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Inline tests validate single program statements and were shown to find single-statement bugs or kill mutants
that unit tests miss. Inline tests complement unit tests by enabling testing at a finer program granularity level
than methods. So, inline tests can more easily find faults in target statements that unit tests do not reach, or
where errors do not propagate to unit tests’ oracles. But, the limitation to single statements means inline tests
cannot validate data or control flow across code fragments—sequences of multiple statements in a method.

We motivate the need for testing arbitrary fragments and propose block tests, which generalize inline tests
and validate code fragments. To motivate, we discuss six software testing needs (e.g., due to increasing usage
of lambdas in imperative code) for which unit tests are too coarse grained and inline tests are too fine grained.
To bridge this gap, we propose syntax and semantics for specifying inputs, expected outputs, and scope of
block tests. We also implement a block-test development kit (BDK) for writing and running block tests in Java.

We evaluate block tests and BDK in two ways. First, we write 1,012 block tests for 346 fragments in 146
open-source projects. Developer written unit tests do not cover 58.7% of these fragments, and automated
unit-test generation does not reach 46% of them even after 30.8 CPU days. But, each block test takes us
2.2 minutes to write and 0.9 seconds to run on average. Second, we use mutation testing to evaluate the
fault-finding effectiveness of block tests in fragments that unit tests cover. Block tests kill 4,418 of 9,554
mutants that survived unit tests. These results provide initial but strong evidence on block tests’ feasibility
and utility. We outline an agenda for future research on block testing.
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1 Introduction

For over three decades, there were only three levels of granularity in the software testing pyra-
mid [2, 5]: (i) unit tests validate units (e.g., functions or methods) [6, 95]; (ii) integration tests
validate interactions among units [24, 64, 83, 103]; and (iii) system tests validate end-to-end func-
tionality [104, 109]. Tests at these three granularity levels are written and maintained separately
from the code under test. So, an artificial boundary existed between code and tests.
Recently, Liu et al. [67] argued that unit tests, the lowest of these levels, are too coarse grained

for many testing needs. For example, many single-statement bugs [47, 50, 91] are missed by unit
tests [58]. So, Liu et al. proposed inline tests to validate single statements and expressions, conducted
a user study, and used inline tests to find bugs that unit tests miss [67]. Liu et al. also developed
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inline-test generation techniques and tools [44, 66, 68], showed that inline tests kill many mutants
that survive unit tests [44, 66], and developed an inline testing tool [38, 69] that is now an official
plugin for pytest, the most popular Python testing framework.

These results on inline tests show that testing at a finer granularity level than unit tests is feasible

1 for ( String line : header.split( LINE_SEPARATOR + "" ) ) {
2 if (...) continue; // more code...

3 if (...) { /∗ more code... ∗/ } else {
4 String s = getCommentLinePrefix().trim();
5 blocktest().given(line,"-").given(s,"--").checkEq(line,"");
6 if ( line.startsWith( s ) ) {
7 if ( line.length() <= s.length() ) { line = ""; }
8 } else {
9 line = line.substring( s.length() );
10 } } }

Fig. 1. A bug [65] that unit tests miss and inline tests cannot find.

and complementary. Also, there
is now evidence that the
decades-old boundary between
code and tests can be re-
moved, since inline tests are
co-located with the target
statements that they validate.
We propose block tests, a

new test granularity level
for validating arbitrary code
fragments—sequences of mul-
tiple statements inmethods. In
a sense, block tests generalize inline tests to code fragments. To see why this generalization
is needed, consider Figure 1 from the mojohaus/license-maven-plugin project. There, the frag-
ment on lines 6—10 contains a bug: line 9 throws a runtime exception if line is shorter than
s. Unit tests missed this bug, which is deeply nested in conditional statements. In fact, devel-
opers commented that it was hard to write a unit test to reproduce the bug, which was fixed
without adding a unit test eight months after it was reported [65]. Inline tests cannot directly detect
this bug: the fault is that the statements on lines 7 and 9 are swapped. (Even if one writes failing
inline tests separately for line 7 and line 9, those inline tests will still fail after fixing the bug.)

