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Abstract 

 
We study the problem of picking multiple items in an inverted T k-deep s-stacked dense storage system. The order 
picker is assumed to be uncertain about exact item locations, therefore the picker will search for items before picking.  
This dense storage environment is challenging, because to gain access to some items, not only may other items need 
to be moved out of the way, but also the overall number of movements for items within the system will be affected by 
the number of items stacked over each other. In addition, the order picker is given a task that includes searching and 
retrieving a batch of items, not just one item. A search heuristic is presented to conduct repositioning, put-back and 
traveling within a search procedure for a batch of items. We examine a repositioning policy that uses the open aisle 
locations as temporary storage locations and requires put-back of these items while searching. A set of 80 designed 
experiments was generated each representing a different dense storeroom configuration and experimental results were 
analyzed to provide insights. 
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1. Introduction 
One of the main objectives of designing a storage system is to use the storage space efficiently while maintaining low 
labor cost [1]. In a dense storage environment, pallets are stacked horizontally in deep lanes and vertically in high 
stacks [2]. Dense storage provides a way to increase the storage space utilization by increasing the storage density. A 
downside of dense storage systems is that some of the stored pallets are not directly accessible. Therefore, the order 
picker has to move some of the pallets out of the way in order to gain access to other deeply stored pallets in a manually 
operated dense storage system. A trade-off between labor efficiency and storage density arises in such systems, i.e. a 
reduction in labor efficiency will result from increasing storage density.  
 
Dense storage systems are used in different applications where storage space is scarce or expensive, such as in city or 
urban logistics applications, as well as space logistics applications. In this work we are motivated by the US Navy’s 
sea basing concept. A sea base is a floating distribution center that provides supplies to forces deployed ashore 
participating in various missions in a timely manner. Therefore, a sea base is characterized by its selective offloading 
capability, which is the sea base’s ability to locate and deliver the requested piece of cargo to support forces [3]. For 
the foreseeable future, sea-based storage systems will be manually operated. Additionally, sea bases will operate in a 
way resulting in a continuous movement of pallets of cargo stored onboard. Continuous movement of pallets, 
utilization of a dense storage system and necessity of having the selective offloading capability can result in imperfect 
visibility of pallets storage locations over the time [4, 5]. The use of asset tracking technologies, such as radio 
frequency identification (RFID), does not provide the desired granularity of item locations required to eliminate 
imperfect visibility [6]. Even in traditional aisle-based storage systems, the use of RFID does not eliminate the need 
to search for stored items when imperfect knowledge about items’ locations exists [7].   
 
Uncertainty about items’ location in the storage system adds to the complexity of the manually-operated dense storage 
environment. The order picker is now forced to search for the group of pallets requested before retrieving them to a 
designated input/output location in the dense storeroom.  Therefore, we are adding a search component to the well-
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known order picking routing problem. In addition to searching for the requested group of pallets, the order picker or 
the searcher will have to move pallets out of the way and from on top of each other to gain access to deeply stores 
pallets.  
 
Inverted T dense storerooms are dense storage systems with one vertical and one horizontal aisle [2]. In a k-deep very 
high density storage system, one might have to move up to 𝑘𝑘−1 pallets in order to gain access to the desired pallet. 
For instance, in a 2-deep or double-deep system, at most one pallet has to be moved in order to retrieve the one behind 
it. The letter k will be referred to in this work as the accessibility constant. The value of the accessibility constant is 
proportional to the accessibility or physical access of any particular pallet in a dense storage system. Stacking s items 
over each other in the vertical direction increases the storage density in an inverted T system. 
 
As an overview, we are studying the problem of searching for M non-identical items in an inverted T k-deep, s-stacked 
dense storage system with uncertainty about items’ locations. We consider a single order picker or searcher in the 
system. Our contribution in this research is three-fold: 

• Extending the work done in [8] on searching in a dense storage environment by considering a batch of items 
and increasing the storage density  through stacking pallets on top of each other instead of having one level 
of pallets only stacked on the floor.  

• Developing a search plan heuristic for a batch of non-identical items in a dense storage system with an 
inverted T configuration.  The search plan heuristic relies on the use of search time components derived in 
[9] to calculate the expected search time and standard deviation of search times in various storeroom 
configurations and sizes. 

• Analyzing experimental results and providing insights about the process of searching in manually operated 
dense storage system with an inverted T configuration. The main purpose of the conducted analysis is 
detecting the main factors affecting the performance of the proposed search heuristic in terms of the expected 
search time and standard deviation of search times. 

 
The rest of the paper is organized as follows: In section 2, we review the related literature on dense storage and search 
theory; in section 3, we provide our problem formulation and assumptions, and; in the following section, we provide 
the results of the numerical experiments as well as some statistical analysis. Finally, we provide conclusions and 
suggested future extensions. 
 
2. Literature Review 
Two bodies of literature provide the foundation for research in this paper: dense storage and search theory. 
 
2.1. Dense Storage 
Over the years, scientists and logisticians have studied ways to increase storage densities, especially in applications 
where space is scarce or expensive. One way to increase the storage density in a warehouse is dedicating less space 
for aisles by using narrow or very narrow aisles [10]. Another way is using k-deep pallet racks in which each open 
location contains k pallets behind each other. In warehouses where k-deep pallet racks are used, each lane is dedicated 
to pallets from the same Stock-keeping Unit or SKU and there is no need to move a pallet to gain access to another 
deeply stored one behind it [1]. A third way to increase storage density is through block stacking. In block stacking, 
pallets from a single SKU are stacked on the floor in a lane that could be several pallets deep and two or more pallets 
high [11, 12]. Movable aisle systems provide another way of increasing the storage space through placing shelves on 
sliding carriages to limit unused aisle space [13]. Unlike pallet rack and block stacking storage systems, in the dense 
storage environment we study stored pallets belong to different SKUs. Therefore, pallets have to be moved from on 
top of each other or in front of to gain access to lower level or more deeply stored pallets. 
 
In this paper we examine a dense storage system with an inverted T configuration. Inverted T dense storerooms are a 
special class of the Very High Dense (VHD) storage systems. A VHD storage system is the one in which interfering 
items exist and need to be moved to gain access to desired items as defined in. When the VHD storage system is 
automated, it is usually called a deep bulk storage system [2]. The highest storage density for a fixed value of the 
accessibility constant k is achieved in layouts that resemble the inverted T configuration [3].   
 
To our knowledge, dense storage systems literature assumes order picker’s complete knowledge of exact storage 
locations of all SKUs in a storage system except for the work in [8]. In [8], the order picker has no information about 
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exact SKUs’ storage locations and a search heuristic and analytical equations for search time components are derived 
for an inverted T configuration. It was assumed in [8] that the order picker is picking an order consisting of a single 
line or SKU and no stacking occurs in the storeroom. However, here we assume that the order picker has to pick a 
batch of orders each consists of multiple unique SKUs, or a single order consisting of multiple lines or SKUs. The 
dense storage environment examined in this work also increases the vertical utilization of storage space through 
stacking pallets on top of each other.   
 
2.2. Search Theory 
Search theory was first studied during World War II [15]. In search theory, the problem is to allocate a certain amount 
of resources to find a target (or a group of targets) whose location is unknown to the searcher, such that a certain 
measure of effectiveness is maximized. According to the classifications of problems in the search theory literature, 
the problem studied here falls under discrete stationary target search problems [16]. The search plan here is the dense 
storage system that is divided into cells. Each cell in the horizontal direction is occupied by one stack of pallets, and 
each stack in the vertical direction is divided into cells, each of which is occupied by one pallet. Therefore, the problem 
is considered to be a discrete search problem. The problem is said to be stationary, because we are attempting to find 
a group of pallets that have a fixed but unknown stationary locations at the moment the order picker or the searcher 
proceeds with the search procedure. However, one of the main differences between existing search theory problems 
and the studied problem is that while searching in a dense storage environment pallets have to be moved out of the 
way in order to gain access to another one. 
 
Searching in an aisle-based storage system has been studied in [7]. They developed a search model based on partially 
observed Markov Decision Process to study the impact of using a RFID system that exhibits noise to locate an item 
with an unknown location in a warehouse. They came to the conclusion that searching for an item in a warehouse with 
the aid of a poorly-designed RFID system would actually cost more than without having the system. 
 
In this work we are studying an inverted T dense storage system that is operated manually. Adding to the complexity 
of the problem, it is assumed that the order picker does not know the exact locations of stored pallets. A search 
procedure has to be followed inside the storeroom to find the batch of orders the picker is looking for. The search 
procedure in dense storage environments requires items to be moved out of the way and from on top of each other 
while searching. This requires incorporating how to conduct repositioning of pallets to unoccupied locations and put-
back movements in an operational search plan. 
 
3. Problem Formulation 
A sea base storeroom can be configured as shown in Figure 1. Figure 1a exhibits a 2-D, top view of the inverted T 
storage system with accessibility constant value 𝑘𝑘 = 2. The shown inverted T configuration has one horizontal aisle 
and one vertical aisle as displayed. Shaded cells represent occupied cells, i.e. cells that contain stacks of pallets. 
Unshaded cells represent open locations of aisles in which the searcher can travel, and pallets can be repositioned. 
Figure 1b exhibits an exploded partial side view of the same dense storage system in Figure 1a assuming that there 
are three pallets stacked over each other, i.e. the stack height 𝑠𝑠 = 3.  
 
An x, y, z coordinate system is defined in order to calculate search time analytically.  The origin point (x = 0 and y = 
0) is located at the intersection between the vertical and horizontal aisles. The input/output (IO) cell j is located at 
𝑥𝑥𝑗𝑗 = −𝑘𝑘 and 𝑦𝑦𝑗𝑗 = 0. The value of the x coordinate increases to the right until it reaches the value of the accessibility 
constant k, and decreases in the opposite direction until it reaches the value – k. The value of the y coordinate decreases 
in the negative direction until it reaches – k, and increases in the positive direction until the total number of rows is 
equal to h, where h is the storeroom length. The exact location of a certain pallet in any given stack is defined by the 
𝑥𝑥 and 𝑦𝑦 coordinates of the stack and the 𝑧𝑧 coordinate of the pallet within the stack. The z coordinate increases in the 
direction towards the floor. Figure 1 illustrates a 5 by 6 2-deep, 3-stacked inverted T storeroom with coordinates 
defined for each cell; consequently, 𝑘𝑘 = 2, ℎ = 6 and 𝑠𝑠 = 3. 
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Figure 1: Sample inverted T system with k = 2, h = 6 and s = 3 
 
As described in more detail in [8], any inverted T storeroom can divided into a number of 𝑁𝑁 cells and stores a number 
𝑛𝑛 pallets in it, where 𝑛𝑛 ≤ 𝑁𝑁. Each configuration’s maximum storage density can be calculated as 𝑛𝑛

𝑁𝑁
=

ℎ(2𝑘𝑘+1)−(2𝑘𝑘+1)−(ℎ−1−𝑘𝑘)
ℎ(2𝑘𝑘+1)

.  In Figure 1, the number of cells is 𝑁𝑁 =  30, the maximum number of occupied cells with 
pallets is 𝑛𝑛 =  22, and the associated storage density is 73.3%.  
 
The objective of the search plan is minimizing the expected time required to detect the location of M non-identical 
items given the absence of knowledge of their exact locations. In this work we assume each item is equally likely to 
be located in one of the n occupied cells.  The search time to find the M items involves 1) the time required to travel 
between cells through open aisles, 2) the time required to reposition pallets out of the searcher’s way and from on top 
of each other in order to gain access to deeply stored pallets. Pallets are repositioned to other open aisle locations. 3) 
Finally the time required to put-back repositioned pallets from their temporary locations to their storage locations. 
Analytical equations for travel and repositioning times are given in [9].  Pallets are put-back in order to maintain the 
storeroom configuration and to prevent impeding the searcher’s way to the IO location once all M pallets are picked. 
Put-back procedure is initiated if more than k stacks of pallets need to be repositioned and is approximated by put-
back time equations.  
 
As an example of the search time components, in Figure 1, if the searcher needs to gain access to the stack of pallets 
in cell 1 (𝑥𝑥 = −2,𝑦𝑦 = 3), the stack of pallets located in cell 2 has to be repositioned, one pallet after the other, to open 
location 2. It is worth noting that when a stack is repositioned to an open aisle location, pallets change their orientation 
in the vertical direction. If k stacks of pallets have already been repositioned to open aisle locations, the searcher has 
to initiate the put-back procedure in order to prevent impeding the way to the IO location. For example, if cells 20 and 
19 have stacks of pallets repositioned in them, repositioning more pallets in cell 18, for example, will impede the path 
to the IO location.   
 
The storeroom is represented as a network in which each node represents one of the occupied cells and the lengths of 
arcs connecting nodes correspond to the search time, which is the sum of travel and repositioning times. When a new 
batch of orders is generated to pick M items, arcs are generated from the current cell, which is the IO location, to all 
occupied cells. The cell connected with the arc with the least weight is selected. The index of that cell is added to the 
search sequence Ψ. This procedure is repeated until the first of M requested items is found, and then this item is 
retrieved and taken to the IO location. The search procedure is then continued from the last visited location, and the 
search continues for the remaining 𝑀𝑀−1 items until all of them are found and retrieved. The search plan heuristic can 
be summarized through the following pseudo code: 
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1. Given k, h, s and M. 
2. Generate x, y and z coordinates for each pallet in the storeroom. 
3. Start with an empty sequence Ψ. Start searching from the IO location and set 𝑖𝑖 = IO cell. 
4. Calculate traveling + repositioning time from current cell i to all occupied unvisited cells j as outlined in [9]. 
5. Select cell j* with minimum traveling + repositioning time. Break ties arbitrarily. Add cell j* to the array Ψ.   
6. Travel from cell i to the nearest open aisle location to cell j*.  
7. Reposition if needed. 
8. If j* is one of the requested M items: retrieve to IO location 

Else if all items are found: stop search and output Ψ 
Else do put-back if number repositioned = k,  
Else set i=j* and go to step 4. 

 
4. Numerical Experiments 
The output search sequence Ψ using the search plan heuristic from the previous section is used to calculate the search 
time of each item in the storeroom. For each storeroom configuration, the expected search time (EST) and the standard 
deviation of search time (SD) are the responses of interest in our statistical analysis. A Design of Experiments approach 
was used. Three factors that could affect the two responses’ values were identified and two levels are set for each of 
the three factors. A 23 full factorial design with 10 replications per run is used. Therefore, a total of 80 instances were 
randomly generated and each represent a unique configuration. The three factors and their corresponding high and 
low levels are exhibited in Table 1. An Analysis of Variance (ANOVA) was conducted using Minitab [17] to identify 
the main and interaction factors that significant effect the expected search time and standard deviation. Table 2 shows 
the main and interaction effects and the corresponding p-values for the expected search time and standard deviation 
of search times, respectively. 
 

Table 1: Factors and their values at each of the high and low levels 
Factor Low Level (L) High Level (H) 

H/W or the shape factor which is the 
ratio between the storeroom length h 
and the storeroom width w. The 
storeroom with the inverted T 
configuration has a fixed width of ℎ

2𝑘𝑘+1
  

 

k is chosen randomly from uniform 
distribution U(2,5) with ℎ = 2𝑘𝑘 +
2 

k chosen randomly from uniform 
distribution U(6,10) with ℎ = 50 

S or the stack height 
 

s is chosen randomly from uniform 
distribution U(1,2) 

s is chosen randomly from uniform 
distribution U(3,4) 

M or the batch size or the number of 
non-identical items that need to be 
picked 
 

M is chosen randomly from 
uniform distribution U(1,5) 

M is chosen randomly from 
uniform distribution U(6,10) 

 
From Table 2, at a level of confidence of 95%, the ANOVA results show that only the shape factor, the stack height 
and the interaction between these two factors statistically have a positive effect on the expected search time. However, 
the batch size M and its interaction with the other two factors do not have a significant effect on the EST value. We 
can conclude that as the size of the storeroom and the number of pallets stored vertically and horizontally increase, 
the time needed to find the M items will on average increase. 
 

Table 2: Main and interaction effects and corresponding p-values for expected search time and standard deviation 
Factors Effect on EST p-value  Effect on SD p-value  

H/W 230524   0.000 78441.6 0.000 
S 183722    0.000 62395.6 0.000 
M 35539    0.055 -21011.7 0.001 
H/W*S 178020    0.000 60332.7 0.000 
H/W*M 33993 0.066 -20370.1 0.001 
S*M 28158 0.126 -15956.1 0.008 
H/W*S*M 26423 0.151 -15556.4 0.010 
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Table 2 shows as well that three factors and their interactions affect the value of the standard deviation of search times 
at a significance level of 0.05. However, the main effect of the factor M and the effects of its interactions with the 
other two factors are all negative. Accordingly, as the batch size M per search procedure increases the variation in 
search times, represented by the standard deviation of search times, decreases.  
 
5. Conclusion and Future Research 
In this paper, we develop a search plan for a batch of items in a manually operated inverted T dense storage 
environments with the objective of minimizing the expected time to find all requested items. It is assumed that exact 
locations of items are unknown to the order picker. Therefore, the searcher has to move pallets out of the way and 
from on top of each other in order to gain access to deeply stored pallets. Moved pallets are repositioned temporarily 
inside the storeroom in a way that will not impede the searcher’s way to the input/output location upon retrieval. 
Designed experiments are conducted and an ANOVA approach was used to analyze the results. Results show that as 
the size of the storeroom and the number of stored pallets increase, the time required to find the requested pallets will 
increase on average. On the other hand, increasing the batch size decreases the variability in search time for each 
storeroom configuration. As a future extension, we suggest investigating the use of multiple order pickers instead of 
just one as we did in this paper, as well as studying other dense storage configurations. 
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