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Abstract

Computer-aided cryptography offers a variety of tools that are essential for ensuring the
security of cryptographic protocols. These tools can assist in designing the protocol, veri-
fying its correctness during implementation, and detecting potential side-channel attacks.
In the functional correctness branch of computer-aided cryptography, program specifica-
tions are compared against program behavior using a specification language. JML is a
specification language for programs written in Java, and OpenJML is one of the verifiers
that can check if a Java program meets its corresponding JML specifications.

In this study, we investigate the implementation of 5G-AKA and utilize the JML spec-
ification language to write specifications. We then use the OpenJML verifier to check
whether the implementation satisfies these specifications, and make necessary changes to
ensure that the implementation meets the specifications. Through this process, we perform
a detailed analysis and uncover several flaws and bugs in the initial implementation. In
other words, our study serves as a proof by construction that an implementation of the
5G-AKA specification can be automatically verified using the JML language.

Overall, this study serves as a case study for writing specifications in JML language from
multiple documents written in English, highlighting the importance of using computer-
aided cryptography tools to ensure the correctness of an implementation of cryptographic
protocols.
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Chapter 1

Introduction

1.1 Computer-aided Cryptography

Computer-aided Cryptography (CAC) o ers machine-veri able techniques to assist with
various stages of cryptographic algorithm development. The key areas of focus in CAC
are design-level security, functional correctness, e ciency, and side-channel resistance [26,
pp. 1,13]. Figure 1.1 illustrates branches of CAC.

Figure 1.1: Branches of Computer-aided Cryptography. Portions of this gure are based
on the work of Barbosa et al. [26].



At the design level, proving the security of cryptographic schemes through mathemat-
ical arguments using pen and paper may not always be ideal, as it can be error-prone
and might simplify the system to a point where the actual powers of an attacker are not
captured. To overcome these limitations, the concept of design-level security has emerged,
providing a reliable evaluation of complex designs that are beyond the scope of the tra-
ditional pen-and-paper examination. The formal methods and cryptography communities
have both contributed to the development of two areas in this eld: symbolic security and
computational security [26, pp. 1{6]. Tamarin, a symbolic security tool, has been applied
to analyze actual protocols such as TLS 1.3 draft 10 [43] and 5G-AKA [27]. Tamarin's
analysis of 5G-AKA in [27] exposed certain security issues, for which minor adjustments
were proposed to enhance the protocol's security.

The e ciency aspect of CAC includes tools that analyze the performance of cryp-
tographic algorithms. Even minor enhancements can have a signi cant impact on the
system's e ectiveness, particularly when the algorithm is used on a large scale. Therefore,
e ciency becomes increasingly important in such scenarios.

At the implementation level, there are tools available to verify whether an implemen-
tation adheres to the \constant time" principles. Moreover, some of these tools have the
ability to modify code that violates these principles [26, pp. 10].

Functional correctness will be discussed in Section 1.2.

1.2 Functional correctness

Functional correctness tools aim to verify whether an implementation satis es its speci -
cation, which means ensuring that it performs as intended. Other techniques for ensuring
software quality are auditing and testing, but these have limitations, such as the possibility
of human errors and biases in auditing and the challenge of testing the entire input space
[26, pp. 7]. While functional correctness does not have the same limitations, it assumes the
correctness of libraries and relies on veri cation tools that themselves may contain bugs

[26, pp. 7].

Functional correctness can be divided into two areas: comparing the implementation
to a reference one for equivalence and analyzing whether it meets its speci cation. An
example of a tool that evaluates speci cation satisfaction is Key, which exposed a bug in
the Java standard library's TimSort implementation [44].



1.3 JML

Since 1998, JML has served as a Formal speci cation Language used to write program spec-
i cations in Java. A comprehensive list of speci cation languages and their corresponding
programming languages is presented in Table 1.1.

Table 1.1: speci cation languages

speci cation languages supported programming language ref

JML Java [6]

SPARK Ada [63]

Dafny Dafny [61]

Stainless (previously Leon) Scala [60]

Larch C++ [55]
1.3.1 History

The development of Java Modeling Language (JML) was initiated by Gary Leavens and
his team of colleagues and students at lowa State University [30, pp. 1]. Drawing from
their prior experience with the Larch/C++ project, they began working on a speci cation
language for Java [25, pp. 194]. Unlike C++, Java at the time was a more straightforward
alternative due to its lack of pointers [60, pp. 314].

In 1998, Leavens worked with Albert Baker and Clyde Ruby from lowa State University
during the initial development of JML design [58].

Around the same period, a group led by Rustan Leino and Greg Nelson at the DEC/-
Compag research center created a formal speci cation language for Java that shares many
similarities with JML [45].

During that time period, a group led by Bart Jacobss at the Veri card company in
Nijmegen, Netherlands, created LOOP, a tool that utilized JML [60, pp. 315]. At the same
time, Michael Ernst developed Daikon, a program that generated invariants for JML [
pp. 315].

Patrice Chalin, a member of the faculty at Concordia University, played a major role
in advancing RAC in JML [60, pp. 315]. Peter Muller, who has been a full professor at
ETH Zurich since 2008, made signi cant contributions to enhancing the semantics of JML
[60, pp. 315]. David Cok joined the JML project as an open-source developer in 2000 [
pp. 315].



For a comprehensive list of contributors to JML, please refer to [56]. If you're interested
in delving deeper into the history of JML, you may nd [60, pp. 314{316] and [25, pp. 194{
195] informative.

1.3.2 Where to begin

Information on how to use JML can be obtained from various sources. The most recent
JML reference manual can be found in [6], and practical guidance on JML can be found
in Chapter 16 of the Key book [25]. The JML project website [56] and the tutorial section
of the OpenJMLs website [13] also o er helpful information on using JML. Additionally,
[59] provides a tutorial for JML.

1.3.3 JML tools

Similar to programming languages, speci cation languages like JML require a range of
tools. Table 1.2 provides an overview of the various JML tools.

Table 1.2: JML tools
Area Tools

parsing and type checking JML checker
OpenJML [66]
checking assertions at runtime jmlunit [72]
jmic [31]
OpenJML [66]
KEY [25]
VerCors [62]

| VeriFast [51]

" ESC/Java [30]
ESC/Java2 [30]
LOOP [30]
JACK [30]
jmlispecs [30]
generating speci cations Houdini [30]
Daikon [30]
documentation jmldoc [7]

checking assertions at compile time




1.3.3.1 Tools for parsing and type checking

The JML checker is in charge for parsing and type checking of both programs in Java and
speci cations in JML [30, pp. 3]. This ensures that there are no errors or typos in the JML
annotations.

1.3.3.2 Tools for checking assertions at runtime

Tools that provide checking JML assertions at runtime, test the behaviour of the program
for a speci c run. The process of Runtime Assertion Checking involves compiling both the
program and JML annotations into class les [66, pp. 74]. Then running those class les
result in checking whether the assertions hold [30, pp. 3].

Examples of Tools that provide runtime assertion checking are OpenJML [66, pp. 74],
jmlc [31] and jmlunit [72], the latter of which combines unit testing with runtime assertion
checking [30, pp. 3].

1.3.3.3 Tools for checking assertions at compile time (static veri cation)

Compile-time assertion checking tools are used to verify the correctness of an implemen-
tation against its speci cation. Unlike runtime assertion checking, program veri cation
evaluates the program's behaviour for all valid inputs, rather than a specic run. The
level of automation and complexity that these tools can handle depends on the trade-
0 between them [30, pp. 4]. Several examples of tools that o er compile-time assertion
checking include OpenJML [66], KEY [25], ESC/Java, ESC/Java2, LOOP, and JACK.

ESC/Java, developed at Compaq Research, works for a subset of JML notations and
can detect some errors in the program, such as null dereferencing and index out of range
[30, pp. 7]. Its input is a Java program with JML annotations, and its output is any
error found in the speci cation or Java program [30, pp. 7]. ESC/Java2 aimed to enhance
ESC/Java by supporting all JML annotations and was used in the Dutch parliament's
voting system in 2004 [30, pp. 9,15].

LOOP, developed at the University of Nijmegen, was initially designed to investigate
object-oriented semantics and later appeared as a static veri cation tool [30, pp. 9-11].
JACK, initially developed at the search lab of Gemplus and then at INRIA, aimed to
achieve a high degree of automation and be prover-independent but is not publicly available

[30, pp. 11{12].



1.3.3.4 Tools for generating speci cations

Software developers can bene t greatly from using speci cation-generating tools since cre-
ating speci cations manually can be time-consuming and prone to errors [30, pp. 12].
Examples of such tools include jmispecs, Houdini, and Daikon. Jmlspecs takes Java source
les as input and generates a skeleton speci cation [30, pp. 4], while Daikon observes a
program'’s behavior during runtime to identify likely invariants that it automatically adds

to the program [30, pp. 12]. Houdini generates annotations that are later veri ed by
ESC/Java [30, pp. 13].

1.3.3.5 Tools for documentation

Jmidoc [7] is a software tool designed for documenting JML speci cations in a similar
way to Javadoc [30, pp. 14]. Unlike Javadoc, Jmldoc can interpret JML speci cations and
integrate them into the resulting HTML pages [7].

1.4 OpenJML

OpenJML is an open-source tool, based on the OpenJDK Java compiler, that veries
whether Java program implementations satisfy their corresponding JML speci cations [6,
pp. 2]. The tool's source code and releases can be found on its GitHub repository [65],
which is accessible to the public. For those seeking to gain familiarity with OpenJML,
OpenJML Reference Manual [6] and the tutorial section of the OpenJML website [13] are
both recommended resources to consider.

1.4.1 OpenJML architecture

As illustrated in Figure 1.2, the architecture of OpenJML and OpenJDK involves several
steps, including input scanning, parsing, name resolution, and type-checking. After gener-
ating an Abstract Syntax Tree (AST), JML speci cations are incorporated into the AST

as assertions and assumptions, resulting in a JML-enhanced AST that is used for both
runtime assertion checking and static veri cation. To perform runtime assertion checking,
the JML-enhanced AST is sent to the code generation phase to produce byte-code output
[63, pp. 4]. The compiled code is then run as usual [63, pp. 3]. For static veri cation,
the JML-enhanced AST is passed to the JML Local encoding process, which generates



an SMT-LIB equivalent of the AST embodying the semantics of Java [63, pp. 4]. The
SMT-LIB equivalent of the AST is then input to an SMT Solver, which determines the

validity of the assertions provided in the input [63, pp. 4].

Figure 1.2: Architecture of OpenJDK and OpenJML [63, pp. 5]

1.5 Outline

In Chapter 2, we will conduct a static veri cation of the 5G-AKA protocol, examining
both the initialization protocol (Section 2.3) and the authentication protocol (Section 2.4).

In Section 2.3.3, we will propose several approaches for capturing edges in a process graph
for static veri cation, and provide a comparison of these approaches.

In Chapter 3, we will provide details about software improvements that were made to
the project. These improvements were designed to enhance the overall understandability

and e ciency of the project.



We draw conclusions in Chapter 4 and provide a few suggestions for future works in
Chapter 5.



Chapter 2

Static veri cation of 5G-AKA

2.1 Main entities in 5G-AKA

There are three main entities participating in 5G-AKA: Subscriber (combination of user's
phone (also called UE) and Universal Subscriber Identity Module (USIM)), SN and HN.
In [20] each SN and HN has several sub-entities, but for the sake of simplicity in [27, p. 3]
and [69, pp. 10{12] Subscriber, SN and HN are chosen as three main logical entities.

Figure 2.1 shows three main entities and their sub-entities in 5G-AKA. Security Anchor
Function (SEAF) is a sub-entity of SN and Authentication Server Function (AUSF), Uni ed
Data Management (UDM), Authentication credential Repository and Processing Function
(ARPF) and Subscription Identi er Deconcealing Function (SIDF) are sub-entities of HN.
Subscriber and SN communicate through insecure channel. However, SN and HN commu-
nicate via authenticated channel [27, p. 3].

5G-AKA and Extensible Authentication Protocol authentication and key agreement
(EAP-AKA) are two protocols that allow SNs and subscribers mutually authenticate each
other [27, p. 3]. First an initialization protocol is run and at the end of that HN decides
to choose 5G-AKA or EAP-AKA [27, p. 3].



Figure 2.1. Main entities and their sub-entities in 5G-AKA

2.2 Values stored in each entity before the initializa-

tion protocol begins

Table 2.1 demonstrates a few values stored in each entity before the initialization protocol
], Authentication Key (K) and the public key of HN (pkn)
were erroneously taken to be the same values. We separate them and set K to a randomly

begins [27, pp. 3{4]. In [

generated value of 32 bytes length stored in both HN and subscriber.

Table 2.1: Values stored in each entity before the protocol begins

Entity Variable Note
SUPI is a unique and permanent identity for subscriber,
Subscription Permanent Identi er (SUPI) | It \also contains idHN and therefore identi es both
a subscriber and its HN" [27, p. 3].
K long-term secret symmetric key, between
Subscriber subscribers and their HNs [27, p. 3])
SQON stored at UE (SQNk) a counter
pKun public asymmetric key
SN SN name (SNname) SNs identity
SUPI For each subscriber, HN stores
HN K these three elds.
SQON stored at HN (SQN)
private key of HN (prikyy) private key of HN
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2.3 5G-AKA initialization protocol

The initialization protocol is the beginning of an authentication process and involves se-
lecting the authentication method [20, p. 39]. Figure 2.2 depicts the initialization protocol,
showing sub-entities, while Figure 2.3 shows three main entities involved in the initializa-

tion protocol.

Figure 2.2: Initialization protocol: showing sub-entities [20, p. 39]

Figure 2.3: Initialization protocol: showing three main entities [27, p. 4]
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As Figure 2.2 indicates, rst, UE sends Subscription Concealed Identi er (SUCI) or 5G
Global Unique Temporary Identi er (5G-GUTI) to SN in N1 message. To implement the
N1 message [69, p. 39] chose a NAS-like message (see [69, p. 39] for details of the structure).

2.3.1 SUCI structure

Figure 2.4 illustrates structure of SUCI [23, p. 20].

Figure 2.4: SUCI structure [23, p. 20]

2.3.1.1 SUPI Type

First Component of SUCI is SUPI Type. SUPI Type supported in implementation in
[69] is International Mobile Subscription Identity (IMSI) (corresponds to the value O |

p. 20]). Other SUPI Types are Network Specic Identi er, Global Line Identi er (GLI)
and Global Cable Identi er (GCI).

Figure 2.5 displays SUPI structure of type IMSI [23, p. 19]. The IMSI is a string of
decimal digits with a maximum length of 15 digits. Three elds that make the IMSI are
Mobile Country Code (MCC), Mobile Network Code (MNC), and MSIN.

MCC is a three digit decimal value [23, p. 21]), uniquely identi es the mobile subscrip-
tion's country [23, p. 20]). MNC is a two or three decimal digit value [23, p. 21]).The length
of MNC is based on the MCC value [23, p. 20]). MNC either speci es the mobile subscrip-
tion's home Public Land Mobile Network (PLMN) or, in conjunction with the MCC and
Network Identi er (NID), the Stand-alone Non-Public Network (SNPN) [23, p. 20]). MSIN
Is a string of decimal digits with a maximum length 10, indicates a mobile subscription of
PLMN or SNPN.

12



Figure 2.5: SUPI structure of type IMSI [23, p. 19]

2.3.1.2 Home Network Identi er
Second component of SUCI is Home Network Identi er. The format of the Home Network

Identi er depends on the type of SUPI. For SUPI of type IMSI, Home Network Identi er
consists of two parts MCC and gIsMNC [23, p. 21].

2.3.1.3 Routing Indicator

Routing Indicator is a one to four-digit value stored in USIM. If the Routing Indicator
is not speci ed on the USIM, it must be set to 0 (only one decimal digit of O in it) [23,
p. 21].

2.3.1.4 protection Scheme Id

The Protection Scheme ID is a value ranging from 0 to 15 [23, p. 21]. There are three
Protection Scheme IDs available [20, p. 206]:

13



~ Null scheme: 0x0
"~ Prole A: Ox1
" Prole B: Ox2

Values between 0x3 and 0xB are reserved for future use, while values between 0xC and
OxF are for proprietary protection schemes [20, p. 206].

The Scheme Output length for the three protection schemes is as follows [20, p. 206]:
" Null scheme: size of input (MSIN in case of IMSI)

" Prole A: 256-bit public key + 64-bit MAC + size of input

" Pro le B: 264-bit public key + 64-bit MAC + size of input

2.3.1.5 Home Network Public Key Id

Home Network Public Key Id is \an identi er used to indicate which public/private key
pair is used for SUPI protection and de-concealment of the SUCI" [20, p. 20]. Home
Network Public Key Id, protection Scheme Id and Home Network Public Key are stored
in USIM [20, p. 27]. Home Network Public Key Id takes a value between 0 and 255 and it
is set to O if and only if null scheme is selected [23, p. 21].

2.3.1.6 Scheme Output

The structure of Scheme Output depends on Protection Scheme(see Figure 2.6, Figure 2.7
and Figure 2.8).

14



Figure 2.6: Scheme Output structure for null scheme [23, p. 22]

Figure 2.7: Scheme Output structure for pro le A [23, p. 23]

Figure 2.8: Scheme Output structure for pro le B [23, p. 23]
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2.3.2 Scheme Output in SUCI

In Section 2.3.1.6 we saw the structure of Scheme Output for pro les A, B and null scheme.
Here we will see how Scheme Output is generated for pro les A and B by using ECIES en-
cryption at UE from values including Scheme Input (also called plaintext block). Moreover,
we will go through the ECIES decryption process which is used to extract plaintext block
from Scheme Output. Figure 2.9 demonstrates ECIES encryption at UE while Figure 2.10
illustrates ECIES decryption at HN.

Figure 2.9: ECIES encryption at UE [20, p. 207]
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Figure 2.10: ECIES decryption at HN [20, p. 208]

2.3.2.1 Parameters used in ECIES encryption scheme

Table 2.2 shows parameters used in ECIES encryption scheme for both proles A and B
[20, pp. 209{210] [70, pp. 52{53].

Both sharedinfol and sharedinfo2 were incorrectly set to null in the implementation
described in [69]. Additionally, in that same implementation, sharedinfol was mistakenly
labeled as sharedinfo2. As a result, sharedinfo2 was fed into the key derivation step instead
of sharedinfol.

17



Table 2.2: Parameters used in ECIES encryption scheme for both pro les A and B.

step in
ECIES encryption scheme parameter name parameter value for pro le A parameter value for pro le B
Ephemeral key pair generation EC domain parameters Curve25519 secp256r1
(at UE) point compression N/A true
for ephemeral public key
Key Agreement EC Di e-Hellman primitive X25519 EC Cofactor Di e-Hellman (ECCDH)
KDF ANSI-X9.63-KDF
Key Derivation R:
SharedInfol octet representation of Ephemeral public Key
which is an EC point
Hash function SHA-256
Encryption algorithm AES128 in CTR mode
Symmetric encryption scheme enckeylen 16 octets (128 bits)
icblen 16 octets (128 bits)
MAC function HMACSHA-256
MAC mackeylen 32 octets (256 bits)
maclen 8 octets (64 bits)
SharedInfo2 the empty string

2.3.2.2 Scheme Input for ECIES encryption

If the SUPI type is IMSI, the scheme input for ECIES encryption is the MSIN part, which

is coded as hexadecimal digits using packed BCD coding [20, p. 207]. Packed BCD puts
two decimal digits in a byte. The order of digits in bytes is as shown in Figure 2.11
[20, p. 207] [18, p. 540]. For instance, the most signi cant byte consists of the two most
signi cant digits, but in reverse order ( rst the second-most signi cant digit and then the
most signi cant digit). As we saw in 2.3.1.1, the MSIN is a string of decimal digits with a
maximum length of 10. If the MSIN consists of an odd number of decimal digits, the bits

5 to 8 of the nal octet must be coded as '1111' (OxF), as specied in [20, p. 207]

Figure 2.11: Scheme Output part of SUCI for SUPI type IMSI and null scheme [18, p. 540]

18



Figure 2.12 provides an example of converting decimal digits of the MSIN to hexadec-
imal digits for the scheme input. The order of digits per byte is based on Figure 2.11.
Packed BCD is utilized for this conversion.

Figure 2.12: An example of converting decimal digits of MSIN to hex digits of Scheme
Input

2.3.2.3 Step 1 in ECIES encryption: Key Pair Generation

2.3.2.3.1 Speci cation The key pair generation step of ECIES is based on section
3.2.1 of [70]. The only input for key pair generation is the domain parameter, and the
output is a key pair corresponding to the input [70, p. 23]. Therefore, when the pro le
is A, the generated key pair is based on the domain parameter of Prole A, which is
Curve25519 (see Table 2.2). Similarly, when the pro le is B, the generated key pair is
based on the domain parameter of Pro le B, which is secp256rl (see Table 2.2).

2.3.2.3.2 Bugs in implementation of ANSI-X9.63-KDF Public and private Keys

when Curve25519 is used (pro le A), each should have a length of 32 bytes [29, p. 1].
Public and Private Keys when secp256rl is used (prole A), should have lengths of 33
(in compressed form) and 32 bytes respectively [14]. However, in the implementation in
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[69] their lengths are di erent from what we desire. [69] First compute key pair using the
procedure in [69, p. 23] that returns a key pair of type java.security.KeyPair. Then [69]
call getPublic() and getPrivate() on the object of type KeyPair to get the private key (of
type java.security.PrivateKey) and public key (of type java.security.PublicKey). Later in

[69] java.security.Key.getEncoded() method was used to get public and private keys in a
byte array and these values were used whenever the raw value of keys was expected like
the ephemeral public key that is part of a scheme output of ECIES encryption.

The reason for this mismatch between implementation in [69] that discussed above and
speci cation is that in the implementation java.security.Key.getEncoded() method is used
to obtain bytes of private and public keys, which do not return the raw key values. For
public keys, getEncoded() returns the public keys in \X.509" format and for private keys,
getEncoded() returns the private keys in \PKCS#8" format [67].

We need to extract raw values from java.security.PublicKey, which will be used, for
instance, in constructing Scheme Output in ECIES encryption, and vice versa, which
will be used, for instance, in the key agreement step in ECIES decryption at HN. For
java.security.PrivateKey, we need to convert it to raw, as we just want to use this raw
value (for printing and testing purposes).

2.3.2.3.3 \Veri cation and refactoring For pro le A in key pair generation step, the
following was used in [69, pp. 23]:

" KeyPairGenerator keyPairGeneratorEphem = KeyPairGenerator.getinstance(\X25519");

First we change it to its equivalence as suggested in [5] to make it like pro le B implemen-
tation which make veri cation step simpler:

" KeyPairGenerator keyPairGeneratorEphem = KeyPairGenerator.getinstance(\XDH");
" NamedParameterSpec paramSpec = new NamedParameterSpec(\X25519");

" keyPairGeneratorEphem.initialize(paramSpec);

Based on [5], by setting algorithm to \XDH" for getting instance of KeyPairGen-
erator class and \X25519" as algorithm parameters name in the constructor of class
java.security.spec- .NamedParameterSpec (as shown in the three lines above) we can then
generate a \Curve25519" key pair. Similarly based on [28] by setting algorithm to \EC
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for getting instance of KeyPairGenerator class and \secp256rl1" as algorithm parameters
name in constructor of class java.security.spec.ECGenParameterSpec, we can then generate
a \secp256r1" key pair.

For veri cation of Key Pair Generation (step 1 of ECIES encryption in 2.9) rst, we
complete java.security.spec.AlgorithmParameterSpec.jml (see Listing 2.1), java.security.spec-
.NamedParameterSpec.jml (see Listing 2.2), java.security.spec.ECGenParameterSpec (see
Listing 2.3) and java.security.KeyPairGenerator.jml (see Listing 2.4, Listing 2.5, Listing 2.6
and Listing 2.7).

Figure 2.13 demonstrates the relation between interface AlgorithmParameterSpec and
two classes NamedParameterSpec and ECGenParameterSpec in a Uni ed Modeling Lan-
guage (UML) diagram [2] [12]. The model eld curvename is de ned in AlgorithmPara-
meterSpec (see Listing 2.1) for representing algorithm parameters' name in constructor of
classes NamedParameterSpec and ECGenParameterSpec. Line 9 will be used in step 4 of
ECIES (Symmetric Encryption).
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Figure 2.13: UML diagram showing relation between interface AlgorithmParameterSpec
and two classes NamedParameterSpec and ECGenParameterSpec

Listing 2.1: complete java.security.spec.AlgorithmParameterSpec.jml: Adding one model
eld

public interface AlgorithmParameterSpec {
//@ model public instance int n;
[[-=mmm e Author: Negar -------------=-mmnmmnmn
//@ model public instance String curve _name;
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/@ pure
//@ model public byte[] get Param();

//@ model public instance byte[] ivb;

Il - - end ---- -
/I no members

In Listing 2.2 we create java.security.spec.NamedParameterSpec.jml and write the spec-
i cation for its constructor (The constructor throws an exception of NullPointerException
only whenits input is null [12]). Similarly, in Listing 2.3 we add java.security.spec.ECGenParam-
eterSpec.jml and specify the speci cation for the constructor [2].

Listing 2.2: create java.security.spec.NamedParameterSpec.jml

If------ - --- Author: Negar ------------=----------
public class NamedParameterSpec implements AlgorithmParameterSpec{

//@ public normal_behavior

//@ requires stdName != null;

//@ ensures curve_name==stdName;
//@ also public exceptional behavior

//@ requires stdName == null;
//@ signals_only NullPointerException;
/@ pure

public NamedParameterSpec(java.lang.String stdName)throws
NullPointerException;

/— . S S ——

Listing 2.3: create java.security.spec.ECGenParameterSpec.jml

[f-=-=-- - --- Author: Negar --------------------—--
public class ECGenParameterSpec extends NamedParameterSpec{

//@ public normal_behavior

//@ requires stdName != null;

//@ ensures curve_name==stdName;
//@ also public exceptional_behavior
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/l@ requires stdName == null;

//@ signals_only NullPointerException;

/@ pure

public ECGenParameterSpec(java.lang.String stdName)throws
NullPointerException;

For java.security.KeyPairGenerator.jml, rst we de ne two model functions, isKey-
Pair_Curve25519 and isKeyPaiisecp256rl, which serve as oracles for us (see Listing 2.4).
We also de ne model eld curveselected that is responsible for curve name (algorithm
parameters name). There is no need to add a model eld like \algorithmSelected" since
there is already a model eld \algorithm" which is responsible for storing algorithm name.
The generator in Listing 2.4 is for tracking the generator of public and private parts of a
key pair (in step2 we will elaborate more on it).

Listing 2.4: complete java.security.KeyPairGenerator.jml: Adding one model eld and two
model methods

//@ ensures \result<==>(((kp.getPublic().generator) ==
"Curve25519")&&((kp.getPrivate().generator) == "Curve25519"));

/@ pure
//@ model public static boolean isKeyPair_Curve25519(KeyPair kp );

/l@ ensures \result<==>(((kp.getPublic().generator) ==
"secp256r1")&&((kp.getPrivate().generator) == "secp256rl"));

/@ pure
//@ model public static boolean isKeyPair_secp256rl(KeyPair kp );

/@ model public instance java.lang.String curve_selected;

In java.security.KeyPairGenerator.jml The behavior of method KeyPairGenerator-
.getinstance(java.lang.String algorithm) depends on whether algorithmlsSupported(algorithm)
will be evaluated to true or not (see Listing 2.5). By the time of writing this document, the
speci cation of the function algorithmlsSupported is not complete and it is not mentioned
which algorithms are supported. Therefore, we have added a list of supported algorithms
as presented in [15].

Listing 2.5: complete java.security.KeyPairGenerator.jml: getinstance(java.lang.String al-
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gorithm)

//@ public normal_behavior

[[-==mm e Author: Negar -

/@ ensures
(((algorithm=="DiffieHellman")||(algorithm=="DSA")||(algorithm=="RSA")
[|(algorithm=="RSASSA-PSS")||(algorithm=="EC")||(algorithm=="XDH")
[|(algorithm=="X25519")||(algorithm=="X448"))<==> \result);

[[-==mm e end Negar-- - -

//@ pure heap_free

//@ model public static boolean algorithmlsSupported(String algorithm);

//@ public normal_behavior

/@ requires algorithmlsSupported(algorithm);

/@ ensures \fresh(\result);

/@ ensures \result.algorithm == algorithm;

//@ also public exceptional_behavior

/@ requires lalgorithmIsSupported(algorithm);

/@ signals_only NoSuchAlgorithmException;

/@ pure

public static KeyPairGenerator getinstance(java.lang.String algorithm)
throws NoSuchAlgorithmException;

In a similar fashion, as Listing 2.6 shows, KeyPairGenerator.initialize(java.security.spec-
AlgorithmParameterSpec alg) depends on validParameterSpec(alg, alg.n). Similar to the
function algorithmisSupported, we need to complete speci cation for validParameterSpec
[12] [2] (see Listing 2.6). For setting model eld curveselected we add lines 16 and 17 in
Listing 2.6.

Listing 2.6: complete java.security.KeyPairGenerator.jml:
initialize(AlgorithmParameterSpec alg)

//@ public normal_behavior

/@ ensures \result ==> alg.n == n;

e Author: Nega -

/l@ ensures ((alg instanceof
java.security.spec.NamedParameterSpec)&&(alg.curve_name ==
"X25519")==> (\result ==true );

/l@ ensures ((alg instanceof
java.security.spec.ECGenParameterSpec)&&(alg.curve_name ==
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"secp256rl"))==> (\result ==true );
[feemmememnanns end Negar

//@ public normal_behavior

ll@ requires validParameterSpec(alg, alg.n);

/l@ assignable this.*;

ll@ ensures this.algorithm == \old(this.algorithm);

/@ ensures this.n == alg.n;

e Author: Negar---------=-=-=-mmmmmmmemeeee

/l@ ensures ((alg instanceof
java.security.spec.NamedParameterSpec)&&(alg.curve_name ==
"X25519")==> (curve_selected == "X25519" );

/l@ ensures ((alg instanceof
java.security.spec.ECGenParameterSpec)&&(alg.curve_name ==
"secp256r1l"))==> (curve_selected == "secp256rl" );

e end Negar

/l@ also public exceptional_behavior

/@ requires !validParameterSpec(alg, alg.n);

/@ signals_only InvalidAlgorithmParameterException;

public void initialize(java.security.spec.AlgorithmParameterSpec alg)
throws InvalidAlgorithmParameterException;

Finally, we add two lines to generateKeyPair: see Listing 2.7 lines 6 and 7. These lines
use the oracle functions isKeyPaiCurve25519 and isKeyPaiisecp256r1.

Listing 2.7: complete java.security.KeyPairGenerator.jml: generateKeyPair()

/l@ also public normal_behavior

ll@ ensures \fresh(\result);

/@ ensures \result.getPublic() instanceof DHPublicKkey ==> 0 <=
((DHPublicKey)\result.getPublic()).getY().value <
java.math.Biginteger.pow256(this.n);

/@ ensures \result.getPublic().getEncoded() '= null;

[[-==mmmmmmmee- Author: Negar--

/l@ ensures ((algorithm == "XDH") &&(curve_selected == "X25519"))==>
isKeyPair_Curve25519(\result );

/l@ ensures ((algorithm == "EC") &&(curve_selected == "secp256rl"))==>
isKeyPair_secp256rl(\result );

R end Negar

/@ pure
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public KeyPair generateKeyPair();

Listing 2.8 demonstrates implementation and veri cation of Stepl1 of ECIES encryption,
Key Pair Generation.

Listing 2.8: implementation and veri cation of Stepl of ECIES encryption: Key Pair
Generation
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/INever throws exception as we don't have requires statement for
normal_behavior
//@ private normal_behavior
//@ ensures (KeyPairGenerator.isKkeyPair_Curve25519(\result));
/l@ ensures \result !=null; //even if we remove this line, by defualt return
value of a function is != null

/@ pure
private static KeyPair generateEphemeralKeyPairProfileA() {

try {
KeyPairGenerator keyPairGeneratorEphem =
KeyPairGenerator.getinstance("XDH");
NamedParameterSpec paramSpec = new NamedParameterSpec('X25519");
keyPairGeneratorEphem.initialize(paramSpec);
KeyPair keyPairEphem = keyPairGeneratorEphem.generateKeyPair();
return keyPairEphem;

}

catch (NoSuchAlgorithmException | InvalidAlgorithmParameterException e) {
return null;

}
}

1

/INever throws exception as we don't have requires statement for
normal_behavior

/l@ private normal_behavior

/@ ensures (KeyPairGenerator.isKeyPair_secp256rl(\result));

/l@ ensures \result !=null; //even if we remove this line, by defualt return
value of a function is !'= null

/@ pure

private static KeyPair generateEphemeralKeyPairProfileB() {

try {
KeyPairGenerator keyPairGeneratorEphem =
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KeyPairGenerator.getinstance("EC");

ECGenParameterSpec ECDomainParamSecp256rl = new
ECGenParameterSpec('secp256r1"); //
https://docs.oracle.com/en/javal/javase/1l4/docs/specs/security/standard-names.html#parameters

keyPairGeneratorEphem.initialize(ECDomainParamSecp256r1);

KeyPair keyPairEphem = keyPairGeneratorEphem.generateKeyPair();

return keyPairEphem;

} catch (NoSuchAlgorithmException | InvalidAlgorithmParameterException €)

{

return null;

}
}

I

//@ public normal_behavior

/l@ requires (profileSelectionStr == "A") || (profileSelectionStr == "B");

/@ ensures (profileSelectionStr == "A") ==>
(KeyPairGenerator.isKeyPair_Curve25519(\result));

//@ ensures (profileSelectionStr == "B") ==>
(KeyPairGenerator.isKeyPair_secp256rl1(\result));

/l@ pure

public static KeyPair generateEphemeralKeyPair(String profileSelectionStr) {

if (profileSelectionStr == "A") {
return generateEphemeralKeyPairProfileA();

}
else if (profileSelectionStr == "B") {
return generateEphemeralKeyPairProfileB();
}
return null;

2.3.2.4 Step 2 in ECIES encryption: Key Agreement
2.3.2.4.1 Speci cation Key Agreement step of ECIES is stated in section 3.3 of [70].

The Key Agreement for pro le A uses the X25519 EC Di e-Hellman primitive, while the
Key Agreement for pro le B uses the ECCDH EC Di e-Hellman primitive (see Table 2.2).
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2.3.2.4.2 \erication and refactoring For veri cation of Key Agreement (step 1

of ECIES encryption in Figure 2.9) rst we complete java.security.Key.jml, java.security-
.KeyPairGenerator.jml (see Listing 2.4), javax.crypto.KeyAgreement.jml (see Listing 2.9,
Listing 2.10, Listing 2.13, Listing 2.14 and Listing 2.15), java.security.Provider.jml (see
Listing 2.11) and org.bouncycastle.jce.provider.BouncyCastleProvider.jml (see Listing 2.12).

So far in Step 1 (key pair generation), we have determined that in prole A, for
generated key pair kpa, (KeyPairGenerator.isKeyPaiCurve25519(kpa)) is true and sim-
ilarly in pro le B for key pair kpb, KeyPairGenerator.isKeyPair_secp256r1(kpb) is true.
Now we need to also know this property is held for public and private keys that are ex-
tracted from key pair. For that, we add the model eld generator in java.security.Key.jml
(//@ model public instance java.lang.String generator;). As java.security.PublicKkey and
java.security.PrivateKey are subinterfaces of java.security.Key [3] by putting this model
eld in Key, PrivateKey and PublicKey will also have this eld.

Listing 2.4 shows in lines 1 and 5 that the generator eld is set corresponding to the re-
turn value of the functions KeyPairGenerator.isKeyPairCurve25519 and isKeyPaisecp256rl
in java.security.KeyPairGenerator.jml. More speci cally line 1 says, isKeyPaiCurve25519-
(keyPair kp) is true if and only if the private and public key elds of kp have generator
equals to Curve25519. Similarly, line 5 says isKeyPasecp256rl (keyPair kp) is true if
and only if the private and public key elds of kp have generator equals to secp256r1.

By looking at javax.crypto.KeyAgreement.jml we see that the behavior of the func-
tion getinstance(String s) depends on the model method validAlgorithm(String algorithm).
First we need to tell the prover that which algorithms are valid for input of getinstance(String
s). In Listing 2.9 we provide valid options [9] [16]. in line 18 of Listing 2.9 we say that the
eld algorithm needs to be set to the value of the input of getinstance(String s).

Listing 2.9: complete javax.crypto.KeyAgreement.jml: getinstance(String s)

flmmmmmm e Author: Negar -----------------------
//@ spec_public
Jlmmmmmm e e end ------m---m-memememceemeaeeee

private final java.lang.String algorithm;

//@ public normal_behavior

[[-mmmmm e Author: Negar ----------------mmmmn-

/@ ensures (((algorithm == "DiffieHellman")||(algorithm ==
"ECDH")||(algorithm == "ECMQV")||(algorithm == "XDH")||(algorithm ==
"X25519")||(algorithm == "X448")) <==> \result);
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I - - -- - end ------mmmmmeee e
//@ model public static final pure heap_free boolean
validAlgorithm(java.lang.String algorithm);

//@ public normal_behavior
/@ requires validAlgorithm(s);
/@ ensures \fresh(\result);

I - - -- -- Author: Negar -----------------------
/l@ ensures \result.algorithm == s;
I - - - - end --------eememeemeeeeeeees

//@ also public exceptional_behavior

/@ requires !validAlgorithm(s);

/l@ signals_only java.security.NoSuchAlgorithmException;

/@ pure

public static final KeyAgreement getinstance(java.lang.String s) throws
java.security.NoSuchAlgorithmException;

In the implementation we want to call javax.crypto.KeyAgreement.getinstance(java.lang-
.String s, java.security.Provider provider) function using bouncy Castle as a provider and al-
gorithm ECCDH so we need to enhance the speci cation to tell the prover that getinstance
will have normal behavior once calling with these inputs. Like getinstance(java.lang.String
s) that its behavior depends on the model method \validAlgorithm" here we need to eval-
uate a pair of an algorithm and a provider to see whether the algorithm is supported by
the provider (see Listing 2.10).

We want to give the responsibility for checking whether the algorithm is supported
by the provider, to the provider side. For that, we de ne the model method isValidAlgo-
rithm in java.security.Provider.jml (see Listing 2.11 [42]). We will also let the prover know
isValidAlgorithm(\ECCDH") will return true for BouncyCastleProvider (see Listing 2.12

[1D)

Listing 2.10: complete javax.crypto.KeyAgreement.jml: getinstance (java.lang.String s,
java.security.Provider provider)

e Author: Negar -----------------------

//@ public normal_behavior

/l@ requires provider.isValidAlgorithm(s);

/@ ensures \fresh(\result);

//@ ensures \result.algorithm == s;

/@ pure
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Jf-mmm e end --------mmemmmemm e

public static final KeyAgreement getinstance(java.lang.String s,
java.security.Provider provider) throws
java.security.NoSuchAlgorithmException;

Listing 2.11: create java.security.Provider.jml
Jf-mmmmmm Author: Negar -----------------mmnmo

public abstract class Provider extends java.util.Properties

{
/@ pure
//@ model public boolean isValidAlgorithm(java.lang.String s);

protected Provider (String name,String versionStr,String info);

Listing 2.12: create org.bouncycastle.jce.provider.BouncyCastleProvider.jml

Hommmmmm e Author: Negar -----------------------
public final class BouncyCastleProvider
extends java.security.Provider{

/l@ ensures this.isValidAlgorithm("ECCDH");
//@ public normal_behavior

/@ pure
public BouncyCastleProvider();

The function init(java.security.Key key) in javax.crypto.KeyAgreement initializes key
agreement with private information (private key) and in case of given input that is not
appropriate for this key agreement it will throw InvalidKkeyException [10]. Thus we need
to add a requires statement in the normal behavior (see Listing 2.13) as it will not execute
without exception for all inputs. We also add @ensures (privateKeylsSet) to specify that
this step is done. Lines 1 to 20 in Listing 2.13 shows some model elds and methods that
will be used later.
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Listing 2.13: complete javax.crypto.KeyAgreement.jml: init(java.security.Key key)

1 Author: Negar

//@ model public instance boolean privateKeylsSet;
//@ model public instance java.security.PrivateKey priKey;
/@ model public instance java.security.PublicKey pubKey;

/@ pure
//@ model public static boolean iskeyAgreement X25519(KeyAgreement ka );

ll@ pure
//l@ model public static boolean isKkeyAgreement ECCDH(KeyAgreement ka );

/@ pure
//@ model public static boolean isKey X25519(byte[] k );

ll@ pure
//@ model public static boolean iskey ECCDH(byte[] k );

Il end -

//@ public normal_behavior
1 Author: Negar
/lin our case we want to add below line specification to make sure "key"
is a appropriate one
/@ requires((algorithm == "X25519")==>(key.generator == "Curve25519"));
/@ requires((algorithm == "ECCDH")==>(key.generator == "secp256rl"));
/l@ ensures (privateKeylsSet);
Il@ ensures priKey == key;
I end ----
/@ assignable this.*;
/@ ensures true; // FIXME - ignoring exception
public final void init(java.security.Key key) throws
java.security.InvalidkeyException;

The function doPhase(java.security.Key key, boolean b) in javax.crypto.KeyAgreement
will throw exceptions in two cases. It will throw InvalidKeyException if it receives an
inappropriate key and will throw lllegalStateException in case the key agreement was not
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initialized previously [11]. So, for normal behavior we need to consider these two cases. In
Listing 2.14, lines 3 and 4 are added for the rst case and line 5 is added for the second
case.

Listing 2.14: complete javax.crypto.KeyAgreement.jml: doPhase(java.security.Key key,
boolean b)

//@ public normal_behavior

Il - - -- Author: Negar - - -

/@ requires((algorithm == "X25519")==>(key.generator == "Curve25519"));

/@ requires((algorithm == "ECCDH")==>(key.generator == "secp256rl"));

/@ requires privateKeylsSet;

Il@ ensures ((algorithm == "X25519")==>(isKeyAgreement_X25519(this)));

/@ ensures ((algorithm == "ECCDH")==>(isKeyAgreement_ECCDH(this)));

//@ ensures pubKey == key;

/l@ ensures priKey == \old(priKey);

I - - - end ---- - -

/@ assignable this.*;

/l@ ensures \fresh(\result); // FIXME - ignoring exception

public final java.security.Key doPhase(java.security.Key key, boolean b)
throws java.security.InvalidKkeyException,
java.lang.lllegalStateException;

Finally we complete javax.crypto.KeyAgreement.generateSecret() in Listing 2.15.

Listing 2.15: complete javax.crypto.KeyAgreement.jml: generateSecret()

//@ public normal_behavior
Il - - -- Author: Negar - - -

/@ ensures (iskeyAgreement X25519(this))==> (isKey_X25519(\result));
/l@ ensures (iskeyAgreement ECCDH(this))==> (iskey ECCDH(\result));
/@ ensures (isKey_ X25519(\result)||isKkey_ECCDH(\result))==>
(\result.length == 32);

I end ---- - -
/@ ensures \fresh(\result);

/@ ensures \result.length == _secret.length;

Il@ pure

public final byte[] generateSecret() throws
java.lang.lllegalStateException;

Listing 2.16 demonstrates implementation and veri cation of Step 2 of ECIES encryp-
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Listing 2.16: implementation and veri cation of Step 2 of ECIES encryption: Key Agree-
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//@ private normal_behavior
/l@ requires (( privKeyVal.generator == "Curve25519" )&&(
pubKeyVal.generator == "Curve25519" ));
//@ ensures KeyAgreement.isKkeyAgreement X25519(\result);
/@ ensures (\result).prikey == privKeyVal;
//@ ensures (\result).pubKey == pubKeyVal,
/@ pure
private static KeyAgreement keyAgreementFnProfileA(PrivateKey privKeyVal,
PublicKkey pubKeyVal) {
try {
KeyAgreement profileAKeyAgreement = KeyAgreement.getinstance("X25519");
profileAKeyAgreement.init(privkeyVal); // presumably uses
eph_privateKey for Profile A
profileAKeyAgreement.doPhase(pubKeyVal, true); // presumably uses
HN_publicKey for Profile A
//@ assert KeyAgreement.isKkeyAgreement_ X25519(profileAKeyAgreement);
return profileAKeyAgreement;
} catch (NoSuchAlgorithmException | InvalidKeyException e) {
return null;

}

}
I

//@ private normal_behavior

/l@ requires (( privKeyVal.generator == "secp256rl" )&&( pubKeyVal.generator
== "secp256rl1" ));

/@ ensures KeyAgreement.isKkeyAgreement ECCDH(\result);

/@ ensures (\result).prikey == privKeyVal;

//@ ensures (\result).pubKey == pubKeyVal,

/@ pure

private static KeyAgreement keyAgreementFnProfileB(PrivateKey privKeyVal,
Publickey pubKeyVal) {
try {
Provider BC = new BouncyCastleProvider();
KeyAgreement profileBKeyAgreement = KeyAgreement.getinstance("ECCDH",
BC);
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profileBKeyAgreement.init(privKeyVal);
profileBKeyAgreement.doPhase(pubKeyVal, true);

return profileBKeyAgreement;
} catch (NoSuchAlgorithmException | InvalidKeyException e) {
return null;
}
}

//@ public normal_behavior

/@ requires (profile== "A") || (profile == "B");

//@ requires (profile == "A") ==>(( privKey.generator == "Curve25519" )&&(
pubKey.generator == "Curve25519" ));

/I@ requires (profile == "B")==>(( privKey.generator == "secp256rl" )&&(
pubKey.generator == "secp256rl" ));

/@ ensures (profile == "A") ==> (KeyAgreement.isKey X25519(\result));
//@ ensures (profile == "B") ==> (KeyAgreement.isKkey ECCDH(\result));
/l@ ensures \result.length == 32;
/@ pure
public static byte[]] keyAgreement(String profile, PrivateKey privKey,

PublicKkey pubKey) {

KeyAgreement keyAgreement = (profile == "A") ?

keyAgreementFnProfileA(privKey, pubKey)
. keyAgreementFnProfileB(privKey, pubKey);

try {
byte[] key = keyAgreement.generateSecret();
return key;

} catch (lllegalStateException e) {
return null;
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2.3.2.5 Step 3 in ECIES encryption: Key Derivation

2.3.2.5.1 Specication Key Derivation algorithm for both proles A and B as Ta-
ble 2.2 shows, is ANSI-X9.63-KDF.

Inputs and output of ANSI-X9.63-KDF are [70, pp. 32] (see Figure 2.14):
" inputs

1. Z: a shared secret value represented in octet string
2. keydatalernt length in octets of the outputK
3. (Optional) SharedInfo: a shared value represented in octet string

" output

{ K: Key data represented in octet string of lengttkeydatalen octets, or invalid

Figure 2.14: ANSI-X9.63-KDF inputs and output

Inputs and output of ANSI-X9.63-KDF that is used for ECIES encryption scheme in
[20, pp. 207] are (see Figure 2.15, Figure 2.9 and Table 2.2):

" inputs

1. Z: Ephemeral Shared Key
2. keydatalent (enckeylen+ icblen+ mackeylen = 16 + 16 + 32 = 64 bytes
3. (Optional) Sharedinfo: Sharedinfol
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" output

{ K: (Ephemeral Encryption Keyjj ICB jj Ephemeral MAC Key) with length 64
bytes

Figure 2.15: ANSI-X9.63-KDF inputs and output that is used for ECIES encryption scheme
in [20, pp. 207]

In ANSI-X9.63-KDF Hash is one of the [70, pp. 30]:

" SHA-1

" SHA-224
" SHA-256
" SHA-384
" SHA-512

The hashmaxlen parameter speci es the maximum length of an input message for the
Hash function in octets. The hashlen parameter, on the other hand, represents the length
of the output of the Hash function in octets.

ANSI-X9.63-KDF algorithm is as below [70, pp. 32{33].

1. If jZj + jSahredinfoj+4 hashmaxlen then return \invalid".
2. If Keydatalen hashlen (22% 1) then return \invalid".

3. SetCounter to 4 octet value 0x00000001

37



® N o 0 A~ W

Keydatalen
hashlen

(@) K;j = Hash (ZjjCounterjjSharedinfo)
(b) Counter = Counter +1
(c)i=i+1

4. Fori=1to d

5. K = left most keydatalenof (K 1jjKjjK Keydatalen )
hashlen
6. return K

2.3.2.5.2 Bugs in implementation of ANSI-X9.63-KDF There are few bugs in
implementation of ANSI-X9.63-KDF algorithm in [69, pp. 27] used for ECIES encryption
scheme for both pro les A and B (see Listing 2.17).

" In line 8 sharedInfoValLen is set to O instead of sharedinfoVal's length.

In line 9, instead of 4 there shoud be (4 8) as other length values in this line are
capture number of bits instead of bytes.

Counter doesn't match with speci cation (see lines 17-26):
Integer:toHexString (1):getByteg(StandardCharsets:UTF 8) equals to byte array
\[49]" so it is not 0x00000001 (byte array [0,0,0,1]).

converting byte [] to String and then vice versa (for instance see lines 1,22 and 31).

Listing 2.17: Implementation of ANSI-X9.63-KDF algorithm from [69, pp. 27] (used for
ECIES encryption scheme for both pro les A and B)

public static byte[] keyDerivationFn(byte[] kdfEphSharedSecretKeyVal, byte[]
sharedinfoVal) {

int keyDataLen = 128 + 128 + 256;
double hashMaxLen = ((Math.pow(2, 64)) - 1) / 8;
int hashLen = 256;

int kdfEphSharedSecretKeyValLen = 8 * kdfEphSharedSecretKeyVal.length;
int sharedInfoValLen = O;
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boolean stepl = kdfEphSharedSecretkKeyValLen + sharedinfoValLen + 4 <
(hashMaxLen * 8);
boolean step2 = keyDataLen < hashLen * ((Math.pow(2, 32)) - 1);
if (stepl && step2) {
double ceilRatio = Math.ceil(keyDataLen / hashLen);
ByteArrayOutputStream outputK = new ByteArrayOutputStream();
for (int i = 1; i <= ceilRatio; i++) {
String counterHexStrVal = Integer.toHexString(i);
String concatStrZCounterSharedinfol = "
String ZStr = new String(kdfEphSharedSecretKeyVal,
StandardCharsets.UTF_8);

String SharedInfoStr = new String(sharedinfoVal,
StandardCharsets.UTF_8);

concatStrZCounterSharedinfol = ZStr + counterHexStrval +
SharedInfoStr;

try {

MessageDigest sha256_md = MessageDigest.getinstance("SHA-256");

byte[] K_i = sha256_md.digest(concatStrZCounterSharedinfol
.getBytes(StandardCharsets.UTF_8));

outputK.write(K_i);

} catch (NoSuchAlgorithmException | IOException e) {
e.printStackTrace();

}
}

byte[] output K_FINAL = outputK.toByteArray();

String output_K_FINAL_str = new String(output_K_FINAL,
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StandardCharsets.UTF_8);
System.out.printin("keyDerivationFn: output_ K_FINAL_str... " +
output_K_FINAL_str);

return output K_FINAL;

}

else {
System.err.printin("INVALID");
return null;

}

2.3.2.5.3 Veri cation and refactoring We can rewrite ANSI-X9.63-KDF algorithm
used in ECIES encryption scheme for both pro les A and B as below [70, pp. 32{33ash
for both pro les A and B is SHA-256 (see 2.2), sbashlen is 32 bytes andhashmaxlen is
(2%% 1) bits. keydatalenis 64 bytes.

1. checkjEphemeralSharedKeyj 8+ jSahredinfolj 8+4 8 (2% 1) whichis
always false once putting Sahredinfol and Ephemeral Shared Key in Java byte[] as
maximum length of an array in Java is 2 1.

2. check 64 32 (2% 1), which is always false.
3. ComputeK; and K,

" K;= SHA 256 phemeralSharedKeyjj 0x0000000]j Sharedinfo 1)
" Ky= SHA 256 (phemeralSharedKeyjj 0x00000003 Sharedinfol)

4. return kikko
In other words, the inputs of Key Derivation (step 3 of ECIES encryption in 2.9) are
EphemeralSharedKey, Sharedinfol and the output has 64 bytes length. The left half

of the output is SHA 256 (phemeralSharedKeyjj 0x0000000]j Sharedinfo 1) and the
right half of the outputis SHA 256 (phemeralSharedKeyjj 0x00000003 Sharedinfo 1).
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Listing 2.18 demonstrates that with static veri cation we can show steps 1 and 2 of
ANSI-X9.63-KDF algorithm used in key derivation step in ECIES encryption scheme, are
always passed.

Listing 2.18: steps 1 and 2 of ANSI-X9.63-KDF algorithm used in key derivation step in
ECIES encryption scheme

/l@ private normal_behavior

/@ ensures \result == true;

/@ pure

private static boolean keyDerivationFnStepsOneToTwo(int al_byteLength, int
a2_byteLength) {
int keyData_ BitLen = 128 + 128 + 256; // length of the output of

keyDerivationFn function

double hashMax_BitLen = 1.8446744073709552E19;// ((Math.pow(2, 64)) - 1) ;

int hash_BitLen = 256; // in bits

long kdfEphSharedSecretKeyVal_BitLen = Long.valueOf(8) * al_bytelLength;
long sharedinfoVal_BitLen = Long.valueOf(8) * a2 bytelLength;

/Il step 1:

boolean stepl = ((((kdfEphSharedSecretKeyVal_BitLen) +
(sharedinfoVval_BitLen)) + (4 * 8)) < (hashMax_BitLen));

Il step 2:

boolean step2 = keyData BitLen < hash_BitLen * (4.294967295E9);

assert (stepl) : "Step 1 doesn't hold in keyDerivationFn method";
assert (step2) : "Step 2 doesn't hold in keyDerivationFn method";
return (stepl && step2);

For veri cation of Key Derivation (Step 3 of ECIES encryption in 2.9) rst we complete
java.security.MessageDigest.jml (see Listing 2.19, Listing 2.20 and Listing 2.21).

The model eld SHA256selected in Listing 2.19 is a ag that become true once the
algorithm is SHA256. The model method isHash256 in Listing 2.19 is a method that return
true once its second argument is SHA-256 of the rst argument. The model method vali-
dAlgorithm in Listing 2.19 is de ned to tell the veri er \SHA-256" is a valid algorithm for
java.security.MessageDigest.getinstance(java.lang.String s) i.e. java.security.MessageDigest.
getinstance(\SHA-256") does not throw NoSuchAlgorithmException [4][41].
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Listing 2.19: complete java.security.MessageDigest.jml: Adding one model eld and two
model methods

//l@ model public static boolean SHA256 selected;

/@ ensures (isHash256( input, output ))==>(\forall byte [JinputCopy;
((inputCopy!=null)&&(inputCopy.length == input.length)&&(\forall int
index; O<=index< inputCopy.length;
inputCopy[index]==\old(input)[index])); (\forall byte [JoutputCopy;
((outputCopy!=null)&&(outputCopy.length == output.length)&&(\forall int
index2; 0<=index2< outputCopy.length;
outputCopy[index2]==\old(output)[index2]));
isHash256(inputCopy,outputCopy)) );

6 /Ibelow line is needed as we expect determinism: computing sha-256 (input,
key) always get us same result

7 /l@ ensures (\forall byte[] outputCopy; isHash256(input, outputCopy ) &&
isHash256(input, output );java.util. Arrays.equals(outputCopy,output));

9 //@ assighable \nothing;

10

11

12

13

14

15

16

17

/l@ pure

//@ model public static boolean isHash256(byte[] input, byte[] output );
//@ public normal_behavior

/l@ ensures ((algorithm =="SHA-256") ==> \result);

ll@ pure

ey

model public static boolean validAlgorithm(String algorithm);

In lines 2 to 6 of Listing 2.20 we indicate that for expecting termination of getinstance
(java.lang.String s) the input should be a valid algorithm and not equal to null. Also we
say that once the input algorithm is \SHA-256" the length eld of the returned object is
equal to SHA256SIZE ,which is a model eld de ned in MessageDigest.jml (model public
static nal int SHA256 _SIZE = 32), and the ag SHA256 selected becomes true.

Listing 2.20: complete java.security.MessageDigest.jml: getinstance(java.lang.String s)

1 //@ public normal_behavior
2 I -- Author: Negar -----------------------
3 /l@ requires validAlgorithm(s); //make sure that it doesn't throw
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NoSuchAlgorithmException

/@ requires (s !'=null); //make sure that it doesn't throw
NullPointerException

/@ ensures s.equals("SHA-256")==>(\result.length == SHA256_SIZE);

/@ ensures s.equals("SHA-256")==>(SHA256_selected == true);

I

/l@ ensures \fresh(\result);

/@ pure

public static MessageDigest getlnstance(java.lang.String s) throws
NoSuchAlgorithmException;

In line 2 of Listing 2.21 we indicate that once algorithm is SHA-256, the output of the
digest method is SHA-256 of its input.

Listing 2.21: complete java.security.MessageDigest.jml: digest(byte[] bb)

1l -- Author: Negar -------------=-m-memeo-
/@ ensures (SHA256 selected) ==> isHash256(\old(bb),\result);
I end ---

public byte[] digest(byte[] bb);

Listing 2.22 demonstrates implementation and veri cation of Step 3 of ECIES encryp-
tion: Key Derivation.

Listing 2.22: implementation and veri cation of Step3 of ECIES encryption: Key Deriva-
tion
/I (hash(al||oneln4Bytes||a2) || hash(all|ltwoln4Bytes||a2))

//@ public normal_behavior

/@ requires (al !'= nul)&&(a2 '= null);

/l@ requires (al.length +4 + a2.length)<= Integer.MAX_VALUE ;

//@ ensures \result.length == 64;

//@ ensures MessageDigest.isHash256( \old(Concatination.concat2byteArray(
al,
Concatination.concat2byteArray(IntToByteArrayConverter.returnOneln4Bytes(),
a2))),java.util.Arrays.copyOfRange(\result,0,32));

//@ ensures MessageDigest.isHash256( \old(Concatination.concat2byteArray/(
al,
Concatination.concat2byteArray(IntToByteArrayConverter.returnTwoln4Bytes(),
a2))),java.util.Arrays.copyOfRange(\result,32,64));

43



11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

a4

/@ pure
public static byte[] keyDerivationFn(byte[] al, byte[] a2) {

}
I

/Il al ==z
/I a2 ==sharedInfo
Il - - - -- —---step 1 & 2

boolean stepl_2 = keyDerivationFnStepsOneToTwo(al.length, a2.length);
/l@ assert stepl 2;

I - - - e step 3
/I use returnOneln4Bytes() and returnTwoln4Bytes()
I - - mmmmemeeen step 4 & 5

final byte[]] K 1 =
Cryptography.computeSha256(Concatination.concat2byteArray(al,
Concatination.concat2byteArray(IntToByteArrayConverter.returnOneln4Bytes(),
a2)));
final byte[]] K 2 =
Cryptography.computeSha256(Concatination.concat2byteArray(al,
Concatination.concat2byteArray(IntToByteArrayConverter.returnTwoln4Bytes(),

a2)));

/l concat K 1 and K 2
byte[] output_ K_FINAL = Concatination.concat2byteArray(K_1, K_2);
return output_K_ FINAL,;

//@ public normal_behavior

//@ requires bb!=null;

//@ ensures \result.length == 32;

//@ ensures MessageDigest.isHash256(bb,\result);
/@ ensures \result !'=null;

/@ pure

public static byte[]] computeSha256(byte[] bb) {

try {
MessageDigest sha256_md

final byte[] hashedMessage
return hashedMessage;

} catch (NoSuchAlgorithmException e) {
return null;

MessageDigest.getinstance("SHA-256");
sha256_md.digest(bb);

}
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Listing 2.23: temp

//@ public normal_behavior

//@ requires all= null;

/@ requires a2!= null;

//@ requires (al.length + a2.length)<= Integer. MAX_ VALUE ;

/l@ ensures \result.length == al.length + a2.length;

/@ ensures (forall int i; O<=i <al.length ; \result[i] == \old(al[i]));

/l@ ensures (\forall int j; 0<=j <a2.length ; \result[al.length+j] ==
\old(a2[j]));

/@ ensures \result !'= null;

/@ pure

public static byte[] concat2byteArray(byte[] al, byte[] a2) {
byte[] res = new byte[al.length + a2.length];
System.arraycopy(al, 0, res, 0, al.length);
System.arraycopy(a2, 0, res, al.length, a2.length);
return res;

2.3.2.6 Step 4 in ECIES encryption: Symmetric Encryption

2.3.2.6.1 Speci cation Symmetric Encryption step of ECIES for both pro les A and

B use the AES128 encryption algorithm in CTR mode (see Table 2.2). In Step 3 of ECIES
we saw that the output of Key Derivation has length of 64 bytes. The most signi cant
\enckeylen" bytes (16 bytes) of that is Ephemeral Encryption Key, the least signi cant
mackeylen bytes are Ephemeral MAC Key (32 bytes) and the remaining icblen bytes (16
bytes) is ICB [20, pp. 207].

2.3.2.6.2 \Verication and refactoring For veri cation of Symmetric Encryption
(Step 4 of ECIES encryption in Figure 2.9 rst we complete javax.crypto.Cipher.jml (see
Listing 2.24, Listing 2.25 and Listing 2.26), javax.crypto.spec.lvParameterSpec.jml (see
Listing 2.27) and java.security.spec.AlgorithmParameterSpec (see Listing 2.1).

In javax.crypto.Cipher.jml, the model method validAlgorithm(String algorithm) is used
in the speci cation of method getinstance(String s) (see Listing 2.24). The speci cation of
validAlgorithm(String algorithm) is completed based on [34] and [32] in a way that now the
prover realizes that AES/CTR/NoPadding is a valid input for getinstance(java.lang.String
S).
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Listing 2.24: complete javax.crypto.Cipher.jml: getinstance(java.lang.String s)

/— — end

/I-- - Author: Negar --

Il -- Author: Negar

//@ public normal_behavior
/l@ ensures (((algorithm == "AES/CTR/NoPadding")) ==> \result);

I/l pure

//@ model public final instance java.lang.String algorithm;

//@ model public static pure heap free boolean validAlgorithm(String

algorithm);

//@ public normal_behavior

/- - Author: Negar --
/@ requires validAlgorithm(s);

/@ ensures \result.algorithm == s;

1l end ----

/@ ensures \fresh(\result);

//@ also public exceptional_behavior
/@ requires !validAlgorithm(s);

/l@ signals_only java.security.NoSuchAlgorithmException,

javax.crypto.NoSuchPaddingException;
1 end ----

@ pure

public static final javax.crypto.Cipher getinstance(java.lang.String s)
throws java.security.NoSuchAlgorithmException,

javax.crypto.NoSuchPaddingException;

key, AlgorithmParameterSpec spec) [33].
method doFinal(byte[] b).

In Listing 2.25 for javax.crypto.Cipher.jml, we rewrite specication of init(int n, Key

In Listing 2.26 we complete specication of

Listing 2.25: rewrite javax.crypto.Cipher.jml: init(int n, Key key, AlgorithmParameter-
Spec spec)

--- Author: Negar ----------
//[@ model public instance byte[] keyByteArray;
//@ model public instance byte[] ivbByteArray;
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/l@ model public instance int modeOperation;

//@ public normal_behavior

/Ihttps://docs.oracle.com/en/javal/javase/14/docs/api/java.basel/javax/crypto/Cipher.html#init(int,java.securi

/Ibelow 3 lines added for normal behavior requirements inorder to have
proper key for "AES/CTR/NoPadding” (not throwing
java.security.InvalidKeyException)

/@ requires(algorithm == "AES/CTR/NoPadding")==> (key instanceof
javax.crypto.spec.SecretKeySpec ivspec );

//@ requires(algorithm == "AES/CTR/NoPadding")==> (key.getAlgorithm() ==
"AES");

//@ requires(algorithm == "AES/CTR/NoPadding")==> ((key.getEncoded().length
== (128/8))||(key.getEncoded().length ==
(2192/8))||(key.getEncoded().length == (256/8)));

/Ibelow line is to make sure there is no
ava.security.InvalidAlgorithmParameterException
/l@ requires (n == Cipher.ENCRYPT_MODE) || (n == Cipher.DECRYPT_MODE);

/lbelow line is to make sure there is no
java.security.InvalidAlgorithmParameterException

/@ requires (algorithm == "AES/CTR/NoPadding")==> (spec instanceof
javax.crypto.spec.lvParameterSpec );

ll@ assignable this.content, this.keyByteArray, this.ivbByteArray;

/I@ ensures islnitialized;

/@ ensures keyByteArray == \old(key.getEncoded());

/@ ensures ivbByteArray == \old(spec.ivb);

//@ ensures modeOperation == n;

/I ensures (spec instanceof javax.crypto.spec.lvParameterSpec) ==>
(ivbByteArray == .getlV());

1 end

public final void init(int n, java.security.Key key,
java.security.spec.AlgorithmParameterSpec spec) throws
java.security.InvalidkeyException,
java.security.InvalidAlgorithmParameterException;

Listing 2.26: complete javax.crypto.Cipher.jml: doFinal(byte[] b)
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1 Author: Negar

/@ ensures (\forall byte[] keyCopy; (keyCopy.length ==
key.length)&&(java.util. Arrays.equalArrays(keyCopy,0,key,0,key.length));
iISAES_CTR_ENC(output , input,key , ivb ) <==> isAES_CTR_ENC(output ,
input,keyCopy , ivb ) );

/l@ ensures (\forall byte[] ivbCopy; (ivbCopy.length ==
ivb.length)&&(java.util.Arrays.equalArrays(ivbCopy,0,ivb,0,ivb.length));
iISAES_CTR_ENC(output , input,key , ivb ) <==> isAES_CTR_ENC(output |,
input,key , ivbCopy ) );

/[ciphertext and plaintext have the same size in AES CTR NoPadding mode

//@ ensures \result ==> input.length == output.length;
//@ assignable \nothing;
/@ pure

//@ model public static boolean iISAES_CTR_ENC( byte[] output , byte]]
input,byte[] key , byte[] ivb );

/@ ensures (\forall byte[] keyCopy; (keyCopy.length ==
key.length)&&(java.util. Arrays.equalArrays(keyCopy,0,key,0,key.length));
iISAES_CTR_DEC(output , input,key , ivb ) <==> isAES_CTR_DEC(output ,
input,keyCopy , ivb ) );

/@ ensures (\forall byte[] ivbCopy; (ivbCopy.length ==
ivb.length)&&(java.util. Arrays.equalArrays(ivbCopy,0,ivb,0,ivb.length));
iISAES_CTR_DEC(output , input,key , ivb ) <==> isAES_CTR_DEC(output ,
input,key , ivbCopy ) );

//@ assignable \nothing;

/@ pure

//@ model public static boolean iSAES_CTR_DEC( byte[] output , byte[]
input,byte[] key , byte[] ivb );

1 end

//@ public normal_behavior

1 Author: Negar

/lin normal behavior it is needed that object was initialized before :
https://docs.oracle.com/en/javal/javase/14/docs/api/java.basel/javax/crypto/Cipher.html#doFinal(byte%5

//@ requires islnitialized;

/l@ ensures ((modeOperation == Cipher.ENCRYPT_MODE)&&(algorithm ==
"AES/CTR/NoPadding"))==> iISAES_CTR_ENC( \result , b ,keyByteArray ,
ivbByteArray );

l/l@ ensures ((modeOperation == Cipher.DECRYPT_MODE)&&(algorithm ==
"AES/CTR/NoPadding"))==> isAES_CTR_DEC( \result , b ,keyByteArray ,
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ivbByteArray );
/--- - ---- end
/@ assignable this.content;
/@ ensures \fresh(\result);
/@ ensures \result.length == b.length; // FIXME - is this so? perhaps
just when there have been no prvious calls?
/@ ensures (* FIXME OPENJML - length of output? is it really fresh? *);
public final byte[] doFinal(byte[] b) throws
javax.crypto.lllegalBlockSizeException, javax.crypto.BadPaddingException;

Finally we complete javax.crypto.spec.lvParameterSpec.jml (see Listing 2.27) [35].

Listing 2.27: complete javax.crypto.spec.lvParameterSpec.jml

/l@ spec_public
I - - end ---- -
private byte[] iv;

//@ public normal_behavior

1l - - -- Author: Negar ------------=----------

/@ ensures this.iv != buf;

/l@ ensures this.iv.length == buf.length;

ll@ ensures java.util.Arrays.equalArrays(this.iv,0,buf,0,buf.length);
/@ ensures this.ivb == this.iv;

I - - end ---- -
/@ ensures true;
/l@ pure
public IvParameterSpec(byte[] buf);
Il - - -- Author: Negar ------------=----------
//@ public normal_behavior
/@ ensures \result == iv;
/@ pure
I - end ---- -

public byte[] getlV();

Listing 2.28 demonstrates implementation and veri cation of Step 4 of ECIES encryp-

tion: symmetric encryption (AES-128 in CTR mode with no padding).

Listing 2.28: implementation and veri cation of Step 4 of ECIES encryption: Symmetric
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Encryption

//@ public normal_behavior
/@ requires ((key!'=null) && (key.length ==(128/8)));
/@ requires ((ich!=null)&&(icb.length ==(128/8)));
//@ ensures Cipher.isAES_CTR_ENC( \result , plainText ,key , icb );
/l@ pure
public static byte[]] symmetricEncryption(byte[] key, byte[] icb, byte[]
plainText) {

try {
Key keySpec = new SecretKeySpec(key, "AES");

AlgorithmParameterSpec ivspec = new IvParameterSpec(icb);
Cipher cipher = Cipher.getinstance("AES/CTR/NoPadding");
cipher.init(Cipher.ENCRYPT_MODE, keySpec, ivspec);

byte[] result = cipher.doFinal(plainText);
return result;
} catch (NoSuchAlgorithmException | NoSuchPaddingException |
InvalidKeyException
| InvalidAlgorithmParameterException | lllegalBlockSizeException |
BadPaddingException e) {
return null;

2.3.2.7 Step 3 in ECIES decryption: Symmetric Decryption

2.3.2.7.1 Speci cation Symmetric Decryption step of ECIES for both pro les A and
B use AES128 decryption algorithm in CTR mod (see Table 2.2).

2.3.2.7.2 \Verication and refactoring For veri cation of Symmetric Decryption
(Step 3 of ECIES decryption in Figure 2.10) rst we complete javax.crypto.Cipher.jml
by adding lines 9-13 and 23 in Listing 2.26.
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Listing 2.29 demonstrates implementation and veri cation of Step 3 of ECIES decryp-
tion, Symmetric Decryption (AES-128 in CTR mode with no padding).

Listing 2.29: implementation and veri cation of Step 3 of ECIES decryption: Symmetric
Decryption

//@ public normal_behavior

/l@ requires ((key'=null) && (key.length ==(128/8)));

/@ requires ((icb!=null)&&(icb.length ==(128/8)));

/l@ ensures Cipher.isAES _CTR_DEC( \result , cipherText ,key , icb );

/@ pure

public static byte[] symmetricDecryption(byte[] key, byte[] icb, byte[]
cipherText) {
/lciphertext_SUCI

try {
Key keySpec = new SecretKeySpec(key, "AES");
AlgorithmParameterSpec ivspec = new IvParameterSpec(icb);

Cipher cipher = Cipher.getinstance("AES/CTR/NoPadding");
cipher.init(Cipher. DECRYPT_MODE, keySpec, ivspec);
return cipher.doFinal(cipherText);

}

catch (NoSuchAlgorithmException | NoSuchPaddingException |
InvalidKeyException
| InvalidAlgorithmParameterException | lllegalBlockSizeException |
BadPaddingException e) {
return null;

2.3.2.8 Step 5 in ECIES encryption: MAC Function

2.3.2.8.1 Speci cation The MAC Function for both pro les A and B is HMACSHA-
256 (see Table 2.2). The output of HMACSHA-256 has a length of 256 bits (32 bytes) |
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The MAC-tag value generated in step 5 of ECIES has length maclen, which is 8 bytes for
either pro le A or B. MAC-tag in ECIES described as the maclen most signi cant octets
of the output of the HMAC function [20, pp. 208]. For an example see [20, pp. 211]. By
mistake, the entire 32 bytes output of HMACSHA-256 in [69] was mistakenly regarded as
the MAC-tag.

2.3.2.8.2 \Verication and refactoring For veri cation of MAC Function (Step 5
of ECIES encryption in Figure 2.9) rst we complete javax.crypto.Cipher.jml (see List-
ing 2.30).

In javax.crypto.Mac.jml, the model method validAlgorithm is used in speci cation of
getinstance(String s) method. In Listing 2.30, we complete the speci cation of the method
based on [38] and [36] so that it now recognizes that \HmacSHA256" as a valid input for
getinstance(java.lang.String s).

Listing 2.30: complete javax.crypto.Mac.jml: getinstance(java.lang.String s)
//@ public normal_behavior

e Author: Negar -----------------------

//@ ensures ((algorithm =="HmacSHA256") ==> \result);

M end ------------m-m-mm -

//@ model public static pure heap_free boolean validAlgorithm(String
algorithm);

//@ public normal_behavior

/l@ requires validAlgorithm(algorithm);

/@ ensures \fresh(\result);

/@ ensures \result.algorithm == algorithm;

//@ also public exceptional_behavior

/@ requires !validAlgorithm(algorithm);

/@ signals_only java.security.NoSuchAlgorithmException;

/@ pure

public static final Mac getinstance(java.lang.String algorithm) throws
java.security.NoSuchAlgorithmException;

For javax.crypto.Mac.jml, in Listing 2.31, we also complete speci cation of the function
init(jJava.security.Key key) iin such a way that the prover could get that the init function
terminates normally (without error) once the input key is valid for the algorithm speci ed
in previous steps (using getinstance method) [39].
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Listing 2.31: complete javax.crypto.Mac.jml: init(java.security.Key key)

I

ey
I

-- Author: Negar --
model public instance byte[] keyByteArray;
end ---- -

//@ public normal_behavior

/@ assignable this.*;

/@ ensures this.initialized == true;
/I@ ensures this.isReset == true;
/I[@ ensures this.savedinfo == null;

/l@// TODO: Model InvalidKkeyException

I
ey
Ue)

ey

-- Author: Negar --

public normal_behavior

requires(algorithm == "HmacSHA256")==> (key instanceof
javax.crypto.spec.SecretKeySpec );

requires(algorithm == "HmacSHA256")==> (key.getAlgorithm() ==
"HmacSHA256");

/@ assignable this.initialized, this.isReset, this.savedinfo, this.
keyByteArray;

/@ ensures keyByteArray == \old(key.getEncoded());

/@ ensures this.initialized == true;

/I@ ensures this.isReset == true;

/I[@ ensures this.savedinfo == null;

Il end ---- -

public final void init(java.security.Key key) throws

java.security.InvalidKeyException;

Listing 2.32 demonstrates the completion of the speci cation for the method doFi-
nal(byte[] input). In order for the function to behave normally when called for an object
of the class javax.crypto.Mac, the object must be initialized beforehand [37] (see line 22 of
Listing 2.32).

Listing 2.32: input)]Jcomplete javax.crypto.Mac.jml: doFinal(byte[] input)

1l -- Author: Negar -

/@ ensures (\forall byte[] keyCopy; (keyCopy.length ==
key.length)&&(java.util.Arrays.equalArrays(keyCopy,0,key,0,key.length));
isHmacSHA256(output , input,key ) <==> isHmacSHA256(output |,
input,keyCopy ) );
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Il@ ensures (\forall byte[] keyCopy; (keyCopy.length ==
key.length)&&(\forall int index; O<=index< keyCopy.length;
keyCopy[index]==\old(key)[index]); isHmacSHA256(output , input,key )
<==> isHmacSHA256(output , input,keyCopy ) );

@ ensures (\forall byte[] inputCopy; (inputCopy.length ==
input.length)&&(java.util. Arrays.equalArrays(inputCopy,0,input,0,input.length));
isHmacSHA256(output , input,key ) <==> isHmacSHA256(output ,
inputCopy,key ) );

ll@ ensures (\forall byte[] inputCopy; (inputCopy.length ==
input.length)&&(\forall int index; O<=index< inputCopy.length;
inputCopyl[index]==\old(input)[index]); isHmacSHA256(output , input,key
) <==> isHmacSHA256(output , inputCopy,key ) );

//@ ensures \result ==> output.length == 32;

/l/below line is needed as we expect (determinism)computing HmacSHA256
(input, key) always get us same result

/@ ensures (\forall byte[] outputCopy; isHmacSHA256(outputCopy
input,key ) && isHmacSHA256(output , input,key
);Arrays.equals(outputCopy,output));

//@ assignable \nothing;

/l@ ensures \result ==> (output.length==32);

@ pure

/@ model public static boolean isHmacSHA256( byte[] output , byte[]
input,byte[] key );

I end

//@ public normal_behavior

1l Author: Negar

/@ requires this.initialized,;

l/@ ensures (algorithm == "HmacSHA256")==> isHmacSHA256( \result , input
,keyByteArray );

I end

/l@ { update(input,0,(int)input.length); return doFinal(); }

public final byte[] doFinal(byte[] input) throws
java.lang.lllegalStateException;
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Listing 2.33 demonstrates implementation and veri cation of Step 5 of ECIES Encryp-
tion, MAC Function.

Listing 2.33: implementation and veri cation of Step 5 of ECIES encryption: MAC Func-
tion
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//@ public normal_behavior

/l@ requires (key!=null);

//@ requires (inputTextVal'=null);

/l@ ensures Mac.isHmacSHA256( \result , inputTextVal ,key );

/@ pure
public static byte[] macFn(byte[] inputTextVal, byte[] key) {

try {
Mac sha256Hmac = Mac.getinstance("HmacSHA256");

SecretKeySpec keySpec = new SecretKeySpec(key, "HmacSHA256");
sha256Hmac.init(keySpec);
byte[] macData = sha256Hmac.doFinal(inputTextVal);
return macData;
} catch (NoSuchAlgorithmException | InvalidKeyException e) {
return null;

}

}
I

//@ public normal_behavior

/@ requires (MacValue32byte.length ==32);

/@ ensures ((\result.length == 8) && (\forall int i; 0 <=1 < §;
\result[i-0] == MacValue32byte[i]));

/@ pure

public static byte[] stepFiveMacFn8byte(byte[] MacValue32byte) {
byte[] macTag8byte = Arrays.copyOfRange(MacValue32byte, 0, 8);
return macTag8byte;

}

2.3.3 Static veri cation of edges of the process graph

We can represent a part of the protocol as a graph in which each node performs a speci c
process on its inputs and generates an output. Thus far, we have veri ed that each node
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performs its designated task. However, it is not su cient to stop at verifying each node; we
must also ensure that the nodes are connected as they should be. For instance, consider
a scenario where all nodes are veri ed, but there is no connection between them. To
illustrate, let us assume that the portion of the protocol consists of only two node€&l{ and

(2) and an edge from nodél) to node (2) (we assume the output of 1) is a byte array).

If we have already veri ed the two steps as shown in Figure 2.16, and there exists another
node (node(3)) such that post3)! pre(?), then we can use the output of nodé3) as the
input to node (2), as shown in Figure 2.17.

Figure 2.16: Example of a protocol section with two veri ed nodes

Figure 2.17: Weakness of Just Verifying Nodes
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The next step is to verify that the edges are also captured. In other words, we want
to ensure that we call(2) given outputs of (1) as its input. We will explore a few possible
solutions for this and compare them.

2.3.3.1 First Solution

The idea here is to wrap existing methodgl), and (2) and enhanced pre and post-condition
of them as Figure 2.18. Here we don't put any speci cations for the model method.

Figure 2.18: Solutionl for Verifying Edges
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2.3.3.2 Second Solution

In the second solution, we apply a similar approach as in the rst solution by wrapping
the existing methods(1) and (2) and enhancing their pre- and post-conditions as shown in
Figure 2.19. Additionally, we introduce a new postcondition for the model method.

PN

Figure 2.19: Solution2 for Verifying Edges

Note 1: Can we remove the \assume" in 2.19? No. If we remove it, we would need
to change) to ( , which would essentially renameostl) to isOutputof 1. We
do not want to do this because the result of any other function, such 48), that
has postpost3)) post1) could still be fed into wrapped(2). However, we want to
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guarantee that wrapped(2) can only be called by providing the output of wrapped
(@D as its input.

N

Note 2: If we use the \assume" in Figure 2.19, we are claiming too much as humans
because isOutputofl has a postcondition itself. Ultimately, using the second solution
will result in several of these \assumes", making it highly probable that a human will
make a mistake in at least one of them.

2.3.3.3 Third Solution
The third solution eliminates the weaknesses of the second solution, which relied on a

strong assumption. Like the rst solution in the third solution, we do not need to include
postd) in the post-condition of wrappedl). The third solution is presented in Figure 2.20.
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Figure 2.20: Solution3 for Verifying Edges

It may be a question whether the function isOutputofl can only have one input of type
string, as shown in Figure 2.21. Consider the scenario where wrapfds called and
isSpecStep(\1") is true. If another function like(3) haspost3)) postl), it could still be
fed into wrapped2). However, we want to ensure that wrappe@) can only be called by
giving the output of wrapped?) as its input. Therefore, the simpli ed version of the third
solution shown in Figure 2.21 is not acceptable.
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Figure 2.21: simpli ed version of solution3 for Verifying Edges that is not acceptable

2.3.3.4 Fourth Solution

In the fourth solution shown in Figure 2.22, we only need one model method to capture
an edge, as in the rst solution. Similar to the third solution, we use a model method with
two inputs that can be reused for capturing other edges.
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Figure 2.22: Solution4 for Verifying Edges

We applied the fourth solution for capturing edges to ECIES encryption for generat-
ing Scheme Output. This process is depicted in Figure 2.23, which shows the resulting
encrypted data along with the corresponding edges captured from the input data.
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2.4 5G-AKA authentication protocol

Figure 2.24 illustrates authentication protocol showing sub-entities and Figure 2.25 demon-
strates authentication protocol showing three main entities.

Figure 2.24: Authentication protocol: showing sub-entities [20, p. 43]
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Figure 2.25: Authentication protocol: showing main entities [69, p. 13]

2.4.1 Steps 1-4 of 5G-AKA authentication protocol
In the rst step of 5G-AKA authentication protocol, sub-entity UDM/ARPF at HN com-

putes 5G HE AV [20, pp. 43]. 5G HE AV is concatination of RAND, Authentication Token
(AUTN), XRES*, and Kause (RAND” XRES*JJ KAUSFjj AUTN) [ » PP. 43]
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In step 2 of 5G-AKA authentication protocol, UDM/ARPF sends 5G HE AV (and SUPI
in case HN received SUCI in initialization step) to sub-entity AUSF at HN [20, pp. 43].

In step 3 of 5G-AKA authentication protocol, AUSF temporally stores XRES (part of
a received 5G HE AV) with SUPI (if it was received in the previous step) [20, pp. 44].

In step 4 of 5G-AKA authentication protocol, AUSF computes HXRES from XRES'
(part of a received 5G HE AV) [20, pp. 44]. AUSF also computesdéar from Kayse (part
of a received 5G HE AV) [20, pp. 44]. AUSF then computes 5G AV from the 5G HE AV
by replacing the KAUSF with KSEAF and XRES' with the HXRES" in the 5G HE AV
[20, pp. 44]. So the formula for 5G AV would be (RAN[) HXRES'jj Ksgarji AUTN).

In step 5 of 5G-AKA authentication protocol, AUSF computes 5G SE AV from 5G
AV by removing Ksgar [20, pp. 44]. So the formula for 5G SE AV would be (RAN[p
HXRES'jj AUTN). AUSF sends the 5G SE AV to SN (sub-entity SEAF) [20, pp. 44].

If we look at main entities, in steps 1 to 5, HN generate 5G SE AV (RANJpHXRES'jj
AUTN) and sends it to SN. Once HN computes RAND, HXRES and AUTN, it can
compute 5G SE AV by concatenating them and there is no need to compute 5G Home
Environment Authentication Vector (5G HE AV) and 5G AV. This could also be seen in
Figure 2.26.
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Figure 2.26: Authentication protocol: showing main entities and exceptional cases [27,
p. 3]

Inputs and outputs of Steps One to Four in the 5G-AKA Authentication protocol are
illustrated in Figure 2.27. The data ow diagram for these steps is shown in Figure 2.28.
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Figure 2.27: Steps One to Four in 5G-AKA Authentication protocol Inputs and Outputs
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24.1.1 RAND

2.4.1.1.1 Speci cation The RAND has a length of 16 bytes [19].

2.4.1.1.2 \Verication and Refactoring In [69, p. 34] was decided to be set to a
value between 0 and 147483637. Listing 2.34 demonstrates implementation of the RAND
generation from [69] which is clearly does not even meet producing a value between 0 and
147483637.

Listing 2.34: implementation of the RAND generation from [69]

Random randObj = new Random();

int maxRandVal = 147483637,

int maxLengthofRandVal = Integer.toString(maxRandVal).length();
int generatedRANDval = randObj.nextint(maxRandVal);

String generatedRANDval_str = Integer.toString(generatedRANDval);

if(maxLengthofRandVal>Integer.toString(generatedRANDval).length())
int diffval = maxLengthofRandVal -
Integer.toString(generatedRANDval).length();
for (int x = 0; x < diffvVal; x++) {
generatedRANDval_str += "0";

}
}

generatedRANDval=Integer.parselnt(generatedRANDval_str);

In the rest of this section we go thought the refactored version of RAND generation
and verify that it meets the speci cation. For veri cation of RAND generation rst we
complete javax.crypto.Cipher.jml.

In lines 2 to 4 of Listing 2.35 we de ne the model method isRandBytes(byte[] input)
which is reponsible to return true only in case its input was generated by a random process.
Next, we add line 9 to indicate after calling the function nextBytes with the input bytes
(nextBytes(bytes)), \bytes" is lled randomly [40].
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Listing 2.35: complete java.util. Random.jml

[[------ - --- Author: Negar -------------------m---
/l@ assignable \nothing;

/@ pure

/@ model public static boolean isRandBytes(byte[] input);
/]------ - --- end Negar -------------=-m-mmumm-

//@ public normal_behavior

IR - --- Author: Negar -----------------------
//@ ensures isRandBytes(bytes);
[f-=-=-- - --- end Negar ---------------c-v-e-u-

/l@ assignable this.content, bytes[*];
public void nextBytes(byte[] bytes);

Listing 2.36 demonstrates implementation and veri cation of RAND generation

Listing 2.36: implementation and veri cation of RAND generation
//@ public normal_behavior

//@ ensures \result.length == 16;
//@ ensures Random.isRandBytes(\result);
/@ pure

public static byte[] generateRand() {
Random rd = new Random();
byte[] rand = new byte[16];
rd.nextBytes(rand);
return rand;

2.4.1.2 SON
SON is a 6-byte value [19, p. 29]. At HN, SQON is denoted by SQ@N and is strictly

increasing [27, p. 10]. On the other hand, at UE, SQN is denoted by S@Nand represents
the highest SQN that has been accepted by USIM [71, p. 4].
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2.4.1.3 Serving network name

In 5G-AKA, Serving network name is ((\5G")jj\:" Jj(SN Id)) [20, p. 29]. With the exception
of non-public standalone networks, the SN Id is referred to as the SNN-network-identi er
[20, p. 29], as de ned in Table 9.12.1.1 of [18, p. 650].

24.1.4 AMF

The AMF is a 16 bits value [19, p. 73]. The AMF's 16 bits are numbered from 0 to 15,
with bit 0 being the most signi cant and bit 15 being the least signi cant [19, p. 73]. The

bit O is called the AMF separation bit [19, p. 73]. For step 1 of 5G-AKA we have in
[20, p. 43] that AMF's separation bit set to 1. Bits 1 through 7 are reserved for future
standardization [19, p. 73]. While not yet speci ed for a specic use, bits 1 to 7 must be
setto 0 [19, p. 73]. Bits 8 to 15 are reserved for proprietary use [19, p. 73]. Three examples
of these proprietary usages can be found in Annex F [19, p. 71]. Like in [69, p. 33] we use
the value (10000000 000000Q0jor AMF.

2415 K

K is a secret key shared between UE and HN [27, p. 3]. The length of K is 16 bytes or 32
bytes [19, p. 29]. We use a random 32-byte value in the implementation for K.

2.4.1.6 3GPP authentication and key generation functions f1, f1*, f2, {3, f4,
f5 and f5*

Table 2.3 shows type, inputs and output of 3GPP authentication and key generation func-
tions f1, f1*, f2, f3, f4, f5 and f5*.

Table 2.3: 3GPP authentication and key generation functions f1, f1*, {2, {3, f4, f5 and f5*

Fucntion | Type [19, pp. 23] [21, pp. 9{10] Inputs [19, pp. 22{25] [17, pp. 7] Output [19, pp. 11] Length of Output in bytes [19, pp. 29]
f1 MAC function K, RAND, SON and AMF MAC 8

f2 MAC function K and RAND RES and XRES 410 16

3 KDF function K and RAND Cipher Key (CK) 16

f4 KDF function K and RAND Integrity Key (IK) 16

5 KDF function K and RAND Anonymity Key (AK) 6

fix KDF function K, RAND, SQN and AMF MAC S 8

f5* KDF function K and RAND AK in re-synchronisation procedures 6

Two examples of algorithm set for the 3GPP authentication and key generation func-
tions f1, f1*, 12, 13, f4, {5 and 5%, are MILENAGE [21] [17] and TUAK [22].
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HMAC-SHA-256 was chosen for the functions f1, f1*, and f2, and ANSI-X9.63-KDF
(as described in Section 2.3.2.5) for f2, {3, f4, f5, and f5* in [69]. While these choices
satisfy the types of f1 to f5 listed in Table 2.3, the generated outputs do not have the
expected lengths. Speci cally, the output lengths of f1, f1*, and f2 are 32 bytes, while the
output lengths of {3, f4, f5, and f5* are 64 bytes in [69]. Nonetheless, we will adopt the
implementation choices of [69] and truncate the output by selecting the rightmost bytes of
the desired length as listed in Table 2.3.

2417 MAC

2.4.1.7.1 Speci cation As explained in Section 2.4.1.6, the f1 function is utilized for
the computation of MAC. Table 2.3 illustrates that f1 is a MAC function that produces
an output with a length of 8.

2.4.1.7.2 \Verication and refactoring In [69], HMAC-SHA-256((AMF jj SON jj
RAND), K) is used for the f1 functions. We made two modi cations. First, we extract
the 8 right-most bytes of the output of HMAC-SHA-256 to ensure that the length of
MAC matches the requirements speci ed in [19, pp. 29]. Second we change the order of
cancatinating AMF, SQN and RAND to (SQNjj RAND jj AMF) to match the requirements
specied in [19, pp. 23].

The function \f1lMac" in Listing 2.37 demonstrates implementation and veri cation of
fl.

Listing 2.37: implementation and veri cation of f1

//@ public normal_behavior

/l@ requires (AMFval'=null)&& (SQNval!l=null)&& (RANDval!=null) ;

/l@ requires (AMFval.length + SQNval.length+ RANDval.length)<=
Integer.MAX_VALUE ;

//@ ensures Mac.isHmacSHA256( \result ,
Concatination.concat2byteArray(SQNval,Concatination.concat2byteArray
(RANDval,AMFval)), sharedSecretKeyK );

/@ pure

public static byte[] f1Mac32ByteOut(byte[] sharedSecretKeyK, byte[] AMFval,
byte[] SQNval, byte[] RANDval) {

byte[] s = Concatination.concat2byteArray(SQNval,
Concatination.concat2byteArray(RANDval, AMFval));
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byte[] result32Bytes = Cryptography.macFn(s, sharedSecretKeyK);
return result32Bytes;

}

//@ public normal_behavior

/@ requires (AMFval'=null)&& (SQNval!=null)&& (RANDval!=null) ;

/l@ requires (AMFval.length + SQNval.length+ RANDval.length)<=
Integer.MAX_VALUE ;

//@ ensures \result.length == 8§;

/I bellow ensures is an implementation choice and its not specified in the
specification: using HMAC_SHA_ 256 and then truncating it

//@ ensures Arrays.equals(\result,
return8RightMostByteOf32(f1Mac32ByteOut(sharedSecretKeyK, AMFval,
SQNval, RANDval)));

/@ pure

public static byte[] fIMac(byte[] sharedSecretKeyK, byte[] AMFval, byte[]
SONval, byte[] RANDval) {

byte[] result32Bytes = flMac32ByteOut(sharedSecretKeyK, AMFval, SQNval,
RANDval);

byte[] result8Bytes = return8RightMostByteOf32(result32Bytes);

return result8Bytes;

5G-AKA initially lacked Key Con rmation, despite its importance, as discussed in

Section 5.2.2 of [27]. To address this, two proposed solutions were suggested to eliminate
the need for Key Con rmation [27, pp. 12]. The rst solution involves binding AUTN

to SNname by including SNname as an input in f1, which computes MAC. The second
solution requires adding a few additional steps to the protocol's end [27, pp. 12].

In Listing 2.38, the function \f1MacBasian" showcases the implementation and veri -

cation of the updated version of \f1" proposed in [27, pp. 12].

Listing 2.38: implementation and veri cation of the updated version of f1

//@ public normal_behavior

/l@ requires (AMFvall=null)&& (SQNval'=null)&& (RANDval'=null) &&
(SNname!=null) ;

/l@ requires (AMFval.length + SQNval.length+ RANDval.length +
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SNname.length)<= Integer.MAX_VALUE ;
/I bellow ensures is an implementation choice and its not specified in the
specification: using HMAC_SHA 256 and then truncate it

/@ ensures Mac.isHmacSHA256( \result ,
Concatination.concat2byteArray(SQNval,Concatination.concat3byteArray(RANDval,AMFval,SNname)),

sharedSecretKeyK );
/@ pure
public static byte[]] flMacBasin32ByteOut(byte[] sharedSecretKeyK, byte[]
AMFval, byte[]] SQNval, byte[]] RANDval,
byte[] SNname) {

byte[] s = Concatination.concat2byteArray(SQNval,

Concatination.concat3byteArray(RANDval, AMFval, SNname));
byte[] result32Bytes = Cryptography.macFn(s, sharedSecretKeyK);
return result32Bytes;

//@ public normal_behavior

/l@ requires (AMFvall=null)&& (SQNval'=null)&& (RANDval'=null)&&
(SNname!=null) ;

/l@ requires (AMFval.length + SQNval.length+ RANDval.length +
SNname.length)<= Integer.MAX_VALUE ;

//@ ensures \result.length == 8;

/I bellow ensures is an implementation choice and its not specified in the
specification: using HMAC_SHA 256 and then truncate it

//@ ensures Arrays.equals(\result,
return8RightMostByteOf32(f1MacBasin32ByteOut(sharedSecretKeyK, AMFval,
SQNval, RANDval, SNname)));

/@ pure

public static byte[] fLMACBasin(byte[] sharedSecretkeyK, byte[] AMFval,
byte[] SQNval, byte[] RANDval,

byte[] SNname) {

byte[] result32Bytes = flMacBasin32ByteOut(sharedSecretKeyK, AMFval,
SQNval, RANDval, SNname);

byte[] result8Bytes = return8RightMostByteOf32(result32Bytes);

return result8Bytes;
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24.1.8 XRES

2.4.1.8.1 Specication As explained in Section 2.4.1.6, the f2 function is utilized for
the computation of RES and XRES. Table 2.3 illustrates that f2 is a MAC function that
produces an output with a length of 4 to 16.

2.4.1.8.2 \Verication and refactoring In [69], HMAC-SHA-256 is used for the f2
functions. For f1, we extract the 16 right-most bytes of the output of HMAC-SHA-
256(RAND, K). This approach ensures that the length of XRES matches the requirements
speci ed in [19, pp. 29].

In Listing 2.39, the function f1MacBasian showcases the implementation and veri ca-
tion of f2.

Listing 2.39: implementation and veri cation of f2

//@ public normal_behavior

//@ requires (sharedSecretKeyK!=null);

/@ requires (RANDval!'=null);

//@ ensures \result.length == 16;

/I bellow ensures is an implementation choice and its not specified in the
specification: using HMAC_SHA 256 and then truncate it

/I@ ensures Arrays.equals(\result,
return16RightMostByteOf32(Cryptography.mackFn(
RANDval,sharedSecretKeyK)));

/@ pure

public static byte[] f2ResAndXres(byte[] sharedSecretKeyK, byte[] RANDval) {

byte[] result32Bytes = Cryptography.macFn(RANDval, sharedSecretKeyK);
byte[] resultl6Bytes = Authn.returnl16RightMostByteOf32(result32Bytes);
return resultl6Bytes;
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2419 CK and AK

2.4.1.9.1 Speci cation As explained in Section 2.4.1.6, the f3 and f4 function is uti-
lized for the computation of CK and AK respectively. Table 2.3 illustrates that f3 and 4
are KDF functions that produce an output with a length of 16.

2.4.1.9.2 \Verication and refactoring In [69], ANSI-X9.63-KDF with the output
length of 64 bytes and using SHA-256 as a hash function is used for the f3 and 4 functions.
Now for f3 and f4, we extract the 16 right-most bytes of the output of ANSI-X9.63-KDF
with the output length of 32 bytes and use SHA-256 as a hash function. This approach
ensures that the length of CK and AK matches the requirements speci ed in [19, pp. 29].

In Listing 2.40, the function f3CkAndf4lk showcases the implementation and veri ca-
tion of f3 and 4.

Listing 2.40: implementation and veri cation of f3 and f4

//@ public normal_behavior

/l@ requires (al !'= nul)&&(@2 != null);

//@ requires (al.length +4 + a2.length)<= Integer.MAX_VALUE ;

//@ ensures \result.length == 16;

/Ibellow ensures is an implementation choice and its not specified in the
specification: using ANSI_KDF and then truncating it

//@ ensures Arrays.equals(\result, return16RightMostByteOf32(
ansikdf32ByteOut(al,a?2)));

/@ pure

public static byte[] f3CkAndf4lk(byte[] al, byte[] a2) {
byte[] res_32 = Authn.ansiKdf32ByteOut(al, a2);
byte[] res_16 = Authn.returnl16RightMostByteOf32(res_32);
return res_16;

}

24.1.10 AK
2.4.1.10.1 Speci cation As explained in Section 2.4.1.6, the 5 function is utilized for

the computation of AK. Table 2.3 illustrates that f5 is a KDF function that produces an
output with a length of 6.
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2.4.1.10.2 \Veri cation and refactoring In [69], ANSI-X9.63-KDF with the output
length of 64 bytes and using SHA-256 as a hash function is used for the f5 function. For
5, we extract the 6 right-most bytes of the output of ANSI-X9.63-KDF with the output
length of 32 bytes and use SHA-256 as a hash function. This approach ensures that the
length of AK matches the requirements speci ed in [19, pp. 29].

In Listing 2.41, the function f5Akf5StarAkStar showcases the implementation and ver-
i cation of f5. like in [69] the same function is used for both 5 and f5*.

In [19, pp. 24{35], the output of both 5 and f5* functions is referred to as AK, as also
noted in [17, pp. 29]. In contrast, other sources such as [27, pp. 5] use AK and AK* as the
outputs of f5 and f5*, respectively.

Listing 2.41: implementation and veri cation of f5

//@ public normal_behavior

/l@ requires (al !'= nul)&&(@2 != null);

/@ requires (al.length +4 + a2.length)<= Integer.MAX_VALUE ;

//@ ensures \result.length == 6;

/Ibellow ensures is an implementation choice and its not specified in the
specification: using ANSI_KDF and then truncate it

//@ ensures Arrays.equals(\result, return6RightMostByteOf32(
ansikdf32ByteOut(al,a?2)));

/@ pure

public static byte[] f5Akf5StarAkStar(byte[] al, byte[] a2) {
byte[] AK_32 = Authn.ansiKdf32ByteOut(al, a2);
byte[] AK_16 = Authn.return6RightMostByteOf32(AK_32);
return AK_16;

}

2.4.1.11 KDF functions
There are a few rules that are hold for KDF functions in 5G Core (5GC) [20, p. 191]. In

5G-AKA authentication protocol the KDF functions that are used are Kyse, (X)RES®
and Kaysg . Below, these rules are listed:

" Each input parameter is an octet strings, not arbitrary length bit strings [24, p. 38].

" For an input parameter that is a character string UTF-8 encoding is used [24, p. 39].
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For an input parameter that is a non negative integer, rst we encode the parameter
in base 2. If this parameter's length is speci ed in 3GPP speci cations, we put zeros
to the left of the value representing the parameter in base 2. Otherwise, if the length
(number of bits) of base-2 encoding is not a multiple of 8, we add minimum required
zeroes to the left of the parameter value in base 2 to make the result have a number
of bits that is a multiple of 8 [24, p. 39].

Each input parameter has a length of no more than 65535 bytes [24, p. 38].

The length of each input parameter Pi (encoded in octet string) is a two bytes value
representing number of bytes of that parameter called Li [24, p. 38].

" The derived key is HMAC-SHA-256 ( KEY , S) [24, p. 38].

{ KEY: The key used in KDF
{ S=FCjjPOjjLOjj PLjjL1jj P2jjL2...jJjPnjjLn
* FC: FC values used in 5G-AKA authentication protocol are in the range
0x69 to 0x76 [20, p. 191].
* PO...Pn: n+1 octet string inputs
* LO..Ln: Li(0O i n)represents number of octets of Pi in two bytes.

2.4.1.11.1 Converting an integer to bytes In Section 2.4.1.11 we saw that for en-
coding an integer parameter in KDF function, in case the parameters length is not speci ed
in 3GPP speci cations, it may be necessary to add zeros to the left of the parameter value
in base 2 to ensure that the resulting value has a number of bits that is a multiple of 8.

To accomplish this task, \intToVariableLengthByteArray" in Listing 2.42 is responsible
for converting an integer input to a byte array (with minimum possible length).

Listing 2.42: implementation and veri cation of Converting an integer to bytes

//@ public normal_behavior
//@ requires n >= 0;

/@ ensures ((0<=n )&& (n <=255)) ==> \result.length ==1,

/@ ensures ((256<=n) && (n <=65535)) ==> \result.length ==2;

//@ ensures ((65536<=n) && (n <=16777215)) ==> \result.length ==3;

/@ ensures ((n >=16777216)&& (n<= Integer.MAX_VALUE)) ==> \result.length
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/@ ensures (\resultlength ==1) ==> (\result[0] ==
Integer.valueOf(n).byteValue());

/@ ensures (\result.length ==2) ==> (\result[0] ==
Integer.valueOf(n>>>8).byteValue());

/l@ ensures (\resultlength ==2) ==> (\result[1] ==
Integer.valueOf(n).byteValue());

/@ ensures (\result.length ==3) ==> (\result[0] ==
Integer.valueOf(n>>>16).byteValue());

/@ ensures (\result.length ==3) ==> (\result[1] ==
Integer.valueOf(n>>>8).byteValue());

//@ ensures (\result.length ==3) ==> (\result[2] ==
Integer.valueOf(n).byteValue());

//@ ensures (\resultlength ==4) ==> (\result[0] ==
Integer.valueOf(n>>>24).byteValue());

/@ ensures (\resultlength ==4) ==> (\result[1] ==
Integer.valueOf(n>>>16).byteValue());

/@ ensures (\resultlength ==4) ==> (\result[2] ==
Integer.valueOf(n>>>8).byteValue());

//@ ensures (\resultlength ==4) ==> (\result[3] ==
Integer.valueOf(n).byteValue());

/@ pure

public static byte[] intToVariableLengthByteArray(int n) {

byte[] result;

if (0 <= n) && (n <= 255)) {
result = new byte[1];
resultf0] = Integer.valueOf(n).byteValue();
return result;

} else if ((256 <= n) && (n <= 65535)) {
result = new byte[2];

result[0] = Integer.valueOf(n >>> 8).byteValue();

result[1l] = Integer.valueOf(n).byteValue();
return result;

} else if ((65536 <= n) && (n <= 16777215)) {
result = new byte[3];
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result[0] = Integer.valueOf(n >>> 16).byteValue();
resultfl] = Integer.valueOf(n >>> 8).byteValue();
result[2] = Integer.valueOf(n).byteValue();

return result;

}

else if ((n >= 16777216)) {
result = new byte[4];
resultf0] = Integer.valueOf(n >>> 24).byteValue();
resultf1] = Integer.valueOf(n >>> 16).byteValue();
resultf2] = Integer.valueOf(n >>> 8).byteValue();
result[3] = Integer.valueOf(n).byteValue();
return result;

}
else {
/lcode to be executed if all the conditions are false
return null;
}
}
2.4.1.11.2 Converting an integer to two bytes In Section 2.4.1.11, we learned that

the length of each input parameter Pi is represented by a two-byte value called Li.

The function \intToLength2ByteArray" in Listing 2.43 converts an integer input to a
byte array with a length of two bytes.

Listing 2.43: implementation and veri cation of Converting an integer to two bytes

//@ public normal_behavior
/@ ensures (\result.length ==2) ;

//@ ensures (\resultf0] == Integer.valueOf(n>>>8).byteValue());
/@ ensures (\resultfl] == Integer.valueOf(n).byteValue());
/@ pure

public static byte[] intToLength2ByteArray(int n) {
byte[] result = new byte[2];
resultf0] = Integer.valueOf(n >>> 8).byteValue();
result[1] = Integer.valueOf(n).byteValue();
return result;
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2.4.1.12 (X)RES *

2.4.1.12.1 Speci cation The inputs and output of the KDF function that computes
(X)RES" are listed below [20, p. 192] (see Section 2.4.1.11).

" inputs:

{ SNname
{ RAND
{ (X)RES

{ CcK

{ K

" output: (X)RES™ = 128 least signi cant bits of HMAC-SHA-256 ( KEY , S )

{ KEY =CK jj IK

{ S=FC jjPOjjLOjjP1jjLLjj P2jj L2
* FC = 0x6B
* PO = SNname
* L0 = length of SNname
* P1 = RAND
* L1 = length of RAND: (00000000 00000019)
* P2 = (X)RES
* L2 = lenth of (X)RES
2.4.1.12.2 \Verication and refactoring The function \computeXresStar" in List-

ing 2.44 demonstrates the implementation and veri cation of (X)RES Line 11 in List-
ing 2.32 informs the prover that HMACSHA?256 is a mathematical (deterministic) function,
meaning that computing HMACSHA256 with the same inputs always results in the same
output. This property is used by the prover to prove the post condition on line 32 of

Listing 2.44.
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Listing 2.44: implementation and veri cation of (X)RES'

//@ public normal_behavior
/@ requires (SNname!=nul)&& (CK!=nul)&& (IK!=null) ;
/@ requires

(IntToByteArrayConverter.intToVariableLengthByteArray(0x6B).length +
SNname.length+
IntToByteArrayConverter.intToLength2ByteArray(SNname.length).length+
Rand.length+
IntToByteArrayConverter.intToLength2ByteArray(Rand.length).length +
XRES.length+
IntToByteArrayConverter.intToLength2ByteArray(XRES.length).length) <=
Integer.MAX_VALUE ;

/l@ requires (CK.length + IK.length)<= Integer.MAX_VALUE ;
//@ ensures Mac.isHmacSHA256( \result

,Concatination.concat2byteArray(IntToByteArrayConverter.
intToVariableLengthByteArray(0x6B)
,Concatination.concat2byteArray(Concatination.concat2byteArray
(SNname,IntToByteArrayConverter.intToLength2ByteArray(SNname.length)) ,
Concatination.concat2byteArray(Concatination.concat2byteArray(Rand,
IntToByteArrayConverter.intToLength2ByteArray(Rand.length)),
Concatination.concat2byteArray(XRES,
IntToByteArrayConverter.intToLength2ByteArray(XRES.length))))) ,
Concatination.concat2byteArray(CK , 1K) );

/@ pure
public static byte[]] computeXresStar256(byte[]] SNname, byte[] Rand, byte[]

XRES, byte[] CK, byte[] IK) {

byte[] FC = IntToByteArrayConverter.intToVariableLengthByteArray(0Ox6B);
byte[] PO = SNname;
byte[] LO = IntToByteArrayConverter.intToLength2ByteArray(SNname.length);

byte[] P1 = Rand;
byte[] L1 = IntToByteArrayConverter.intToLength2ByteArray(Rand.length);
byte[] P2 = XRES;

byte[] L2 = IntToByteArrayConverter.intToLength2ByteArray(XRES.length);

byte[] s = Concatination.concat2byteArray(FC,
Concatination.concat2byteArray(Concatination.concat2byteArray(PO,
LO), Concatination.concat2byteArray(
Concatination.concat2byteArray(P1, L1),
Concatination.concat2byteArray(P2, L2))));
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byte[] key = Concatination.concat2byteArray(CK, IK);

byte[] result = Cryptography.macFn(s, key);
return result;

//@ public normal_behavior

/@ requires (SNname!=nul)&& (CK!=nul)&& (IK!'=null) ;

/@ requires
(IntToByteArrayConverter.intToVariableLengthByteArray(0x6B).length +
SNname.length+
IntToByteArrayConverter.intToLength2ByteArray(SNname.length).length+
Rand.length+
IntToByteArrayConverter.intToLength2ByteArray(Rand.length).length +
XRES.length+
IntToByteArrayConverter.intToLength2ByteArray(XRES.length).length) <=
Integer.MAX_VALUE ;

/l@ requires (CK.length + IK.length)<= Integer. MAX_VALUE ;

//@ ensures \result.length == 16;

/l@ ensures Arrays.equals(\result, return16RightMostByteOf32(
computeXresStar256(SNname , Rand , XRES, CK , IK)));

/@ pure

public static byte[] computeXresStar(byte[] SNname, byte[]] Rand, byte[]
XRES, byte[] CK, byte[] IK) {

byte[] XRES_STAR_256 = computeXresStar256(SNname, Rand, XRES, CK, IK);

byte[] XRES_STAR_128 = Authn.return16RightMostByteOf32(XRES_STAR_256);

ll@ assert Arrays.equals(XRES_STAR_128, Arrays.copyOfRange(XRES_STAR_256,
16, 32));

return XRES_STAR_128;

24.1.13 K ausr

2.4.1.13.1 Specication The inputs and output of the KDF function that computes
Kausr are listed below [20, p. 191] (see Section 2.4.1.11).
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" inputs:

SNname
SON

AK

CK

{ IK

Lot T e W satn W )

~ output: K ause = HMAC-SHA-256 ( KEY , S)

{ KEY =CK Jj IK
{ S=FCjjPOjjLOjP1jjL1
* FC = Ox6A
* PO = SNname
* LO = length of SNname
* P1=SQN AK
* L1 = length of (SQN  AK): (00000000 00000119)

2.4.1.13.2 \Verication and refactoring The implementation of the xor function
used in [69] is presented in Listing 2.45, which contains a bug at line 10 where \binStr1"
was erroneously assigned instead of \binStr2". Such errors can occur when developers
copy and paste code from online resources without proper understanding or modi cation.
However, if a function is veri ed, others can rely on it to perform its intended task. This
illustrates how veri cation instills trust in the implementation of cryptographic algorithms.

Listing 2.45: implementation of xor function in [69]

static String xorFunction(String binStrl, String binStr2)
{

int binStrl_len
int binStr2_len

binStrl.length();
binStr2.length();

/I length balancing by adding zeroes
if (binStrl_len > binStr2_len)
{
binStrl = lengthBalancerAddingZeroes(binStr2, binStrl len -
binStr2_len);
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}
else if (binStr2_len > binStrl_len)

{
binStrl = lengthBalancerAddingZeroes(binStrl, binStr2_len -
binStrl_len);

}

/I new balanced length
int balanced_bin_str_length = Math.max(binStrl_len, binStr2_len);

String xor_returnval = ";

for (int i = O; i < balanced_bin_str_length; i++)
{
if (binStrl.charAt(i) == binStr2.charAt(i))
Xor_returnVal += "0";
else
Xor_returnval += "1";

}

return xor_returnVal;

Listing 2.46 presents the implementation and veri cation of the function \xorFunction-
Samelength”, which is used to xor two byte arrays with the same length. Since both SQN
and AK have a length of six bytes, only cases where the inputs are of the same length are
considered in this function.

Listing 2.46: implementation and veri cation of xor two byte arrays with same length

a A~ W N R

//@ public normal_behavior

//@ requires byteArrayl!=null & byteArray2!=null;

/@ requires (byteArrayl.length == byteArray2.length);

/l@ ensures (\result.length ==byteArrayl.length);

/@ ensures (\forall int k; 0 <= k < byteArrayl.length; \result[k] ==
(\old(byteArrayl[k]* byteArray2[K])));

/ITo help the prover in the xorFunction post conditions

/l@ ensures (\forall byte[] byteArraylCopy; (byteArraylCopy.length ==
byteArrayl.length)&&(\forall int index; O<=index< byteArraylCopy.length;
byteArray1Copy[index]==\old(byteArrayl)[index]);
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Arrays.equals(xorFunctionSamelLength(byteArrayl, byteArray?2),
xorFunctionSameLength(byteArraylCopy, byteArray?2)) );

/@ ensures (\forall byte[] byteArray2Copy; (byteArray2Copy.length ==
byteArray2.length)&&(\forall int index; O<=index< byteArray2Copy.length;
byteArray2Copy[index]==\old(byteArray2)[index]);
Arrays.equals(xorFunctionSamelLength(byteArrayl, byteArray?2),
xorFunctionSameLength(byteArrayl, byteArray2Copy)) );
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@

public static byte[] xorFunctionSameLength(byte[] byteArrayl, byte]]

pure

byteArray2) {

int lengthBalance = byteArrayl.length;
byte[] res = new byte[lengthBalance];

//@ loop_invariant 0 <= i <= lengthBalance;
/@ loop_invariant \forall int k; 0 <= k < i; res[k] ==

for (int i = 0; i < lengthBalance; i++) {

resfi] = (byte) (byteArrayl[i] N byteArray2]i]);
}
return res;

(byte)(byteArrayl[k]® byteArray2[K]);
//@ loop_decreases lengthBalance-i;

The function \computeKausf" in Listing 2.47 demonstrates the implementation and

veri cation of K aysk.

Listing 2.47: implementation and veri cation of Kaysr

@ pu

/l@ requires (SNname!=null)&&(SQN!=null)&&(AK!=null)&& (CK!=null)&&

/lthe SN name is of maximum length of 1020 octets [3GPP TS 24.501 V16.5.1

blic normal_behavior
(IK!'=null) ;

p650 section 9.12.1 ]

//@ requires (1<=SNname.length <= 1020);
/@ requires (SQN.length == 6);

//@ requires (AK.length == 6);

/l@ requires (CK.length == 16);

/@ requires (IK.length == 16);

/@ requires
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(IntToByteArrayConverter.intToVariableLengthByteArray(Ox6A).length +
SNname.length+
IntToByteArrayConverter.intToLength2ByteArray(SNname.length).length+
xorFunctionSameLength(SQN, AK).length+
IntToByteArrayConverter.intToLength2ByteArray(xorFunctionSameLength(SQN,
AK).length).length ) <= Integer.MAX_VALUE ;

//@ ensures javax.crypto.Mac.isHmacSHA256( \result
,Concatination.concat2byteArray(IntToByteArrayConverter.
intToVariableLengthByteArray(0Ox6A)
,Concatination.concat2byteArray(Concatination.concat2byteArray
(SNname,IntToByteArrayConverter.intToLength2ByteArray(SNname.length)) ,
Concatination.concat2byteArray(xorFunctionSameLength(SQN, AK),
IntToByteArrayConverter.intToLength2ByteArray(xorFunctionSameLength(SQN,
AK).length)))) , Concatination.concat2byteArray(CK , IK) );

/l@ ensures \result = null;

/@ pure

public static byte[] computeKausf(byte[] SNname, byte[]] SQN, byte[] AK,
byte[] CK, byte[] IK) {

byte[] FC = IntToByteArrayConverter.intToVariableLengthByteArray(Ox6A);

byte[] PO = SNname;

byte[] LO = IntToByteArrayConverter.intToLength2ByteArray(SNname.length);

byte[] P1 = xorFunctionSameLength(SQN, AK);

byte[] L1 =
IntToByteArrayConverter.intToLength2ByteArray(xorFunctionSameLength(SQN,
AK).length);

byte[] s = Concatination.concat2byteArray(FC, Concatination
.concat2byteArray(Concatination.concat2byteArray(P0, LO),
Concatination.concat2byteArray(P1, L1)));
byte[] key = Concatination.concat2byteArray(CK, IK);

byte[] result = Cryptography.macFn(s, key);

return result;
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24.1.14 AUTN

2.4.1.14.1 Speci cation AUTN can be computed using the values of SQN, AK,AMF
and MAC as shown on [19, p. 22].

AUTN = (SON  AK) jj AMF jj MAC

2.4.1.14.2 \eri cation and refactoring The function \computeAutn" in Listing 2.48
demonstrates the implementation and veri cation of AUTN.

Listing 2.48: implementation and veri cation of AUTN

//@ public normal_behavior

/l@ requires ( SQN != null) && (AK !'= null) && (AMF != null) && (MAC !=
null);

/l@ requires (SQN.length == 6) && (AK.length == 6) && (AMF.length== 2)
&&(MAC.length == 8);

//@ ensures Arrays.equals(\result,
Concatination.concat3byteArray(Authn.xorFunctionSamelLength(SQN, AK),AMF,

MAC));

//@ ensures \result.length ==16;

/@ pure

public static byte[]] computeAutn(byte[] SON, byte[] AK, byte[]] AMF, byte]]
MAC) {

byte[] SQN_xor_AK = Authn.xorFunctionSameLength(SQN, AK);
byte[] AUTN = Concatination.concat3byteArray(SQN_xor_AK, AMF, MAC);

return AUTN;

2.4.1.15 HX)RES °

2.4.1.15.1 Speci cation The inputs and output of the KDF function that computes
(X)RES" are listed below [20, p. 192].

89



" inputs:

{ RAND
{ (X)RES"

"~ output: HX)RES™ = 128 least signi cant bits of SHA-256 ( S)

{ S=POjj P1
* PO = RAND
* Pl = (X)RES"

2.4.1.15.2 \Veri cation and Refactoring The function \computeHxresStar" in List-
ing 2.49 demonstrates the implementation and veri cation of (X)RES Similar to Sec-
tion 2.4.1.12, here Line 6 in Listing 2.19 informs the prover that SHA256 is a mathematical
(deterministic) function. This property is used by the prover to prove the post condition
on line 17 of Listing 2.49.
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Listing 2.49: implementation and veri cation of H(X)RES'

//@ public normal_behavior

/@ requires (RAND != null) && (XRES_star != null);

//@ requires (RAND.length + XRES_star.length) <= Integer.MAX_VALUE ;

//@ ensures \result.length == 32;

//@ ensures java.security.MessageDigest.isHash256(
\old(Concatination.concat2byteArray(RAND , XRES_star)),\result);

/@ pure
public static byte[] computeHxresStar256(byte[] RAND, byte[] XRES_star) {

return Cryptography.computeSha256(Concatination.concat2byteArray(RAND,
XRES_star));

//@ public normal_behavior
/@ requires (RAND != null) && (XRES_star !'= null);
//@ requires (RAND.length + XRES_star.length) <= Integer.MAX_VALUE ;
//@ ensures \result.length == 16;
/l@ ensures Arrays.equals(\result, return16RightMostByteOf32(
computeHxresStar256(RAND , XRES_star)));

/@ pure
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public static byte[] computeHxresStar(byte[] RAND, byte[]] XRES_star) {
byte[] HXRES_STAR_256 =
Cryptography.computeSha256(Concatination.concat2byteArray(RAND,
XRES_star));

llreturn HXRES_STAR_256;
byte[] HXRES_STAR_128 = Authn.return16RightMostByteOf32(HXRES_STAR_256);

return HXRES_STAR_128;

24.1.16 K sgar

2.4.1.16.1 Speci cation The inputs and output of the KDF function that computes
Ksear are listed below [20, p. 191] (see Section 2.4.1.11).

" inputs:

SNname
SQON

AK

CK

{ IK

A A A

~ output: K sear = HMAC-SHA-256 ( KEY , S)

{ KEY =K ausr
{ S=FC jPOjLO
* FC = 0x6C
* PO = SNname
* L0 = length of SNname
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2.4.1.16.2 \Veri cation and refactoring The function \computeKseaf" in Listing 2.50
demonstrates the implementation and veri cation of Kgar .

Listing 2.50: implementation and veri cation of Ksgar

//@ public normal_behavior

/l@ requires (SNname!=null) && (KAUSF!=null) ;

/@ requires
(IntToByteArrayConverter.intToVariableLengthByteArray(0x6C).length +
SNname.length+
IntToByteArrayConverter.intToLength2ByteArray(SNname.length).length)<=
Integer.MAX_VALUE ;

//@ ensures Mac.isHmacSHA256( \result ,
Concatination.concat2byteArray(IntToByteArrayConverter.
intToVariableLengthByteArray(0x6C),Concatination.concat2byteArray
(SNname,IntToByteArrayConverter.intToLength2ByteArray(SNname.length))),
KAUSF );

/@ pure

public static byte[]] computeKseaf(byte[] SNname, byte[] KAUSF) {

byte[] FC = IntToByteArrayConverter.intToVariableLengthByteArray(0x6C);
byte[] PO = SNname;
byte[] LO = IntToByteArrayConverter.intToLength2ByteArray(SNname.length);

byte[] s = Concatination.concat2byteArray(FC,
Concatination.concat2byteArray(P0, L0));

byte[] result = Cryptography.macFn(s, KAUSF);
return result;

24.1.17 5G SE AV

2.4.1.17.1 Specication To recap the beginning of Section 2.4.1, the 5G SE AV for-
mula is 5G SE AV would be (RANDj HXRES'jj AUTN) as stated in [20, pp. 43{44].

2.4.1.17.2 \Veri cation and Refactoring The implementation and veri cation of 5G
SE AV can be seen in Listing 2.51.
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Listing 2.51: implementation and veri cation of 5G SE AV

//@ public normal_behavior

/@ requires ( RAND!= nul)&&(HXRES_STAR !'= nul)&&(AUTN != null);

//@ requires (RAND.length== 16)&&( HXRES_STAR.length== 16)&&(AUTN.length==
16);

/l@ ensures \result.length ==(16*3);

/l@ ensures Arrays.equals(\result, Concatination.concat2byteArray(RAND,
Concatination.concat2byteArray(HXRES_STAR, AUTN)));

/@ pure

public static byte[] computeSeAv(byte[] RAND, byte[] HXRES_STAR, byte[]
AUTN) {

byte[] AV = Concatination.concat2byteArray(RAND,
Concatination.concat2byteArray(HXRES_STAR, AUTN));

return AV;

2.4.2 Step 5 of 5G-AKA authentication protocol

During step 5 of the 5G-AKA authentication process, the AUSF sub-entity located in the
HN sends the 5G SE AV to the SEAF sub-entity in the SN [20, pp. 44] (see Figure 2.24
and Figure 2.25).

2.4.3 Step 6 of 5G-AKA authentication protocol

At step 6 of the 5G-AKA authentication process, the SN's SEAF sub-entity sends the
RAND, AUTN, ABBA and ngKSlI to UE [20, pp. 44] (refer to Figure 2.24 and Figure 2.25).

The RAND and AUTN sent to UE are part of 5G SE AV, which was previously sent to

the SN by UE during step 5 (AUTN was discussed in Section 2.4.1.17).

In the case of a successful authentication at step 12, UE sendsgls to the SEAF
sub-entity in the SN [20, pp. 44]. Afterward, the SEAF sub-entity computes Kur from
Ksear, ABBA, and SUPI, following Annex A.7 of [20]. Then, the SEAF sub-entity sends
the ngKSI and KAMF to the Access and Mobility Management Function Access and
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Mobility Management Function (AMF). The computation of K ave is not included in the
implementation at [69, pp. 39], as it occurs after step 12.

2.4.4 Step 7 of 5G-AKA authentication protocol
2.4.4.1 Check AV freshness

Step Seven involves checking the freshness of AV by assessing AUTN [20, pp. 44]. Fig-
ure 2.29 illustrates the inputs and outputs of this check, while the data ow diagram can
be found in Figure 2.30 [20, pp. 44] [19, pp. 24] [27, pp. 5].

As depicted in Figure 2.30, K and RAND are passed through f5 to produce AK.
AK (g is then XORed with the (SQN  AK) component of AUTN to obtain SQNpy.
Finally, f1 is applied to XSQNyn, RAND,K and AMF (part of AUTN) to calculate XMAC.

For checking AV freshness, Two conditions are checked. First is check whether MAC
part of AUTN is equal to XMAC. The second check is whether SQ¢ < XSQNun .

To check the freshness of AV, two conditions are evaluated. The rst check veries
that the MAC component of AUTN is identical to XMAC. The second check ensures that
SOQNye < XSOQNpn [27, pp. 4{5]. If both checks pass, the protocol proceeds as described
in Section 2.4.4.2. If the rst check passes but the second fails, the protocol proceeds
as described in Section Section 2.4.4.3. If the rst check fails, the protocol proceeds as
described in Section 2.4.4.4.

Figure 2.29: Steps Seven Check AV freshness in 5G-AKA Authentication protocdinputs
and Outputs
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2.4.4.2 AV Freshness Passed

Figure 2.31 illustrates the continuation of step seven in the 5G-AKA authentication pro-
tocol when AV freshness validation is successful [20, pp. 44] [27, pp. 5].

To begin with, the values of RES, CK and IK are computed, as previously discussed
in Section 2.4.1.8 and Section 2.4.1.9. Next, RE® obtained from RES, as explained in
Section 2.4.1.12, followed by the calculation of A{sg and Ksgar. Finally, the separation
bit (MSB) in the AMF eld of the AUTN value is checked. If set to 1, RES* is sent to SN

[20, pp. 44].

The implementation and veri cation of checking the MSB bit of given bytes is provided
in Listing 2.52.

Listing 2.52: implementation and veri cation of checking the MSB bit of given byte

//@ requires Xx.length>=1;
/@ ensures \result ==(((x[0] >> (7)) & 1) == 1)? true:false;
public static boolean checkMsbByteArray(byte[] x) {
return (((x[0] >> (7)) & 1) == 1) ? true : false;
}
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