.04D − 0.012G + 0.026AB

− 0.014AC + 0.014AD − 0.004AG + 0.063BD − 0.004BG

− 0.01CD + 0.001CG + 0.001GH.

ŷLR = 0.149 − 0.029A.
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Based on the fitted ŷLR , we set A to the +1 level in order to minimize the leave rate 
on the landing page. Therefore, the optimal settings to maximize the total conver-
sion rate are:

A B C D E F G H

+1 −1 −1 +1 * * −1 −1

Here the ∗ in the table means that the factors E and F can take either +1 or −1 
levels.

When the Design is Constructed by the SW Method  Recall that the SW method 
uses the 32-run fractional factorial design 28−3

IV
 with design generators as F = ABC , 

G = ABD , and H = BCDE . The simulated conversion rates for the three conversion 
funnels and the leave rate on the landing page are listed in “Appendix 2.” The fitted 
models on the conversion rates for the funnels CF1 , CF2 , and CF3 are:

It is interesting to observe that the fitted model ŷCF3 does not contain any significant 
factor. One possible explanation can be due to the use of Lasso with the heredity 
principle. The fitted total conversion rate is

The fitted linear regression model on the leave rate on the landing page, yLR , is:

Based on the fitted ŷLR , we set A to the +1 level in order to minimize the leave rate 
on the landing page. Therefore, the optimal settings to maximize the total conver-
sion rate are:

ŷCF1 = 0.067 + 0.028A + 0.015B − 0.016C + 0.041D − 0.009G − 0.002H

+ 0.001AB − 0.005AC + 0.013AD − 0.01AG − 0.001BC − 0.004BG

− 0.003BH − 0.005CD + 0.001CG + 0.002CH + 0.003GH,

ŷCF2 = 0.301 − 0.045A − 0.129B + 0.08C + 0.003D + 0.018AB − 0.017AC

+ 0.004AD − 0.002BC + 0.078BD + 0.01CD,

ŷCF3 = 0.082.

ŷCF = 0.45 − 0.017A − 0.114B + 0.064C + 0.044D − 0.009G

− 0.002H + 0.019AB − 0.022AC + 0.017AD + −0.01AG − 0.004BC

+ 0.078BD − 0.004BG − 0.003BH + 0.005CD

+ 0.001CG + 0.002CH + 0.003GH.

ŷLR = 0.155 − 0.032A.
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A B C D E F G H

+1 −1 −1 −1 * * −1 −1

Here the ∗ in the table means that the factors E and F can take either +1 or −1 
levels.

It is seen that the method I and the SW method obtain the same optimal settings 
to maximize the total conversion rate, but the method II obtains a slightly different 
optimal settings in terms of the factor D. Our proposed methods take into account 
of the structures in the funnel system, while the SW method mainly focuses all fac-
tors in the funnel system. Specifically, the proposed methods I and II consider the 
potential interaction terms given the structure of the funnel system, while the SW 
method considers all possible interaction terms, even those that are not meaningful 
in the context of the funnel system. In the above analyses, the proposed methods 
can exclude the interaction terms, CE, DE, GE, HF, CF, DF, GF, and HF, which 
are unlikely to present in case 2. It is also worth to pointing out that our proposed 
methods adopt the lasso regression with the heredity principle to obtain sparse and 
interpretable models, while the SW method in Su and Wu [19] just considered to use 
the conventional regression for analysis.

In the following example (case 3) in Sect. 4, we further illustrate the importance 
of taking structures of the funnel system into consideration when constructing the 
design for the funnel system.

4 � Example with Different Number of Factors at Webpages

This case 3, different from the case 2, has different numbers of factors at different 
webpages. Figure 4 shows the represented conversion system for case 3, where page 
1 has three factors C, D, and F; the landing page and the page 2’ have two factors; 
and the page 2 has only one factor, E. This funnel system contains three conversion 
funnels as CF1 = {A,B,C,D,F,G,H} , CF2 = {A,B,C,D,F} , and CF3 = {A,B,E} 
with |CF1| > |CF2| > |CF3| . The other settings of case 3 are the same as case 2.

Suppose that the design size is limited to 32. Based on the method I, we start with 
the longest funnel CF1 and choose the fractional factorial design 27−2

IV
 for D1 with the 

design generator G = ABCD and H = ABDE . Since CF2 ⊆ CF1 , we will expand the 
design by constructing D3 for CF3 where the factor E is not contained in D1 . For con-
structing the design D3 for D3 , we can use 27−2

IV
 as D† . By the partial-expanding pro-

cedure, we construct a repeated 23 factorial design of size 16 and reverse the signs in 
D∗ to construct D∗∗ by the fold-over augmentation procedure.

Table  3 shows the resulting whole design D for case 3 when the design is con-
structed by method I. The D1 is the 27−2

IV
 with the design generator G = ABCD and 

H = ABDE . The D2 is a repeated factorial design 23 of size 16 with factors A, B, E. 
The D3 is the 32-run fold-over design where the factor E is not aliased with the factors 
C, D, and F.



1 3

Journal of Statistical Theory and Practice            (2020) 14:3 	 Page 15 of 40      3 

Note that when using the SW method for case 3, because the total number of fac-
tors in case 3 is the same as that in case 2, it will be the same 32-run fractional facto-
rial design 28−3

IV
 with the design generators F = ABC , G = ABD , H = BCDG.

There are seven main effects and 21 two-factor interactions in 
CF1 = {A,B,C,D,F,G,H} . Because CF2 ⊆ CF1 , its main effects and two-factor 
interactions are included in those for CF1 . For CF3 = {A,B,E} , there are three main 
effects and three two-factor interactions, but the interaction term AB is overlapped with 
those in CF1 . By taking the main effects and two-factor interactions from all individual 
funnels, there are eight main effects and 23 two-factor interactions. Table 4 shows the 
D-optimal design based on the model accounting for these 31 terms using the package 
AlgDesign in R software. The D-efficiency of such a constructed design is 84.5%.

4.1 � Analysis Results for Case 3

When the Design is Constructed by Method I  The fitted models on the conversion 
rates for the funnels CF1 , CF2 , and CF3 are:

ŷCF1 = 0.061 + 0.026A + 0.005B − 0.013C + 0.041D − 0.014G + 0.004AB

+ 0.01AD − 0.007AG − 0.007AH + 0.002BF − 0.013CD − 0.005DG,

ŷCF2 = 0.315 − 0.033A − 0.128B + 0.073C + 0.003D

+ 0.001F − 0.008AC + 0.072BD,

ŷCF3 = 0.081 + 0.02A.

Fig. 4   A third example of the funnel testing experiment with three funnels. The CF
1
 is the conversion 

funnel from the landing page to page 2’ via page 1. The CF
2
 is the conversion funnel from the landing 

page to page 1 directly. The CF
3
 is the conversion funnel from the landing page to page 2 directly. Each 

webpage has different numbers of factors: A and B on the landing page, C, D, and F on page 1, E on page 
2, and G and H on page 2’. Arrows indicate possible visitor’s decisions on that webpage
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The fitted total conversion rate is

The fitted linear regression model on the leave rate on the landing page, yLR , is:

ŷCF = 0.456 + 0.013A − 0.124B + 0.06C + 0.043D + 0.001F − 0.014G

+ 0.004AB − 0.008AC + 0.01AD − 0.007AG + 0.006AH

+ 0.072BD + 0.002BF − 0.013CD − 0.005DG.

Table 3   The 32-run proposed whole design constructed by method I for case 3, and the corresponding 
simulation data on the leave rate (LR) on the landing page and conversion rates for funnels CF

1
 , CF

2
 and 

CF
3

A B C D F G H E y
LR

y
CF1

y
CF2

y
CF3

1 − 1 − 1 − 1 − 1 − 1 1 1 − 1 0.1852 0.0000 0.4815 0.0494
2 1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 0.1497 0.0299 0.4072 0.0240
3 − 1 1 − 1 − 1 − 1 − 1 − 1 − 1 0.2109 0.0000 0.0272 0.0136
4 1 1 − 1 − 1 − 1 1 1 − 1 0.0994 0.0292 0.0117 0.2515
5 − 1 − 1 1 − 1 − 1 − 1 1 1 0.2256 0.0000 0.6585 0.0183
6 1 − 1 1 − 1 − 1 1 − 1 1 0.1250 0.0000 0.4940 0.2976
7 − 1 1 1 − 1 − 1 1 − 1 1 0.2014 0.0000 0.2361 0.0486
8 1 1 1 − 1 − 1 − 1 1 1 0.1242 0.0807 0.1180 0.0124
9 − 1 − 1 − 1 1 − 1 − 1 − 1 − 1 0.1871 0.1345 0.2515 0.0175
10 1 − 1 − 1 1 − 1 1 1 − 1 0.1310 0.1517 0.2552 0.2621
11 − 1 1 − 1 1 − 1 1 1 − 1 0.1642 0.0672 0.2537 0.0373
12 1 1 − 1 1 − 1 − 1 − 1 − 1 0.1156 0.2245 0.1361 0.0136
13 − 1 − 1 1 1 − 1 1 − 1 1 0.2115 0.0321 0.4679 0.0256
14 1 − 1 1 1 − 1 − 1 1 1 0.1341 0.1285 0.3799 0.0000
15 − 1 1 1 1 − 1 − 1 1 1 0.1824 0.0189 0.4277 0.0189
16 1 1 1 1 − 1 1 − 1 1 0.0921 0.0855 0.3289 0.2368
17 − 1 − 1 − 1 − 1 1 1 − 1 1 0.2245 0.0000 0.4558 0.0408
18 1 − 1 − 1 − 1 1 − 1 1 1 0.1585 0.0488 0.4573 0.0000
19 − 1 1 − 1 − 1 1 − 1 1 1 0.1687 0.0060 0.0181 0.0120
20 1 1 − 1 − 1 1 1 − 1 1 0.1167 0.0250 0.0167 0.2500
21 − 1 − 1 1 − 1 1 − 1 − 1 − 1 0.1963 0.0000 0.6933 0.0245
22 1 − 1 1 − 1 1 1 1 − 1 0.1410 0.0064 0.5897 0.1859
23 − 1 1 1 − 1 1 1 1 − 1 0.2092 0.0065 0.1830 0.0523
24 1 1 1 − 1 1 − 1 − 1 − 1 0.1448 0.0414 0.1448 0.0069
25 − 1 − 1 − 1 1 1 − 1 1 1 0.1603 0.0641 0.3526 0.0385
26 1 − 1 − 1 1 1 1 − 1 1 0.1329 0.1049 0.2587 0.2657
27 − 1 1 − 1 1 1 1 − 1 1 0.1667 0.0774 0.2381 0.0238
28 1 1 − 1 1 1 − 1 1 1 0.1341 0.2744 0.1524 0.0122
29 − 1 − 1 1 1 1 1 1 − 1 0.2000 0.0129 0.5032 0.0323
30 1 − 1 1 1 1 − 1 − 1 − 1 0.1267 0.1267 0.3533 0.0067
31 − 1 1 1 1 1 − 1 − 1 − 1 0.1013 0.0823 0.4114 0.0316
32 1 1 1 1 1 1 1 − 1 0.1030 0.0909 0.3091 0.2727
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Based on the fitted ŷLR , we set A to the +1 level in order to minimize the leave rate 
on the landing page. Therefore, the optimal settings to maximize the total conver-
sion rate are:

ŷLR = 0.157 − 0.03A.

Table 4   The 32-run proposed whole design constructed by method II for case 3, and the corresponding 
simulation data on the leave rate (LR) on the landing page and conversion rates for funnels CF

1
 , CF

2
 and 

CF
3

A B C D E F G H y
LR

y
CF1

y
CF2

y
CF3

1 − 1 1 1 − 1 − 1 − 1 − 1 − 1 0.1209 0.0055 0.2143 0.0220
2 − 1 − 1 − 1 1 − 1 − 1 − 1 − 1 0.1450 0.0763 0.3817 0.0229
3 1 1 − 1 1 − 1 − 1 − 1 − 1 0.1226 0.2516 0.1161 0.0129
4 1 − 1 − 1 − 1 1 − 1 − 1 − 1 0.1375 0.0438 0.4250 0.0188
5 1 1 1 1 − 1 1 − 1 − 1 0.1471 0.1294 0.3059 0.0000
6 − 1 1 − 1 − 1 1 1 − 1 − 1 0.1778 0.0111 0.0278 0.0222
7 1 − 1 1 − 1 1 1 − 1 − 1 0.1312 0.0062 0.4688 0.0250
8 − 1 − 1 1 1 1 1 − 1 − 1 0.1847 0.0382 0.4968 0.0191
9 1 − 1 1 − 1 − 1 − 1 1 − 1 0.1029 0.0000 0.5294 0.2721
10 − 1 1 − 1 − 1 1 − 1 1 − 1 0.1633 0.0000 0.0204 0.0340
11 − 1 − 1 1 1 1 − 1 1 − 1 0.2027 0.0203 0.5000 0.0270
12 1 1 1 1 1 − 1 1 − 1 0.1090 0.0962 0.3205 0.2949
13 − 1 − 1 − 1 − 1 − 1 1 1 − 1 0.1852 0.0000 0.5494 0.0370
14 1 1 − 1 − 1 − 1 1 1 − 1 0.1314 0.0292 0.0146 0.2336
15 1 − 1 − 1 1 − 1 1 1 − 1 0.0800 0.1667 0.2467 0.2733
16 − 1 1 − 1 1 − 1 1 1 − 1 0.1644 0.0890 0.2397 0.0548
17 − 1 1 1 − 1 1 1 1 − 1 0.2147 0.0061 0.2086 0.0798
18 − 1 1 − 1 − 1 − 1 − 1 − 1 1 0.1987 0.0256 0.0321 0.0321
19 − 1 − 1 1 − 1 1 − 1 − 1 1 0.1728 0.0000 0.6728 0.0247
20 1 1 1 − 1 1 − 1 − 1 1 0.1049 0.0629 0.1119 0.0000
21 1 − 1 1 1 1 − 1 − 1 1 0.0929 0.0643 0.3571 0.0000
22 − 1 1 1 1 1 − 1 − 1 1 0.1707 0.0549 0.4268 0.0244
23 1 − 1 − 1 − 1 − 1 1 − 1 1 0.0964 0.0602 0.4036 0.0120
24 − 1 1 1 − 1 − 1 1 − 1 1 0.1761 0.0189 0.2201 0.0314
25 − 1 − 1 − 1 1 1 1 − 1 1 0.1613 0.0839 0.3161 0.0516
26 1 1 − 1 1 1 1 − 1 1 0.0867 0.1965 0.1329 0.0058
27 − 1 1 1 − 1 − 1 − 1 1 1 0.1657 0.0171 0.2057 0.0286
28 1 − 1 − 1 1 1 − 1 1 1 0.1022 0.1679 0.2482 0.2117
29 − 1 − 1 1 1 − 1 1 1 1 0.1796 0.0120 0.4311 0.0539
30 1 1 1 1 − 1 1 1 1 0.1180 0.1429 0.2733 0.2174
31 − 1 1 − 1 − 1 1 1 1 1 0.1860 0.0116 0.0523 0.0291
32 1 − 1 1 − 1 1 1 1 1 0.0923 0.0000 0.5308 0.2923
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A B C D E F G H

+1 −1 +1 −1 * −1 −1 +1

Here the ∗ in the table means that the factor E can take either +1 or −1 levels.

When the Design is Constructed by Method II  The fitted models on the conversion 
rates for the funnels CF1 , CF2 , and CF3 are:

The estimated total conversion rate is

The fitted linear regression model on the leave rate on the landing page, yLR , is:

Based on the fitted ŷLR , we set A to the +1 level in order to minimize the leave rate 
on the landing page. Therefore, the optimal settings to maximize the total conver-
sion rate are: 

A B C D E F G H

+1 −1 +1 −1 * * −1 *

Here the ∗ in the table means that the factors E, F, and H can take either +1 or −1 
levels.

When the Design is Constructed by the SW Method  Using the SW method, the 
design for case 3 is the same as that for case 2. Thus, the results will be very simi-
lar under the same simulation scheme. However, it is difficult to justify the use of 
the SW method here since it is expected to have different designs for different fun-
nel system. The structure of the funnel system should play an important role in 
the construction of designs for the funnel system. Our proposed methods adapt to 

ŷCF1 = 0.059 + 0.024A + 0.008B + −0.015C + 0.037D − 0.002G + 0.001AB

− 0.004AC + 0.011AD − 0.01CD,

ŷCF2 = 0.296 − 0.048A − 0.14B + 0.069C + 0.007D − 0.004F + 0.009AB

− 0.005AC − 0.001AD + 0.012BC + 0.083BD

+ 0.002BF + 0.002CD − 0.005CF,

ŷCF3 = 0.077.

ŷCF = 0.432 − 0.024A − 0.132B + 0.054C + 0.045D − 0.004F − 0.002G

+ 0.009AB + 0.01AD + 0.012BC + 0.083BD + 0.002BF − 0.008CD − 0.005CF.

ŷLR = 0.143 − 0.032A.
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the structure changes in the funnel systems in cases 2 and 3 and generate different 
designs. Note that the obtained optimal settings from method I in cases 2 and 3 are 
different in terms of the factors C, F, and H.

5 � Simulation Study for a Complex Funnel System

In the online shopping process, besides the macro-conversion, i.e., product pur-
chases, there are other minor-conversions, such as email subscriptions and cus-
tomer feedback. Therefore, multiple funnels commonly occur in the conversion sys-
tem. The number of webpages in each funnel is usually small or moderate. This is 
because on each webpage, visitors could leave the system. The more webpages in a 
funnel visitors go through, the more chances for visitors to leave the system.

Fig. 5   The simulation study of the funnel testing experiment with five funnels: CF
1
 , CF

2
 , CF

3
 , CF

4
 , and CF

5
 . 

The CF
1
 is the conversion funnel from the landing page to page 8 via pages 6 and 7. The CF

2
 is the conver-

sion funnel from the landing page to page 5 via pages 3 and 4. The CF
3
 is the conversion funnel from the 

landing page to page 2 via page 1. The CF
4
 and CF

5
 are the conversion funnels from the landing page to page 

2 and page 1, respectively. Each page has two factors denoted by capital alphabet letters
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Figure  5 represents the structure of the conversion funnels in the 
complex funnel system in the simulation study. There are five conver-
sion funnels CF1 = {A,B,M,N,O,P,Q,R} , CF2 = {A,B,G,H, I, J,K, L} , 
CF3 = {A,B,C,D,E,F} , CF4 = {A,B,E,F} , and CF5 = {A,B,C,D} . The CF1 is 
the conversion funnel from the landing page to page 8 via pages 6 and 7. The 
CF2 is the conversion funnel from the landing page to page 5 via pages 3 and 
4. The CF3 is the conversion funnel from the landing page to page 2 via page 1. 
The CF4 and CF5 are the conversion funnels from the landing page to page 2 and 
page 1, respectively. Each page has two factors. Arrows indicate the possible 
visitor’s decisions on that webpage.

This simulation case contains specific scenarios where a page could vary 
depending on the linking source page. Page 2 is in both funnels CF3 and CF4 . We 
assume that page 2 does not change regardless of the previous webpage the visi-
tor has visited before coming to page 2. This is not the case for page 3. Page 3 
has two variants, and we denote page 7 as the other variant if visitors come from 
page 6 instead of the landing page.

Example 5: Method I for the Simulation Case  Using the proposed method I, we start 
with the longest funnel CF1 and choose D1 to be a 64-run fractional factorial design 
28−2
V

 with the design generator Q = ABMN and R = ABOP . Since |CF2| = |CF1| , we 
follow Step 1 to stack the copy of the design D1 on top of D1 and use the com-
bined design as the new D1 , which is a 128-run design. In Step 2, we use D1 as 
D† as demonstrated in Fig. 2. Based on the partial-expanding procedure, we reject 
the use of the factorial design 28 for D2 due to the large run size. Because of 
CF2 ∩ CF1 = {A,B} and CF2 ⧵ CF1 = {G,H, I, J,K, L} , we propose a fractional fac-
torial design 28−2

V
 with the design generators K = ABGH and L = ABIJ . According 

to the fold-over augmentation procedure, we reverse the signs of all columns in D∗ 
to construct D∗∗ . The resulting design with columns A, B, G, H, I, J, K, and L is the 
constructed D2.

In Step 3, we use D2 as D† . Because of CF3 ∩ CF2 = {A,B} and 
CF3 ⧵ CF2 = {C,D,E,F} , we propose a 32-run fractional factorial design 26−1

VI
 with 

the design generator F = ABCDE . Based on the fold-over augmentation procedure, 
to construct D∗∗ we reverse the signs of all columns in D∗ . The size of the combined 
design of D∗ and D∗∗ is 64, smaller than the size of D1 . Thus we make a copy of 
the combined design of D∗ and D∗∗ to allow the resulting design with a run size of 
128. Lastly, since CF4 ⊆ CF3 and CF5 ⊆ CF3 , there is no need to further expand the 
design.

The whole resulting design with a run size of 128 is reported in “Appendix 3.” 
The D1 is the 64-run fractional factorial design 28−2

V
 with the design generator 

Q = ABMN and R = ABOP . The D2 is the 128-run design with columns A, B, G, H, 
I, J, K, and L. The D3 is the 32-run fractional factorial design 26−1

VI
 with the design 

generator F = ABCDE . Both D4 and D5 are 24 factorial designs.
Note that when using the SW method for the simulation study, 

one would consider a minimum aberration fractional factorial design 
218−11
IV

 with a run size of 128. The design generators of this design are 
H = ABCD, I = ABCE, J = ABDF,K = ACEF, L = ADEF,M = ACDG,N = ABEG,
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O = ADEG,P = ABFG,Q = ACFG,R = BCDEFG . There are many two-factor 
interactions are aliased.

Example 6: Method II for the Simulation Case  Based on the funnel-driven D-opti-
mal design method, we can identify the main effects and two-factor interactions 
for each funnel. For CF1 = {A,B,M,N,O,P,Q,R} , CF2 = {A,B,G,H, I, J,K, L} , 
CF3 = {A,B,C,D,E,F} , there are certain overlapped main effects and two-fac-
tor interactions. Since both CF4 and CF5 ⊆ CF3 , their main effects and two-factor 
interactions are included in those from CF3 . Considering all five funnels, the total 
number of main and two-factor interaction terms of interest is 87. Note that some 
interaction terms such as EG and EI are impossible to occur. This is because under 
the structures of funnels it is impossible for visitors to visit page 2 and page 4 dur-
ing their actions. The obtained D-optimal design has a D-efficiency of 88.9% and is 
reported in “Appendix 3.”

5.1 � Simulation on Visitors’ Actions

To simulate visitors’ actions for obtaining the conversion rates for the five fun-
nels and the leave rate on the landing page, we consider the scenario as follows. 
On the landing page, the visitor first decides to go to page 1 with the probability 
t01 . If the visitor does not go to page 1, then he/she decides to go to page 2 with 
the conditional probability t02 . If the visitor does not go to page 2, then he/she 
decides to go to page 3 with the conditional probability t03 . If the visitor does 
not go to page 3, then he/she decides to go to page 6 with the conditional prob-
ability t06 . If the visitor does not go to page 6, then he/she leaves.

Suppose that the visitor is on page 1 from the landing page, he/she first 
decides to complete a conversion with the probability c01 . If the visitor does not 
complete a conversion on page 1, then he/she decides to go to page 2 with the 
conditional probability t12 . If the visitor does not go to page 2 from page 1, then 
he/she leaves. If the visitor goes to page 2 from page 1, he/she decides to com-
plete a conversion with the probability c12 . If the visitor does not complete a 
conversion on page 2, then he/she leaves.

Suppose that the visitor is on page 2 from the landing page, he/she decides to 
complete a conversion with the probability c02 . If the visitor does not complete a 
conversion on page 2, then he/she leaves.

Suppose that the visitor is on page 3 from the landing page, he/she first 
decides to go to page 4 with conditional probability t34 . If the visitor does not go 
to page 4 from page 3, then he/she leaves. If the visitor goes to page 4 from page 
3, he/she decides to go to page 5 with the probability t45 . If the visitor does not 
go to page 5, then he/she leaves. If the visitor goes to page 5 from page 4, he/she 
first decides to complete a conversion with the probability c45 . If the visitor does 
not complete a conversion on page 5, then he/she leaves.

Suppose that the visitor is on page 6 from the landing page, he/she first decides 
to go to page 7 with the conditional probability t67 . If the visitor does not go to page 
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7 from page 6, then he/she leaves. Suppose that the visitor is on page 7 from page 6, 
he/she first decides to go to page 8 with the conditional probability t78 . If the visitor 
does not go to page 8 from page 6, then he/she leaves. If the visitor goes to page 8 
from page 7, he/she first decides to complete a conversion with the probability c78 . If 
the visitor does not complete a conversion on page 8, then he/she leaves.

The probability functions are summarized as follows:

5.2 � Analysis Results in Simulation

When the Design is Constructed by Method I  The simulated conversion rates for 
the three conversion funnels and the leave rate on the landing page are available in 
“Appendix 3.” The fitted models on the conversion rates for the funnels CF1 , CF2 , 
CF3 , CF4 , and CF5 are:

The fitted total conversion rate is

We built a linear regression model on the leave rate yLR on the landing page with the 
factors A and B. The estimated model for yLR is:

t01 = 0.25 − 0.1A, t02 = 0.27 + 0.11B + 0.05AB,

t03 = 0.53 − 0.05B, t06 = 0.7 − 0.05A + 0.15AB,

c01 = 0.48 + 0.2C + 0.05A, t12 = 0.55 + 0.25D,

c12 = 0.55 + 0.1E + 0.25EC, c02 = 0.55 + 0.25F + 0.1A,

c45 = 0.65 + 0.15L + 0.1KJ, t34 = 0.55 + 0.25G,

t45 = 0.55 + 0.25I, t67 = 0.55 + 0.25M,

t78 = 0.55 + 0.25O, c78 = 0.65 + 0.15Q + 0.1OP.

ŷCF1 = 0.113 − 0.025A + 0.042C − 0.01AC,

ŷCF2 = 0.039 − 0.007A,

ŷCF3 = 0.181 + 0.05A + 0.045B + 0.075F + 0.03AB + 0.005AF

− 0.002BE + 0.019BF + 0.005CF,

ŷCF4 = 0.047 + 0.006A − 0.012B + 0.019G + 0.002H + 0.018I − 0.001J

+ 0.001K + 0.009L − 0.002AB + 0.002AI − 0.002AJ − 0.004BG

− 0.003BI − 0.001BL + 0.001GH + 0.004GI + 0.004GL

+ 0.001HI + 0.001HJ + 0.004JK + 0.001KL,

ŷCF5 = 0.024 + 0.003A + 0.01M + 0.011O + 0.002P + 0.004Q + 0.002AB

+ 0.001AM + 0.006MO + 0.002OP + 0.001OQ + 0.001PR.

ŷCF = 0.406 + 0.027A + 0.033B + 0.042C + 0.029AB − 0.01AC + 0.075F

+ 0.005AF − 0.002BE + 0.019BF + 0.005CF + 0.019G + 0.002H

+ 0.018I − 0.001J + 0.001K + 0.009L + 0.002AI − 0.002AJ

− 0.004BG − 0.003BI − 0.001BL + 0.001GH + 0.004GI + 0.004GL

+ 0.001HI + 0.001HJ + 0.004JK + 0.001KL + 0.01M + 0.011O + 0.002P

+ 0.004Q + 0.001AM + 0.006MO + 0.002OP + 0.001OQ + 0.001PR.
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Based on the fitted ŷLR , we set both A and B to the −1 level in order to minimize the 
leave rate on the landing page. Therefore, the optimal settings to maximize the fitted 
total conversion rate are: 

A B C D E F G H I J K L M N O P Q R

−1 −1 +1 * +1 +1 +1 +1 +1 +1 +1 +1 +1 * +1 +1 +1 +1

Here the ∗ in the table means that the factor D and N can take either +1 or −1 
levels.

When the Design is Constructed by Method II  The simulated conversion rates for 
the three conversion funnels and the leave rate on the landing page are available in 
“Appendix 3.” The fitted models on the conversion rates for the funnels CF1 , CF2 , 
CF3 , CF4 , and CF5 are:

The fitted total conversion rate is

The fitted linear regression model on the leave rate yLR on the landing page is:

Based on the fitted ŷLR , we set both A and B to the −1 level in order to minimize the 
leave rate on the landing page. Therefore, the optimal settings to maximize the fitted 
total conversion rate is: 

A B C D E F G H I J K L M N O P Q R

−1 −1 +1 * +1 +1 +1 −1 +1 −1 −1 +1 +1 * +1 * +1 *

ŷLR = 0.064 + 0.022A − 0.011B − 0.036AB.

ŷCF1 = 0.117 − 0.029A + 0.043C − 0.014AC,

ŷCF2 = 0.037 − 0.007A,

ŷCF3 = 0.186 + 0.057A + 0.055B + 0.003C + 0.082F + 0.033AB − 0.001AC

− 0.002AE + 0.014AF + 0.022BF + 0.001CF,

ŷCF4 = 0.043 + 0.002A − 0.006B + 0.016G + 0.02I − 0.001J + 0.009L + 0.001AJ

+ 0.006GI + 0.001GL − 0.002HI + 0.003IL + 0.001JK,

ŷCF5 = 0.025 + 0.006M + 0.01O + 0.004Q − 0.001BQ + 0.003MO.

ŷCF = 0.408 + 0.022A + 0.049B + 0.046C + 0.033AB − 0.015AC + 0.082F

− 0.002AE + 0.014AF + 0.022BF + 0.001CF + 0.016G + 0.02I − 0.001J

+ 0.009L + 0.001AJ + 0.006GI + 0.001GL − 0.002HI + 0.003IL

+ 0.001JK + 0.006M + 0.01O + 0.004Q − 0.001BQ + 0.003MO.

ŷLR = 0.062 + 0.021A − 0.016B − 0.035AB.
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Here the ∗ in the table means that the factor D, N, P, and R can take either +1 or 
−1 levels.

When the Design is Constructed by the SW Method  Since the SW method considers  
the fractional factorial design based on all factors, one can construct a 128-run 218−11

IV
  

design with the design generator H = ABCD, I = ABCE, J = ABDF,K = ACEF,

L = ADEF,M = ACDG,N = ABEG,O = ADEG,P = ABFG,Q = ACFG , and 
R = BCDEFG . Clearly, such design would lead to complex aliasing relations among 
two-factor interactions. The simulated conversion rates for the three conversion fun-
nels and the leave rate on the landing page can be generated accordingly. The fitted 
models on the conversion rates for the funnels CF1 , CF2 , CF3 , CF4 , and CF5 are:

The fitted total conversion rate is

The fitted linear regression model on the leave rate yLR on the landing page is:

Based on the fitted ŷLR , we set both A and B to the −1 level in order to minimize the 
leave rate on the landing page. Therefore, the optimal settings to maximize the fitted 
total conversion rate is: 

A B C D E F G H I J K L M N O P Q R

−1 −1 +1 * * +1 +1 +1 +1 +1 +1 +1 +1 * +1 +1 +1 *

Here the ∗ in the table means that the factor D, E, N, and R can take either +1 or 
−1 levels.

ŷCF1 = 0.116 − 0.032A + 0.045C − 0.011AC,

ŷCF2 = 0.039,

ŷCF3 = 0.187 + 0.051A + 0.048B + 0.078F + 0.033AB + 0.003AF + 0.009BF,

ŷCF4 = 0.044 + 0.002A − 0.01B + 0.015G + 0.021I + 0.002J + 0.002L − 0.002AB

− 0.001AH + 0.002AI − 0.002BG + 0.001BH

− 0.009BI + 0.007GI + 0.001JK,

ŷCF5 = 0.024 + 0.007M + 0.009O + 0.003Q + 0.003MO + 0.003MQ

+ 0.003OP + 0.001OQ.

ŷCF = 0.409 + 0.021A + 0.038B + 0.045C + 0.031AB − 0.011AC + 0.078F

+ 0.003AF + 0.009BF + 0.015G + 0.021I + 0.002J + 0.002L − 0.001AH

+ 0.002AI − 0.002BG + 0.001BH − 0.009BI + 0.007GI + 0.001JK + 0.007M

+ 0.009O + 0.003Q + 0.003MO + 0.003MQ + 0.003OP + 0.001OQ.

ŷLR = 0.06 + 0.016A − 0.007B − 0.037AB.
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The method I and the SW method obtain the same optimal settings to maxi-
mize the total conversion rate except the factors E and R. The method II and the 
SW method obtain the same optimal settings to maximize the total conversion rate 
except the factors E, H, J, K, and P.

6 � Discussion

In this work, we propose two new methods to construct designs for the webpage fun-
nel testing experiments. The proposed methods consider the structures of individual 
funnels in the funnel system and are applicable to the funnel testing experiments 
with a large number of factors and complex structures of funnels. For the analysis of 
funnel testing experiments, we consider the penalized regression with the heredity 
principle to obtain parsimonious and interpretable models for each funnel.

Note that this work mainly considers designs with two-level factors. The pro-
posed methods can be extended to the three-level factorial designs or mixed two-
level and three-level factorial designs. For method I, we can use three-level (frac-
tional) factorial designs in Step 1 and in the partial-expanding procedure in Step 
2. The fold-over augmentation procedure might not be straightforward to imple-
ment under the three-level (fractional) factorial design. An alternative possibility 
is to consider a three-level D-optimal augmentation design [3]. For the mixed-
level case, the fold-over augmentation procedure can be even more complex. One 
possible strategy is replacing three-level factor by two two-level factors [1, 15]. 
For method II, because of using D-optimal design, we can construct a three-level 
or mixed-level D-optimal design directly.

Currently, we index the funnels based on the number of factors in the funnel. It 
will be an interesting topic in the future to incorporate the number of webpages of 
the funnel into the design construction procedure. We also would like to point out 
that the proposed design strategy can be extended to accommodate other design 
types, for example designs with proportion factors [8, 17, 18], Latin hypercube 
designs [7, 13, 16], and designs with both qualitative and quantitative factors [6] 
in the funnel testing experiments. Lastly, Li and Lin [12] studied the optimality 
of fold-over designs in terms of the aberration criterion for two-level fractional 
factorial designs. One possible future study is to investigate the optimal fold-over 
plan in the fold-over augmentation procedure.
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their insightful comments. We also would like to acknowledge the support from National Science of 
Foundation of China (NSFC-71531004, NSFC-71822103).
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Appendix 1: The Constructed Design for Case 1 in Sect. 2.3

See Table 5.

Appendix 2: The Constructed Design and the Corresponding 
Simulation Data for Case 2 in Sect. 3.2

See Table 6.

Table 5   The 32-run D-optimal 
design constructed by method II 
for case 1

A B C D E F

1 − 1 − 1 − 1 − 1 − 1 − 1
2 1 1 − 1 − 1 − 1 − 1
3 1 − 1 1 − 1 − 1 − 1
4 − 1 1 1 − 1 − 1 − 1
5 1 − 1 − 1 1 − 1 − 1
6 − 1 1 − 1 1 − 1 − 1
7 − 1 − 1 1 1 − 1 − 1
8 1 1 1 1 − 1 − 1
9 − 1 − 1 − 1 − 1 1 − 1
10 1 1 − 1 − 1 1 − 1
11 1 − 1 1 − 1 1 − 1
12 − 1 1 1 − 1 1 − 1
13 1 − 1 − 1 1 1 − 1
14 − 1 1 − 1 1 1 − 1
15 − 1 − 1 1 1 1 − 1
16 1 1 1 1 1 − 1
17 1 − 1 − 1 − 1 − 1 1
18 − 1 1 − 1 − 1 − 1 1
19 − 1 − 1 1 − 1 − 1 1
20 1 1 1 − 1 − 1 1
21 − 1 − 1 − 1 1 − 1 1
22 1 1 − 1 1 − 1 1
23 1 − 1 1 1 − 1 1
24 − 1 1 1 1 − 1 1
25 1 − 1 − 1 − 1 1 1
26 − 1 1 − 1 − 1 1 1
27 − 1 − 1 1 − 1 1 1
28 1 1 1 − 1 1 1
29 − 1 − 1 − 1 1 1 1
30 1 1 − 1 1 1 1
31 1 − 1 1 1 1 1
32 − 1 1 1 1 1 1
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Appendix 3: The Constructed Designs and the Corresponding 
Simulation Data for Examples in Sect. 5

The list below include two tables: Table 7 is for method I. Table 8 is for method II.

Table 6   The 32-run whole design constructed by the SW method for case 2, and the corresponding simu-
lation data on the leave rate (LR) on the landing page and conversion rates for funnels CF

1
 , CF

2
 and CF

3

A B C D G H E F y
LR

y
CF1

y
CF2

y
CF3

1 − 1 − 1 − 1 − 1 − 1 − 1 − 1 1 0.1689 0.0000 0.5203 0.0068
2 1 − 1 − 1 − 1 − 1 1 1 1 0.1133 0.0467 0.3733 0.0067
3 − 1 1 − 1 − 1 − 1 1 1 − 1 0.1987 0.0128 0.0128 0.0385
4 1 1 − 1 − 1 − 1 − 1 − 1 − 1 0.1484 0.1613 0.0065 0.0065
5 − 1 − 1 1 − 1 − 1 1 − 1 − 1 0.1724 0.0000 0.6897 0.0207
6 1 − 1 1 − 1 − 1 − 1 1 − 1 0.1412 0.0059 0.4353 0.0118
7 − 1 1 1 − 1 − 1 − 1 1 1 0.2185 0.0132 0.1722 0.0265
8 1 1 1 − 1 − 1 1 − 1 1 0.0769 0.0490 0.1119 0.0210
9 − 1 − 1 − 1 1 − 1 − 1 1 − 1 0.2081 0.0671 0.2752 0.0403
10 1 − 1 − 1 1 − 1 1 − 1 − 1 0.1623 0.1753 0.2143 0.0260
11 − 1 1 − 1 1 − 1 1 − 1 1 0.2403 0.0714 0.2013 0.0390
12 1 1 − 1 1 − 1 − 1 1 1 0.1049 0.2778 0.1667 0.0000
13 − 1 − 1 1 1 − 1 1 1 1 0.1677 0.0323 0.5548 0.0129
14 1 − 1 1 1 − 1 − 1 − 1 1 0.0710 0.1124 0.4024 0.0000
15 − 1 1 1 1 − 1 − 1 − 1 − 1 0.1548 0.0839 0.3419 0.0258
16 1 1 1 1 − 1 1 1 − 1 0.1419 0.1554 0.3378 0.0135
17 − 1 − 1 − 1 − 1 1 − 1 − 1 − 1 0.1714 0.0057 0.4743 0.0400
18 1 − 1 − 1 − 1 1 1 1 − 1 0.1218 0.0192 0.3846 0.2628
19 − 1 1 − 1 − 1 1 1 1 1 0.2209 0.0233 0.0174 0.0174
20 1 1 − 1 − 1 1 − 1 − 1 1 0.1019 0.0127 0.0382 0.2739
21 − 1 − 1 1 − 1 1 1 − 1 1 0.1748 0.0000 0.6923 0.0559
22 1 − 1 1 − 1 1 − 1 1 1 0.1208 0.0000 0.4832 0.2483
23 − 1 1 1 − 1 1 − 1 1 − 1 0.1697 0.0182 0.2242 0.0364
24 1 1 1 − 1 1 1 − 1 − 1 0.1523 0.0199 0.1325 0.2715
25 − 1 − 1 − 1 1 1 − 1 1 1 0.1933 0.0600 0.2800 0.0267
26 1 − 1 − 1 1 1 1 − 1 1 0.1667 0.1377 0.2174 0.2101
27 − 1 1 − 1 1 1 1 − 1 − 1 0.1709 0.1139 0.2025 0.0316
28 1 1 − 1 1 1 − 1 1 − 1 0.1024 0.1867 0.1386 0.2590
29 − 1 − 1 1 1 1 1 1 − 1 0.1698 0.0314 0.4654 0.0314
30 1 − 1 1 1 1 − 1 − 1 − 1 0.0844 0.1039 0.3831 0.2857
31 − 1 1 1 1 1 − 1 − 1 1 0.1879 0.0485 0.4424 0.0303
32 1 1 1 1 1 1 1 1 0.1629 0.1067 0.2472 0.2416
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