Fig. 2. Testing pyramid.

The block test on line 5 in Figure 1 detects this bug.
There, the blocktest() expression declares that the state-
ment is a block test. The two given expressions assign
values to line and s that should be used as inputs when
testing the fragment. Finally, the scope of this block
test is the default one: it starts from the statement after
the blocktest() and ends after the last statement in the
block, i.e., on line 10. The checkEq expression asserts
that, after executing the fragment on lines 6–10 on these
inputs, the value of line should be the empty string;
otherwise, the block test fails. When executing the block test on line 5, the fragment on lines 6—10
is extracted and run in isolation, allowing the fragment to be tested even in the absence of unit-test
coverage. During execution, the condition on line 6 evaluates to false because line (“-”) does not
start with s (“--”). So, the else branch on line 9 is executed. Because line is shorter than s, this
execution results in a runtime exception, and the block test fails.

Block tests bridge the gap between unit tests and inline tests. In Figure 2, block tests are between
unit and inline tests in our proposed updated testing pyramid. Block tests can also address six
testing needs that unit tests are too coarse grained for, but inline tests are too fine grained for:
(1) Validating code fragments that unit tests do not reach. Unit tests often do not reach code fragments
that are deeply nested; or which require setting up complex inputs. Block tests sidestep these
reachability issues by being co-located with the target fragment being validated.
(2) Testing in recent programming language (PL) constructs. Lambdas [3, 73], futures and promises [13,
106], StreamAPIs [105], etc., are hard to validate independently with unit tests. Yet, such constructs
often contain complex fragments. Block tests enable in-situ testing of code in these constructs.
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(3) Extending the reach of dynamic analyses. Runtime verification (RV) [27–30, 43, 53, 54, 60, 62, 80,
112], dynamic data race prediction [36, 37, 55, 93], etc., help find software bugs in fragments. But,
they are limited by unit tests’ coverage. Block tests could extend the reach of these analyses.
(4) Realizing micro execution. Micro execution [23] is “the ability to execute any code fragment
without a user-provided test driver or input data”, but it works only for test input generation from
binaries and requires a custom virtual machine (VM). Block tests can be seen as a form of micro
execution, but for source code, and developers provide test inputs, expected outputs, oracles, and
scope. Also, block tests are not limited to test generation and do not require a custom VM.
(5) Enhancing software testing and analysis techniques. We give two examples. The small scope
of target fragments could make them excellent targets for scalable symbolic-execution-based
block-test generation. Regression test selection (RTS) [19, 61, 111, 114] could be sped up by not
re-running affected unit tests if changes only impact code in fragments that block tests check.
(6) Improving the testing of isolated code snippets. Several recent works aim to learn missing portions
of isolated code snippets, e.g., from StackOverflow, to run them. LExecutor [100] and Incom-
pleter [34] are examples. Block tests can validate these snippets, which may contain security
vulnerabilities [77] and where LExecutor and Incompleter often only achieve partial coverage.

This paper lays the foundations for block testing by proposing syntax and semantics for block tests
in Java. We also implement our syntax and semantics in a block-test development kit (BDK) whose
API can be used in any Java program. Using BDK, developers can specify the inputs, expected
outputs, and scope of target fragments in block tests.
Like inline tests, block tests (i) are co-located with target fragments—BDK automates the ex-

traction and running of each block test in an isolated environment; (ii) only run during testing
and never during deployment; and (iii) work even if there are no unit tests and require only that
target fragments compile (the whole project or class need not compile). BDK natively supports
mocking [71, 101, 116] to enable easier setup of inputs. BDK allows writing data flow oracles like
checkEq on line 5 in Figure 1 to check if data at a point in a target fragment are as expected. Users
can also write control flow oracles to check if control reaches expected part(s) of a target fragment.
We evaluate block tests and BDK in two ways. First, we find 400 deeply nested fragments, 200

of which are multi-statement lambdas. Even though we have no domain knowledge about any of
these fragments, we successfully write block tests for 346 fragments that contain 3,530 lines of
code from 146 GitHub Java projects. Then, we check the coverage of these fragments by developer
written unit tests or those that we generate by running Randoop [84, 85] and EvoSuite [15] for 30.8
CPU days. The average statement coverage achieved by all unit tests for 167 of these 346 fragments
is 74.1%. The other 179 fragments are not covered by unit tests. On average, our block tests take
only 2.2 minutes to write and 0.9 seconds to run. Also, our block tests achieve 93.2% statement
coverage in these 346 fragments.

Second, we use mutation analysis to compare the fault-detection abilities of unit and block tests.
In 2,528 statements that unit and block tests cover, the local scope of a block test makes it easier
for errors to propagate to block tests’ oracles, helping block tests kill 4,418 of 9,554 mutants that
survive unit tests. Overall, block tests kill 46.2 percentage points more mutants than unit tests by
covering statements that unit tests do not. So, block testing is feasible and finds faults that unit
tests miss. Our evaluation uses deeply nested blocks (multi-statement sequences in imperative
code) and lambdas, showing that block tests can meet testing needs (1) and (2) above, respectively.
This paper makes the following contributions:
★ We propose block tests, a new granularity level for software testing that allows validating

arbitrary fragments—sequences of multiple statements within methods.
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★ We propose BDK to support writing and running block tests in Java. BDK implements our
proposed syntax and semantics of block tests.

★ The 1,012 block tests that we write as part of our evaluation are the first, and they can enable
further research pending future work on automatically generating block tests.

BDK, our dataset, and all our artifacts are at https://github.com/SoftEngResearch/blocktests.

2 Examples: Features of Block Tests Inspired by our Formative Study

To motivate our design choices, we present four examples to illustrate features of block tests that
we discover during our formative study and how those features work. In the formative study, we
randomly select 27 GitHub Java projects, manually find fragments that are not reached by unit tests
or in which developers fixed bugs, and then we attempt to write block tests for these fragments.
No block test from our formative study is used in our evaluation (§4).

1 int sx = compute();
2 blocktest().given(input, new BinarySource(/∗width∗/5,/∗height∗/5, new byte[]{0,1,2,3})).given(sx, 5)
3 .checkFlow(IfStmt().ElseIf().Then());
4 if (sx < 0) {
5 sx += input.getWidth();
6 } else if (sx > input.getWidth()) { // fault: should be >= instead of >

7 sx %= input.getWidth();
8 }
9 blocktest().given(input, new BinarySource(5, 5, new byte[]{0, 1, 2, 3})).given(sy, 5)
10 .checkFlow(IfStmt().ElseIf().Then());
11 blocktest().given(input, new BinarySource(5, 5, new byte[]{0, 1, 2, 3})).given(sy, 0)
12 .checkFlow(IfStmt().ElseIf().ElseIf().Then());
13 if (sy < 0) {
14 sy += input.getHeight();
15 } else if (sy > input.getHeight()) { // fault: should be >= instead of >

16 sy %= input.getHeight();
17 } else if (sy == 0) {
18 System.out.println("else-if");
19 } else {
20 System.out.println("else");
21 }

Fig. 3. Two faults revealed by block tests’ control-flow oracles in Harium/keel [33].

Example 1 (control-flow oracles and type resolution from context). BDK supports assertions
on how control flows in the target fragment, and type resolution on input variables. Consider the
fragment in Figure 3, which contains two bugs in a class from the Harium/keel project for image
transformation. In Figure 3, when sx or sy is greater than or equal to the width or height of the
input image, respectively, the values of these variables should be adjusted using the modulo of the
width or height of the input image. But, lines 6 and 15 use > instead of >=, so sx and sy are adjusted
incorrectly when sx or sy is equal to the width or height, respectively. Unit tests miss these bugs,
but block tests detect them easily. The block test on lines 2–3 uses checkFlow, a control-flow oracle,
to validate the fragment on lines 4–7. That block test has a default scope that ends on line 7, which
is the final use of sx. Before executing the fragment, the test uses given expressions to assign new

BinarySource(5, 5, new byte[]{0, 1, 2, 3}) to input and 5 to sx. Observe that the int type of
sx is not specified in the given() expression, so BDK resolves that type from the context of the
fragment. The checkFlow oracle asserts that the else-if block on line 7 must be reached for the
given inputs. Here, IfStmt().ElseIf().Then() denotes that execution reaches the if statement,
then the else-if, and then the block in the then branch of that else-if. The block test on lines 2–3
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detects the fault on line 6: sx is equal to input.getWidth() (both are 5) on line 4, so control never
reaches the else-if on line 7, causing the checkFlow assertion to fail. The block test on lines 9–10
detects the fault on line 15 in a similar manner. Lines 11–12 show another block test, but with a
different control-flow oracle. The control-flow oracle on line 12 checks if line 18, which performs
no computation, is reached. Data-flow oracles cannot perform such checks, but they can be used
together with control-flow oracles in the same block test.

1 // @blocktest().given(jsonish, "hi<s\\cript>test</script>").given(i, 2).checkEq(lc1, 's').checkEq(lc2, 'c').checkEq(lc3, 'r');

2 blocktest().given(jsonish, "hi<s\\cript>test</script>").given(i, 2).checkEq("lc1", 's')
3 .checkEq("lc2", 'c').checkEq("lc3", 'r');
4 int la = i + 1;
5 int c1AndDelta = unescapedChar(jsonish, la); char c1 = (char) c1AndDelta;
6 la += c1AndDelta >>> 16;
7 long c2AndDelta = unescapedChar(jsonish, la); char c2 = (char) c2AndDelta;
8 la += c2AndDelta >>> 16;
9 long c3AndEnd = unescapedChar(jsonish, la); char c3 = (char) c3AndEnd;
10 char lc1 = (char) (c1 | 32); char lc2 = (char) (c2 | 32); char lc3 = (char) (c3 | 32);
11 blocktest().given(jsonish, "hi<s\\cript>test</script>").given(i, 2).checkEq(lc1, 's')
12 .checkEq(lc2, 'c').checkEq(lc3, 'r').start(FIRST_BLOCK);

Fig. 4. Illustrating three ways of referencing undeclared or un-initialized variables in block tests.

Example 2 (referencing undeclared or un-initialized variables). Many block tests would
not compile without support for allowing them to reference undeclared or un-initialized target-
fragment variables. The reason is that Java does not allow local variables to be referenced before
they are declared and initialized. For example, the block test on lines 2–3 in Figure 4 is for the target
fragment on lines 4 to 10; it uses string jsonish and integer i as input and checks that output values
in lc1, lc2, and lc3 are as expected. Placing a block test before line 4 that directly checks the values
in these output variables (as we did in all prior examples) will cause compilation to fail. The reason
is that these variables are only declared and assigned in the last statement of the target fragment
(on line 10). BDK supports three features to address this issue: users can (i) write block tests in code
comments (e.g., as shown on line 1); (ii) refer to undeclared or un-initialized variables as strings
(e.g., "lc1" on line 2); and (iii) declare block tests at the end of the target fragment, e.g., the start()

expression on line 12 means that the target fragment is the first basic block before the block test. In
Figure 4, all three block tests validate the target fragment on lines 4–10 for illustration purposes
only. Each test assigns the string value "hi<s\\cript>test</script>" to jsonish and value 2 to i,
and then checks that after executing the fragment, lc1 equals ‘s’, lc2 equals ‘c’, and lc3 equals ‘r’.
Example 3 (fixtures and preventing value inference from context). BDK supports using
fixtures [25, 78] for performing additional setup on input objects. Also, BDK prevents value inference
(re-using values of variables from the target fragment’s context) by default. To see an example
of fixture usage, consider the example in Figure 5. There, both block tests target the fragment on
lines 8–14 and assign a new AdrType("foo") object to vCardType. Although vCardType is used on
line 8, AdrType does not have a constructor that takes a Label. Yet, setting the Label of vCardType
is important for block testing this fragment, since the if statement on line 9 evaluates to false if
the Label is not set. BDK’s setup expression can be used to perform such extra setup in two ways.
In this example, setLabel() is called to set the Label on a newly instantiated AdrType either via a
string containing setup expressions (e.g., on line 3) or via a lambda function (e.g., on line 6). Putting
expressions in a string can prevent compilation errors because lambdas in Java cannot capture
variables that are not final or effectively final. Both block tests also assign found to value false

(via given), even though found is already defined on line 1. BDK does not automatically infer values
for variables assigned outside the target fragment, because changes to non-target fragments can
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1 boolean found = false;
2 blocktest().given(vCardType, new AdrType("foo")).given(label, new LabelType("baz")).given(found,
3 false).setup("((AdrType) vCardType).setLabel(new LabelType(\"qux\"));").checkFalse(found);
4 blocktest().given(vCardType, new AdrType("foo")).given(label, new LabelType("bar")).given(found,
5 false).setup(() -> {
6 ((AdrType) vCardType).setLabel(new LabelType("bar"));
7 }).checkTrue(found);
8 AdrType adr = (AdrType)vCardType;
9 if(adr.hasLabel()) {
10 if(label.equals(adr.getLabel())) {
11 found = true;
12 break;
13 }
14 }

Fig. 5. The setup() expression provides test fixture functionality in block tests.

then affect inferred values and make block tests more prone to break as software evolves. The block
test on lines 2–3 constructs a new Label from “baz” and sets it as the label of vCardType, whereas
the block test on lines 4–7 sets vCardType’s label to a Label constructed from “bar”. Finally, the first
block test asserts that after executing the fragment on these inputs, the value of found is false
(using checkFalse), whereas the second block test asserts that found is true (using checkTrue).

1 lambdatest().args(new File(System.getProperty("user.dir"))).checkReturnTrue();
2 lambdatest().args(new File(System.getProperty("user.dir") + "/target/gen-src/annotations"))
3 .checkReturnFalse();
4 catalogs.addAll(Arrays.stream(catalogFiles)
5 .filter(File::isDirectory)
6 .filter((File catalog) -> {
7 final File[] schemas = catalog.listFiles(new DirectoryFilter(DEFAULT_LOCALE));
8 return schemas != null && schemas.length > 0;
9 })
10 .map(File::getName)
11 .collect(Collectors.toList())
12 );

Fig. 6. Block tests can validate return statements, lambdas, and their mixture in other complex PL constructs.

Example 4 (special support for validating lambdas). BDK provides special syntax for validating
lambdas, which often contain complex code and are within methods. For example, the fragment on
lines 4–12 in Figure 6 mixes Java’s Stream API with lambdas and has computations inside a return
statement to filter directories from a list (line 8). To support block testing in the presence of such
complex usage of relatively newer PL features, BDK provides a dedicated lambdatest construct that
allows developers to directly validate lambdas. The input variables in a lambdatest can be explicitly
provided. For example, the block tests on lines 1–3 use BDK’s args expression to specify objects
that should be assigned to the catalog input variable on line 6. Also, to handle complex return
statements within lambda expressions (e.g. line 8), the block test on line 1 uses the checkReturnTrue
expression to assert that the lambda returns true. Lastly, the block test on lines 2–3 asserts that the
lambda returns false using the checkReturnFalse expression.

3 Framework

First, §3.1 presents our design choices in BDK and their rationale. Then, §3.2 presents syntax and
semantics of block tests as implemented in BDK, and proof sketches for some safety properties.
Finally, in §3.3, we briefly describe our BDK implementation and its current limitations.
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⟨Prog⟩ F ⟨Fns⟩ ⟨Block⟩
⟨Fns⟩ F ⟨Fn⟩ ⟨Fns⟩ | 𝜖
⟨Fn⟩ F ⟨Identifier⟩ ( ) ⟨Exp⟩
⟨Block⟩ F start ⟨Stmts⟩ end
⟨Stmts⟩ F ⟨Stmt⟩ ⟨Stmts⟩ | 𝜖
⟨Stmt⟩ F ⟨Assignment⟩ | ⟨Block⟩ | ⟨If⟩ | ⟨Assert⟩ | ⟨BlockTest⟩
⟨Assignment⟩ F ⟨Identifier⟩ = ⟨Exp⟩
⟨If⟩ F if ( ⟨Exp⟩ ⟨Op⟩ ⟨Exp⟩ ) ⟨Block⟩ else ⟨Block⟩
⟨Assert⟩ F assert ( ⟨Exp⟩ , ⟨Exp⟩ ) ;
⟨Op⟩ F == | < | !=
⟨Exp⟩ F ⟨Identifier⟩ | ⟨Number⟩ | ⟨FnCall⟩
⟨FnCall⟩ F ⟨Identifier⟩ ( )
⟨BlockTest⟩ F blocktest ⟨Setup⟩ ⟨Oracles⟩ begin ;

⟨Setup⟩ F ⟨InputAssignment⟩ ⟨Setup⟩ | ⟨FnMock⟩ ⟨Setup⟩ | 𝜖
⟨InputAssignment⟩ F given ( ⟨Identifier⟩ , ⟨Number⟩ ) ; | setup ( ⟨Block⟩ ) ;
⟨FnMock⟩ F mock ( ⟨Identifier⟩ , ⟨Number⟩ ) ;
⟨Oracles⟩ F ⟨Oracle⟩ ⟨Oracles⟩ | 𝜖
⟨Oracle⟩ F check ( ⟨Identifier⟩ , ⟨Number⟩ ) ;

Fig. 7. Grammar of a featherweight programming language that we use to illustrate the semantics of block

tests. Non-terminals in the host language are in ⟨⟩, e.g., ⟨Prog⟩, while non-terminals that we introduce for

block tests are in underlined ⟨⟩, e.g., ⟨BlockTest⟩. Similarly, terminals in the host language are bold, e.g., start,

while terminals that we introduce for block tests are bold and underlined, e.g., blocktest.

3.1 Design Choices and Their Rationale

The examples that we presented so far have described and provided rationale for five design choices
that we make in BDK: (i) support for both data- and control-flow oracles; (ii) support for referencing
undeclared or un-initialized variables; (iii) resolving types of input variables from context and
preventing inference of their values; (iv) support for using fixtures and mocks; and (v) special
syntax for validating lambdas. (Mocks differ from fixtures; the former replace whole method call
chains with values). These choices are initial, based on our formative study (§2) and prior work on
inline tests. Future work can expand or adapt them for other programming languages or language
features. Here, we describe an additional design choice and its rationale:
Complementary to Existing Code and Test Granularities. Block tests’ executions should
not interfere with those of test granularity levels (e.g., unit and inline tests), since block tests are
intended to complement and not replace these other granularity levels. Also, although block tests
are defined within the code under test (there is no code-test boundary as in unit tests), block tests
should only run during testing; their presence must not affect the behavior of deployed programs.

3.2 Syntax and Semantics for Block Tests in Java

We first describe syntax of block tests, as embedded into the Java programming language (§3.2.1).
Then, we give formal semantics of block tests (§3.2.2) and proof sketches of some properties (§3.2.3).

3.2.1 Syntax. In Figure 7, we introduce a Featherweight programming language to show how
block tests can be embedded in a programming language (subsequently referred to as the “host”
language), and to aid the presentation of their semantics. There, terminals in the host language are
in bold, while terminals that we introduce to illustrate block tests are bold and underlined. Also,
non-terminals in the host language are in ⟨⟩ without underlines, e.g., ⟨Prog⟩, while non-terminals
that we introduce to illustrate block tests are in ⟨⟩ and underlined, e.g., ⟨BlockTest⟩.
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⟨fns, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩ ⟨blk, 𝜎 ′ ⟩ ⇓ ⟨𝜎 ′′ ⟩
prog

⟨fns blk, init( ) ⟩ ⇓ ⟨𝜎 ′′ ⟩
(1) epsilon

⟨𝜖, 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (2)

⟨fn, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩ ⟨fns, 𝜎 ′ ⟩ ⇓ ⟨𝜎 ′′ ⟩
fns

⟨fn fns, 𝜎 ⟩ ⇓ ⟨𝜎 ′′ ⟩
(3)

𝐹𝑢𝑛𝑐𝑠′ = 𝜎.𝐹𝑢𝑛𝑐𝑠 [f/e]
fn

⟨f ( ) e, 𝜎 ⟩ ⇓ ⟨𝜎 [𝐹𝑢𝑛𝑐𝑠/𝐹𝑢𝑛𝑐𝑠′ ] ⟩
(4)

⟨start, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩⟨stmts, 𝜎 ′ ⟩ ⇓ ⟨𝜎 ′′ ⟩⟨end, 𝜎 ′′ ⟩ ⇓ ⟨𝜎 ′′′ ⟩
block

⟨start stmts end, 𝜎 ⟩ ⇓ ⟨𝜎 ′′′ ⟩
(5)

⟨stmt, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩ ⟨stmts, 𝜎 ′ ⟩ ⇓ ⟨𝜎 ′′ ⟩
stmts

⟨stmt stmts, 𝜎 ⟩ ⇓ ⟨𝜎 ′′ ⟩
(6)

⟨𝜎.𝐹𝑢𝑛𝑐𝑠 [f ], 𝜎 ⟩ ⇓ v
fn-call

⟨f ( ), 𝜎 ⟩ ⇓ v
(7) variable

⟨x, 𝜎 ⟩ ⇓ 𝜎.𝑀𝑒𝑚[x] (8) literal
⟨v, 𝜎 ⟩ ⇓ v (9)

⟨e1, 𝜎 ⟩ ⇓ v1 ⟨e2, 𝜎 ⟩ ⇓ v2
lt

⟨e1 < e2, 𝜎 ⟩ ⇓ v1 <𝑖𝑛𝑡 v2
(10)

⟨e1, 𝜎 ⟩ ⇓ v1 ⟨e2, 𝜎 ⟩ ⇓ v2
eq

⟨e1 == e2, 𝜎 ⟩ ⇓ v1 ==𝑖𝑛𝑡 v2
(11)

⟨e1, 𝜎 ⟩ ⇓ v1 ⟨e2, 𝜎 ⟩ ⇓ v2
neq

⟨e1! =e2, 𝜎 ⟩ ⇓ v1! =𝑖𝑛𝑡 v2
(12)

Fig. 8. The semantics for both normal program runs (𝑁𝑂𝑅𝑀𝐴𝐿) and block test runs (𝑇𝐸𝑆𝑇 , for the 𝐼𝑁 mode).

The rules in this figure follow behavior commonly seen in well-known programming languages.

Each program (⟨Prog⟩) in this language has one or more function declarations followed by a
block to execute. A function (⟨Fn⟩) defines an expression to be executed when the function is
called. A block (⟨Block⟩), which has start and end markers, is a sequence of statements. A statement
(⟨Stmt⟩) can be an assignment (⟨Assignment⟩), a block, if (⟨If⟩), or assert (⟨Assert⟩). An expression
(⟨Exp⟩) is either an identifier (⟨Identifier⟩), a number (⟨Number⟩), or a function call (⟨FnCall⟩).

We extend the host language with the ⟨BlockTest⟩ non-terminal. A block test starts with the
keyword blocktest, followed by a setup (⟨Setup⟩) to initialize the state before running the test, and
test oracles (⟨Oracles⟩). A block test declaration ends with keyword begin. The block test itself, as
we show in our semantics, terminates at the end of a fragment. A test can have variable assignments
or execute the extra code block ⟨InputAssignment⟩ during setup. Setup can use mocks (⟨FnMock⟩),
i.e., replacement values for previously defined functions. Lastly, each oracle (⟨Oracle⟩) defines a
variable’s expected value at the end of a fragment and checks the variable against observed output.

3.2.2 Semantics. We provide big-step structural operational semantics for block tests [46, 87]. We
define the configuration as ⟨𝐶𝑜𝑑𝑒, 𝜎⟩, where the first element is the code to be executed and the sec-
ond element (𝜎) is the program state. The state is a named tuple: (𝑀𝑜𝑑𝑒,𝑀𝑒𝑚,𝐴𝑠𝑠𝑒𝑟𝑡𝑠, 𝐹𝑢𝑛𝑐𝑠, 𝑆𝑐𝑜𝑝𝑒).
• 𝑀𝑜𝑑𝑒 indicates if execution is outside (𝑂𝑈𝑇 ) or inside (𝐼𝑁 ) a block test.
• 𝑀𝑒𝑚 maps variables to values.
• 𝐴𝑠𝑠𝑒𝑟𝑡𝑠 is a block that contains dynamically created assert statements.
• 𝐹𝑢𝑛𝑐𝑠 maps function names to expressions that they evaluate.
• 𝑆𝑐𝑜𝑝𝑒 is an integer indicating the nesting level of blocks.

𝐹𝑢𝑛𝑐𝑠 defines three functions that we use in the semantics rules: (i) zero “zeros out” the program
state, i.e., set 𝜎 to (unchanged, empty map, empty block, unchanged, 0); (ii) append(𝑠𝑡𝑚𝑡, 𝑏𝑙𝑘)
appends statement 𝑠𝑡𝑚𝑡 to block 𝑏𝑙𝑘 and returns a new block; and (iii) init creates an empty state,
but that initial state differs between two kinds of runs (𝑁𝑂𝑅𝑀𝐴𝐿 and 𝑇𝐸𝑆𝑇 ) as we describe later.

We give semantics for two kinds of runs: (a) normal program run (𝑁𝑂𝑅𝑀𝐴𝐿), i.e., running host
code while skipping block tests; and (b) block test run (𝑇𝐸𝑆𝑇 ), which finds and runs block tests.
(a) Normal Program Runs (𝑁𝑂𝑅𝑀𝐴𝐿). Semantics of normal program runs (i.e., running host
code while skipping block tests) are given by the rules in Figures 8 and 9. Function init creates the
following initial state in this mode: (𝐼𝑁 , empty map, empty block, empty map, 0). Statements that
are unrelated to block tests have their standard meaning, e.g., as defined by rule (10, lt), (11, eq), etc.
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⟨e, 𝜎 ⟩ ⇓ v 𝑀𝑒𝑚′ = 𝜎.𝑀𝑒𝑚[x/v]
assignment

⟨x = e, 𝜎 ⟩ ⇓ ⟨𝜎 [𝑀𝑒𝑚/𝑀𝑒𝑚′ ] ⟩
(13)

⟨e, 𝜎 ⟩ ⇓ 𝑡𝑟𝑢𝑒 ⟨blk1, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩
if-true

⟨if (e) blk1 else blk2, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩
(14)

⟨e, 𝜎 ⟩ ⇓ 𝑓 𝑎𝑙𝑠𝑒 ⟨blk2, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩
if-false

⟨if (e) blk1 else blk2, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩
(15)

⟨e1, 𝜎 ⟩ ⇓ v1 ⟨e2, 𝜎 ⟩ ⇓ v2 v1 = v2
assert

⟨assert(e1, e2), 𝜎 ⟩ ⇓ ⟨𝜎 ⟩
(16)

𝑆𝑐𝑜𝑝𝑒′ = 𝜎 [𝑆𝑐𝑜𝑝𝑒 ] + 1
start-block

⟨start, 𝜎 ⟩ ⇓ ⟨𝜎 [𝑆𝑐𝑜𝑝𝑒/𝑆𝑐𝑜𝑝𝑒′ ] ⟩
(17)

𝜎.𝑆𝑐𝑜𝑝𝑒 = k k > 0
end-block

⟨end, 𝜎 ⟩ ⇓ ⟨𝜎 [𝑆𝑐𝑜𝑝𝑒/k − 1] ⟩
(18)

⟨𝜎.𝐴𝑠𝑠𝑒𝑟𝑡𝑠, 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ 𝜎.Scope = 0
end-zero-block

⟨end, 𝜎 ⟩ ⇓ ⟨𝜎 [𝑀𝑜𝑑𝑒/𝑂𝑈𝑇, 𝑆𝑐𝑜𝑝𝