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Università Politecnica delle Marche
Ancona, Italy

Email: {g.zonneveld, g.rafaiani, m.battaglioni, m.baldi}@univpm.it

Abstract—The use of blockchains for data certification and
traceability is now well established in both the literature and
practical applications. However, while blockchain-based certifi-
cation of individual data is clear and straightforward, the use of
blockchain to certify large amounts of data produced on a nearly
continuous basis still poses some challenges. In such a case, in
fact, it is first necessary to collect the data in an off-chain buffer,
and then to organize it, e.g., via Merkle trees, in order to keep
the size and quantity of certification data to be written to the
blockchain small. In this paper, we consider a typical system
for blockchain-based traceability of a production process, and
propose and comparatively analyze some strategies for certifying
the data of such a process on blockchain, while maintaining the
possibility of verifying their certification in a decentralized way.

Index Terms—blockchain, data certification, Merkle tree,
traceability.

I. INTRODUCTION

Blockchain technology, introduced in 2009 to support the
first cryptocurrency [1], and then generalized to the concept of
distributed ledger technology (DLT), now lends itself to many
applications other than just monetary transactions. These in-
clude data notarization and certification applications, in which
the features of the blockchain are exploited to make it play the
role of a notary and prove the existence of a certain amount
of data at a certain instant in time (within some temporal
resolution). Typical applications of this use of blockchain are
those related to agri-food supply chain traceability [2], [3]
and production processes traceability in general, as well as
traceability and data certification for Internet of Things [4] and
Industry 4.0 [5] applications. Another example of traceability
for which blockchain-based solutions are suitable is that of
Proof of Attendance, in which the aim is to certify users’
participation in various kinds of events, such as cultural events,
tourism initiatives, or their attendance to class or work [6], [7].
In such a case, instead of production or supply chain data, the
data to be certified will be attendance certificates or similar
data. It should be noted that, in all these cases, for reasons
of confidentiality as well as data size, it is not possible to
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write the data itself onto the blockchain, but only certification
data derived from it, from which the data itself cannot be
reconstructed.

In fact, blockchain technology provides wide support for
data certification. Thanks to its properties such as immutabil-
ity, once data are recorded into the blockchain, they be-
come unalterable, which ensures data integrity over time. The
transparent and distributed nature of blockchain ensures trust,
since anyone can directly verify the information contained
in the public ledger. Given its nature, however, blockchain
technology cannot be used as a database. In fact, blockchain
is not meant for storing big amounts of data, even because
this would be inefficient and very expensive. Moreover, the
public nature of the blockchain negates the possibility to use
it for storing personal or sensitive information. For this reason,
blockchain is usually adopted to notarize the existence of
a document and preserve its integrity without revealing its
content. The corresponding data are then securely stored in an
off-chain repository or in distributed file systems such as IPFS
(InterPlanetary File System).

Data certification is essential to ensure authenticity and in-
tegrity of information, increasing trust, and reducing the risks
of fraud or manipulation. Moreover, it ensures data integrity,
making any changes to the original content easily detectable.
However, when data are stored outside the blockchain and
need to be certified in the blockchain, the problem of keeping
the certification synchronized with the data themselves arises,
especially when an almost continuous flow of data needs to be
certified, as in manufacturing process traceability applications.
In addition, the cost of certification must be taken into account
in applications of this kind, because every transaction made
on blockchain has a cost, and making a very large number
of transactions could result in costs that are too high for this
kind of applications. It therefore becomes necessary to design
a system that interposes itself between the data source and the
blockchain, and allows for an efficient and cost-effective data
certification process, without sacrificing the decentralization
and certification granularity features that blockchain can offer.

A. Our contribution

In this paper, we present a blockchain-based data cer-
tification model and propose and compare some possible
strategies for generating certification data at regular intervals.
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We analyze and evaluate different approaches in order to
identify the most efficient strategy. Specifically, we examine
two approaches: one where a blockchain transaction is created
for each piece of data to include its hash, and another that
leverages Merkle trees to organize document hashes, thereby
reducing the number of transactions required. We also propose
a cost analysis that is useful to design the most suitable
system for data certification according to the final user re-
quirements. For the second mentioned approach, we explore
the implementation of Merkle tree generation and Merkle
proof extraction processes, addressing practical challenges
such as handling transaction refusals during the upload of
new data for certification. Transaction failures, commonly
arising from fluctuating gas prices and network congestion, can
significantly increase costs and introduce inefficiencies, with
recent analyses indicating relatively high failure rates during
periods of high congestion1.

Finally, we explore a use case focused on certifying data
related to event attendance and attraction visits. Finally, we
present numerical results, focusing on the average execution
time of the processes described above.

B. Related works

The characteristics of blockchain technology, such as im-
mutability, integrity and time-stamping, well meet the require-
ments of a traceability system. For this reason, many different
approaches for blockchain-based traceability are proposed in
the literature. For example, several works are focused on the
use of blockchain technology for food traceability [8]–[10] and
for luxury items supply chain management [11]. Moreover,
different approaches for blockchain-based academic certificate
management have been proposed [12], [13], including some
general platforms for data certification [14]. The authors in
[15] explored how to integrate blockchain with a distributed
file system, aiming to provide a system capable of combining
the security of the former with the efficiency of the latter.
The system proposed in [16] relies on an off-chain database
for data storage and on a permissioned blockchain for data
certification of manufacturing data. Although the blockchain
properties are maintained, users requesting a certification veri-
fication still have to trust the nodes of the network. Regarding
implementation aspects, in particular Merkle tree traversal,
relevant alternatives are proposed in [17]–[19].

In this paper, we consider a general approach for data
traceability using blockchain. In fact, the system we consider
can be efficiently applied to different amount and different
kinds of data to be certified, as well as in several applications.
The approaches in the literature are either specifically designed
for an application or, if more general, are often complex to use
or proprietary. Moreover, the system we consider uses a public
blockchain, while most blockchain-based traceability systems
in the literature use private or permissioned blockchains.

1See transaction failure rate analysis at: https://dune.com/queries/2839305/
4741578

C. Paper outline

The paper is organized as follows. In Section II, we out-
line the system model and evaluate the performance of two
data certification approaches in terms of generation, storage,
transactions, and verification cost. In Section III, we focus on
the Merkle tree-based approach and discuss implementation
aspects, also considering a use case concerning Proof of
Attendance. Section IV contains numerical results, and Section
V concludes the paper.

II. SYSTEM MODEL AND CERTIFICATION APPROACHES

We consider a system for blockchain-based data certification
modeled as in Fig. 1. Its main components are:

• One data source, typically consisting of some production
process generating traceability data in an essentially con-
tinuous manner.

• An off-chain data collection and processing facility,
which stores the data produced in off-chain storage
and processes them to obtain traceability data that are
notarized on the blockchain at regular intervals.

• A public blockchain, like Ethereum, receiving transac-
tions including certification data that are generated by the
off-chain data collection and processing facility at regular
intervals.

• A web app allowing users to verify the certification of
some selected data, for example related to a product
they purchased, directly querying the data source and the
blockchain, without intermediaries.

We remark that this approach can be used for different types
of data to be certified (e.g., supply chain, proof of attendance,
etc.).

Fig. 1: Blockchain-based data certification system model.

In this paper we delve into one component of such a
system, namely that related to the best strategy for generating
certification data at regular intervals. For this purpose, let us
consider two different approaches for data certification. In the
first approach, every transaction contains the information to
be certified, while in the second approach we aggregate more
data in a single transaction, through the use of Merkle trees.
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A. First approach: Single data certification

The first of the two schemes we consider is the simplest and
most common one. Basically, we send a blockchain transaction
that contains the hash of each piece of data that needs to be
certified. The hash of the single piece of data is included in the
“data” field of the transaction, allowing the information to be
immutably stored into the blockchain. Then, the certified data
are enriched with some parameters related to the blockchain
transaction, such as the transaction ID, that are needed to
verify data integrity.

In fact, the verification phase constitutes a crucial aspect of a
certification protocol. In this case, when a user wishes to verify
a specific piece of data, the system takes that information
together with transaction data as input, computes the hash
digest, locates the transaction on-chain and compares the
digest stored inside the data field of the transaction with the
one computed locally. If the two values match, the certification
is confirmed as valid, attesting data integrity. Conversely, if
they do not match, the integrity verification fails, indicating a
possible alteration of the information.

B. Second approach: Multiple data certification

In the second approach, Merkle trees are used as a solution
for organizing and compress the document digests. The pri-
mary goal of this approach is to limit the number of blockchain
transactions to be generated, making the certification process
more efficient and cost-effective. Compared to the previous
approach, which requires a separate transaction for each piece
of data to be certified, using a Merkle tree allows multiple
data to be certified in a single transaction, which simply
contains the root of the Merkle tree, thus saving considerable
cost and processing time. This approach requires to collect
data coming from the source and organize them into Merkle
trees, whose numerosity (i.e., the number of leaves) is a
design choice that takes into account various factors, with the
final aim of minimizing costs. Having done so, each certified
information is provided with a Merkle proof, which is a string
that represents all the information participating in the Merkle
tree, other than the piece of data itself. The Merkle proof
allows the integrity of the information to be verified from
the information itself and the Merkle tree root. To avoid the
unnecessary occupation of storage space due to storing the
Merkle proof for every data leaf, we can store the entire
Merkle tree structure and compute Merkle proofs on the fly
when some data item needs to be associated with its Merkle
proof. Saving the tree also allows the nodes that are part of
the proof to be quickly identified, speeding up the local root
calculation during the verification phase.

The verification phase, indeed, is more complex than for
the previous approach. In fact, verification requires local
computation of the Merkle root, starting with the document
whose certification is to be verified and the corresponding
proof. The proof is obtained after locating the correct tree,
the position of the considered data, and all the nodes of the
tree needed to re-calculate the root. When the user has the
proof and the data needed to locate the blockchain transaction

(which contains the original on-chain Merkle root), the actual
verification function begins, following these steps:

1) Compute the hash digest of the data.
2) Extract the original Merkle root from the blockchain

transaction associated to that piece of data.
3) Locally compute the root through the Merkle proof and

the digest found in step 1).
4) Compare the values obtained in steps 2) and 3); if they

match, the verification is successful, otherwise fails.

C. Comparison of the proposed approaches

In the above sections we have discussed two approaches for
data certification: one based on individual transactions for each
data entry and the other based on data organization in Merkle
trees. Although both methods have the same purpose, there are
significant differences in terms of cost and performance. The
parameters considered for the performance evaluation are:

• Generation cost. Given N data items to be certified, the
first approach requires to compute N hash digests and to
include them in N transactions. In the second approach,
instead, the Merkle tree needs to be built, meaning that
the number S of digests to be computed is given by S =
(2N − 1). Therefore, the generation cost Cgeneration in
the first case is given by Cgeneration = N · Chash, where
Chash is the cost of computing one hash digest, while in
the second case Cgeneration = (2N − 1) · Chash.

• Storage cost. In the first approach, no data needs to be
stored. When a user wants to verify some information,
they provide as input the information itself, containing the
related transaction data. This information is then hashed,
and the result is compared with the data contained in
the blockchain transaction. As for the second approach,
instead, we need to provide a Merkle proof (and possibly
store the Merkle tree to improve performance). Therefore,
the storage cost Cstorage is given by Cstorage = S · d,
where d is the average dimension of the leaf node.

• Transactions cost. It is straightforward to note that the
first approach has higher monetary cost that the second
approach. Indeed, in the first case, we send N transactions
for N data items, while in the second case we only need
one transaction for the overall N data items. Therefore,
the transactions cost will be Ctransaction = N · p, where
p is the average cost for sending a transaction in a public
blockchain. The transaction cost of the second approach
will instead be just Ctransaction = p. We would like to
underline that we consider a public blockchain because
it provides higher resilience and decentralization with
respect to a private or permissioned blockchain.

• Verification cost. The cost of verifying a piece of data
previously certified is different for the two approaches.
In the first case, the verification cost is simply the cost of
computing one hash digest, that is, Cverification = Chash.
As for the second approach, the Merkle proof needs to
be computed. The complexity of this operation is in the
order of O(log2(N)); therefore, in this case, we assume
Cverification = log2(N) · Chash.
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Summarizing, the total cost is given by:

Ctot = Cgeneration + Cstorage + Ctransaction + Cverification.

For the first approach, i.e., the single data certification, the
total cost is hence given by:

Ctot = N · Chash +N · p+ Chash.

Instead, the total cost for the multiple data certification,
requiring the Merkle tree calculation, would be:

Ctot = (2N − 1) · Chash + S · d+ p+ log2(N) · Chash.

Looking at these overall costs, we can conclude that there
is not an a priori ideal configuration, but the most suitable
approach should be identified on the basis of the specific
application and its requirements. However, one aspect that
must also be considered is that, in some applications, the
monetary cost of transactions might be prioritized over the
computational cost, and in that case the second approach is
certainly preferable, as it reduces the number of transactions
made on the blockchain by a factor of N . In particular, in
traceability applications, we usually have an almost continuous
flow of data needing to be certified. Therefore, the approach
that uses a Merkle tree appears to be preferable, since it min-
imizes the transaction costs. For this reason, in the following
sections, we provide an efficient implementation of the data
certification approach based on Merkle trees. We also analyze
the performance of the proposed approach in constructing a
Merkle tree with N data entries to be certified, as well as its
performance in verifying previously certified information.

III. MERKLE TREE GENERATION AND MERKLE PROOF
EXTRACTION

Let us consider a Merkle tree implementation based on re-
cursion and nodes indexing to keep the structure simple, easily
understandable, and cost efficient. In particular, we focus on
the analysis of the two most common operations applied on
such a structure, which are the Merkle tree generation and the
Merkle proof extraction. By leveraging the use of indexing,
we guarantee low traversal costs from the root of the tree to
the interested leaf. Each node in a Merkle tree with N leaves
and M nodes, denoted as ni, i ∈ {1, . . . ,M}, is defined by:

• idxi such that 1 ≤ idxi ≤M , the node index.
• vi, the hash computed on the concatenation of the hashes

of ni children. If ni is a leaf node, vi is the hash of the
data block.

• nl
i, the left child (null if ni is a leaf).

• nr
i , the right child (null if ni is a leaf).

A. Nodes indexing when N is a power of 2

The tree indexing when N is a power of 2 is performed
using a bottom-up approach according to the following rules:

• The indexes of the leaves are defined as incrementing odd
numbers, starting from 1 on the leftmost leaf.

• The index of each parent node p is computed as:

idxp = idxl + 2h, (1)

where idxl represents the index of the direct left child
and h corresponds to the height of the node children. For
example, the index idxp of the direct parent of each pair
of leaves is computed as:

idxp = idxl + 2h = idxl + 20 = idxl + 1.

An example of indexed Merkle tree is shown in Fig. 2, where,
for the sake of conciseness, only the entry indexes are reported.
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Fig. 2: Example of indexing of a Merkle Tree with 8 leaves.

If N is not a power of 2, a modification of this indexing
procedure must be performed, as discussed next.

B. Merkle Tree generation procedure

Given a list of data items and a hash function H , hashing is
applied to each element of the list to obtain the corresponding
hashed data list. Each element of the hashed data list will be
a leaf node of the Merkle tree. In general, for every pair of
consecutive nodes (ni, ni+1) with hash values vi and vi+1,
a parent node is obtained by computing the node hash value
as H(vi||vi+1), where || denotes concatenation, and the index
through (1). Throughout the process, we keep two lists which
are refreshed at every tree climb: a values list Lv and a
nodes list Ln. Ln contains the information regarding the nodes
created at the current layer. If we are not at the root layer,
these nodes will be included as left and right children of their
parent nodes. Lv , instead, contains the hash values vi of the
nodes created at the current layer. If we are not at root level,
these hashes are used to compute the hash value of their parent
nodes.

It can happen that the number of leaves is not a power of
2. This implies that at least a (non-root) layer contains an odd
number of nodes. In our implementation, we need to bypass
such a condition. So, before climbing the tree, if the length of
Ln is odd and greater than 1, the last node of Ln is replicated,
and its left and right children set as zero, as shown in Fig. 3.

When all the nodes of the current step have been processed,
we move on to the next layer. Having Lv and Ln filled, the
procedure iterates through such lists as follows. Let us denote
as nl

p and nr
p the left and right child of a given parent node

np, respectively. Then,
1) for every two consecutive elements of Ln, say ni and

ni+1, it holds that ni = nl
p and ni+1 = nr

p for a new
parent node np;
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Fig. 3: Example of indexing of a Merkle Tree with 5 leaves.

2) np hash value is computed as H(Lv[i] || Lv[i+ 1]);
3) np index is computed with (1).

When the lists Lv and Ln have been completely explored,
they are cleared. Such procedure goes on until Lv and Ln are
populated with only one element, which is the Merkle root.
The pseudo-code is shown in Algorithm 1, which includes
the indexing procedure described in Section III-A as a special
case. The Merkle tree generation has a time complexity in the
order of O(N).

C. Proof extraction

Having built a Merkle tree and knowing the index of the
desired leaf, the proof can be extracted by traversing the
tree from the root to the leaf following the nodes indexes as
follows. We define as idxi the index of the leaf and with idxn
the index of the node that is being traversed. Then,

• if idxi > idxn, store the hash value of the left child node
and move on the right sub-tree;

• if idxi < idxn, store the hash value of the right child
node and move on the left sub-tree;

• else, the leaf has been found.

Such an operation has a time complexity in the order of
O(h) = O(log2(N)), where h represents the tree height and
N represents the number of leaves. An example of proof
extraction through nodes traversing with indexes is shown in
Fig 4.
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Fig. 4: Example of proof extraction of leaf with index 13.
The indexes in red represent the nodes whose hash digests are
collected to compose the Merkle proof.

Algorithm 1 Merkle Tree Construction

Input: List of data items D = {d1, . . . , dn}, hash function H
Output: A properly constructed Merkle tree with root node

1: Initialize:
2: Lv ← ∅ ▷ Values list
3: Ln ← ∅ ▷ Nodes list
4: Hash input data:
5: for i← 1 to n do
6: vi ← H(di) ▷ Hash each data item
7: Create leaf node ni with index 2i− 1 and value vi
8: Lv .append(vi)
9: Ln.append(ni)

10: end for
11: Build tree bottom-up:
12: h← 0 ▷ Current height
13: while |Ln| > 1 do ▷ Continue until reaching the root
14: Lnew

v ← ∅ ▷ New values list for next level
15: Lnew

n ← ∅ ▷ New nodes list for next level
16: if |Ln| is odd and |Ln| > 1 then
17: Duplicate last node in Ln

18: Duplicate last value in Lv

19: end if
20: for i← 0 to |Ln| − 1 by 2 do
21: ni ← Ln[i] ▷ Left child
22: ni+1 ← Ln[i+ 1] ▷ Right child
23: vi ← Lv[i] ▷ Left child hash value
24: vi+1 ← Lv[i+ 1] ▷ Right child hash value
25: vp ← H(vi ∥ vi+1) ▷ Compute parent hash value
26: idxp ← ni.index+ 2h ▷ Calculate parent index

using (1)
27: Create parent node np with index idxp, valued vp
28: Set ni as left child of np

29: Set ni+1 as right child of np

30: Lnew
v .append(vp)

31: Lnew
n .append(np)

32: end for
33: Lv ← Lnew

v ▷ Update lists for next level
34: Ln ← Lnew

n

35: h← h+ 1
36: end while
37: return Indexed Merkle tree, Ln[0]

D. Multi-level Indexed Merkle Tree

Basically, the system considers that a general transaction
workflow would be built over a waiting queue mechanism
in which, for a defined time, clients can submit data to be
certified. After a trigger is activated, which can be automatic
(for example, time-based) or manual (certification request),
the Merkle tree is built and saved off-chain, then the Merkle
root is inserted in a data transaction which is submitted
to the network. Using Ethereum, the client requesting the
certification must define a gas price that they are willing
to pay. If the gas price is not enough, the transaction gets
refused by the network and the client must apply again for a
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new certification request after having tuned the gas price. In
the meantime, it could happen that new data to be certified
have been collected, and such data are not included in the
Merkle tree related to the refused transaction. The simplest
solution would be to generate a new Merkle tree and a new
transaction, but since the previous one has not yet been written
onto the blockchain, a more efficient solution can be adopted.
In particular, it is possible to incorporate certification of the
new data into the previous transaction, which can be updated
before being resubmitted.

We propose a solution that addresses this issue by building
a Merkle tree that can be extended without requiring a rear-
rangement in leaves positioning. This way, even if the network
rejects the data transaction several times, it is possible to add
new data without having to build another Merkle tree or assign
updated indexes to previously uploaded data. Although leaf
rearrangement is a simple solution, it cannot be used when
the leaf position of a data item needs to be known at the time
of data storage, for example to extract the Merkle proof later
without having to explore all the leaves. By adopting a multi-
level approach, such a requirement is fulfilled. In fact, the
predefined leaf index, assigned when generating the Merkle
tree for a failing transaction, is still valid when generating a
new multi-level indexed Merkle tree, as explained next.

We propose a multi-level indexed Merkle tree that consists
of a combination of single indexed Merkle trees, built on
different levels (see Fig. 5 for an example). Let us assume
that the Merkle tree containing the highest layer is labeled as
level-0 Merkle tree. We say that a Merkle tree lives in the l-th
level if index representing its root is a vector with l+1 entries.
The number of levels is predetermined and depends on the
considered application. The last level is the one dealing with
transaction failures and, in practice, the number of subtrees it
will contain by the end of the certification process cannot be
known.

For example, let us consider a 2-level indexed Merkle tree,
containing m subtrees at level 1. The level-1 subtrees are
indexed first, as follows. Let nw be a node of the z-th subtree,
0 ≤ z ≤ m − 1, then the index idxw of such node is
idxw = [2z + 1, j], where j is found according to (1). Once
a subtree is fully constructed, it is appended to the level-0
Merkle tree, with its root as a leaf node. Then, the indexing
of the level-0 Merkle tree is again carried out following (1),
with the right entry of the indexes of the leaf nodes being
ignored during this step.

This reasoning easily generalizes to k-level Merkle trees.
Moreover, with this approach, indexes are resistant to trans-
action failures. In fact, the leaf index assigned to the data
already has a complete path traversal considering all the tree
levels. Let us assume we adopt a 2-level tree where level 1
manages transaction failures and level 0 is used to obtain the
final Merkle root. If there were m − 1 transaction failures,
the whole multi-level indexed tree will contain m subtrees at
level-1. Since the subtrees are incrementally appended on an
“as needed” basis, it is possible to obtain the definitive leaf
index regardless of the final value of m.
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Fig. 5: Example of a multi-level Merkle tree obtained before
attempting to forward the transaction for the third time. Each
colored box represents a different indexed Merkle tree.

E. Use case: Proof of Attendance

As stated in the Introduction, an interesting application
for traceability using blockchain is related to the Proof of
Attendance, i.e., certifying users’ participation in various kinds
of events. For this reason, the infrastructure described in the
previous sections has been applied to a use case regarding
the blockchain-based certification of participation in cultural
events and touristic initiatives. In both cases, when attending
an event or visiting an attraction, participants are asked to
prove their attendance by scanning some QR code. Since
events have a limited time for attending, the certification on
blockchain is done only after the event itself is ended by
generating a single Merkle tree, where each leaf corresponds
to a participant. For attractions, instead, since there is no time
limit, the attractions manager can decide when to apply for
certification. The problem related to the transaction failure,
thoroughly described in the previous section, can occur in
the latter case. Let us suppose that a set of attendants have
registered their presence and are waiting for their attendance
to be certified, the attractions manager applies for a transaction
on blockchain, but the transaction fails. In the meantime, other
attendants might have scanned the QR code. As a result, if no
action is undertaken to modify the Merkle tree approach, it
would be necessary to apply for two transactions and spend
a double price: one for the failed transaction, which needs to
be forwarded again, and one for the new one. Generally, an
attractions manager might have multiple attractions with dif-
ferent QR codes. Attendants of each event would be managed
through different Merkle trees. When paying for attendance
certification, the attractions owner would need to pay a price

P = p ·
∑
i

(1 + Fi)

with p being the price of a data transaction, i being an index for
the attractions, and Fi being the number of transactions failed
for the i-th attraction. By leveraging the multi-level indexed
Merkle tree it is possible to minimize P by generating a single
Merkle tree as follows:
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• level 0 is the top-level Merkle tree, which contains the
final Merkle root to be forwarded to the blockchain;

• level 1 contains the sub-trees ai representing the attrac-
tions;

• level 2 contains the sub-trees ti,j , representing failed
transactions (with index j) for the i-th attraction.

As a result it holds that P = p, independent of the number
of failures. In Fig. 6, an example of tree for the management
of the attendance for two attractions is proposed. In particular,
in the figure, the tree is obtained before attempting to forward
the transaction for the second time for certificating attendance
at two events. The sub-trees t1,1 and t2,1 contain attendances
related to a previously failed transaction. If a2 did not have
any attendants when the failed transaction was requested, but
some attendants registered before the second attempt, t2,1 will
contain such attendants and t2,2 would only contain the Merkle
Root of t2,1 for balancing purposes.

Merkle Root

a1

t1,1 t1,2

a2

t2,1 t2,2

Fig. 6: Example of a multi-level Merkle tree used in the Proof
of Attendance use case.

IV. NUMERICAL RESULTS

To evaluate the performance of the proposed indexed Merkle
tree, we compare our approach with two public libraries:
merkletreejs [20] and merkle-tools [21]. In particular, we
compare the average times required to execute the Merkle
tree generation and the Merkle proof extraction. All tests
were carried out on an Apple Macbook Pro 2021 with a
Apple M1 Pro chip and 16 GB of RAM. First, to limit the
variability caused by the random leaves data generation, we
generate leaves data only once and then we start measuring
performance on the aforementioned operations. We assess the
time complexity in relation to the number of leaves and we
do it by applying the same function for 250 000 iterations.
In our tests, we consider the following leaf sizes: {10, 57,
100, 157, 200, . . . , 900, 957, 1000, 1100, 1157, 1300, 1357,
1500, 1557, 1700, 1757, 2000}. On the results obtained for
each size, we apply a 5% trimmed mean on measured times.
For both operations tested, we report a figure representing
the overall results as the number of leaves increases, and
Table I, analyzing execution times, together with a percentage
increase comparing the libraries with our approach..The results
reported in Fig. 7 show that all the approaches follow a trend
strictly related to the number of leaves. Compared to existing
libraries, our approach requires less time to build a tree,
and such a difference becomes more evident as the number
of leaves increases. Our approach shows higher efficiency,
with merkletreejs being slower by a quantity ranging between

19.32% and 28.86%, and merkle-tools having greater delays
ranging between 24.68% and 47.55% (see Table I).

TABLE I: Merkle tree generation performance

Average execution time (ms)
N merkletreejs [20] merkle-tools [21] our approach

100 0.1182 (+21,23%) 0.1222 (+25,35%) 0.0975
200 0.234 (+19,32%) 0.2445 (+24,68%) 0.1961
500 0.6071 (+22,25%) 0.6399 (+28,85%) 0.4966
1000 1.2471 (+24,44%) 1.4788 (+47,55%) 1.0022
1500 2.2192 (+20,3%) 2.489 (+34,93%) 1.8447
2000 3.1123 (+28,86%) 3.43 (+42,02%) 2.4152

Fig. 7: Merkle tree generation performance

Fig. 8 shows the results of the Merkle proof extraction.
Owing to the index-based exploration of the tree, it is possible
to maintain a lower execution time, that scales rather slowly
with the number of leaves. Differences with merkletreejs and
merkle-tools are more noticeable with delays in time ranging
from 177.78% to 200% for the first one and from 181.25% to
233.33% for the second one (see Table II).

TABLE II: Merkle proof extraction performance

Average execution time (ms)
N merkletreejs [20] merkle-tools [21] our approach

100 0.00048 (+200%) 0.00045 (+181,25%) 0.00016
200 0.00079 (+192,6%) 0.0009 (+233,33%) 0.00027
500 0.00087 (+190%) 0.00096 (+220%) 0.0003
1000 0.00094 (+184,85%) 0.0011 (+233,33%) 0.00033
1500 0.00102 (+183,33%) 0.00117 (+225%) 0.00036
2000 0.001 (+177,78%) 0.0012 (+233,33%) 0.00036

These results show that, from a data certification perspec-
tive, where an agile Merkle proof extraction needs to be
performed, the use of the indexed Merkle tree can significantly
reduce the execution time.

V. CONCLUSION

We have studied some issues related to blockchain-based
data certification, with particular reference to traceability ap-
plications, where an almost continuous flow of data needs to be

Authorized licensed use limited to: University of Gent. Downloaded on April 14,2026 at 14:49:36 UTC from IEEE Xplore.  Restrictions apply. 



Fig. 8: Proof extraction comparison

certified by writing certification data onto a public blockchain.
We considered and compared two possible strategies for
organizing the data to be certified and computing the related
certification information. The second one, in particular, makes
use of Merkle trees and is particularly suitable for keeping the
monetary cost of blockchain transactions low when the data to
be certified are many and generated in an almost continuous
manner. We have also considered a practical use case, concern-
ing the certification of attendance at cultural events or tourism
initiatives, showing an efficient implementation of Merkle
trees generation and Merkle proof extraction. The techniques
considered have also been experimentally evaluated, and our
numerical results show the practical feasibility and advantages
of our approach, even in the presence of a continuous flow of
data to be certified. Last but not least, we showed how the use
of multi-level Merkle trees can allow managing transaction
failures in an efficient way. As a hint for possible future
work, we expect to perform an in-depth security analysis of
the system, possibly using automated assessment methods.
Moreover, we are evaluating the use of efficient Merkle tree
implementations for decentralized authentication based on
fuzzy sources [22], [23].
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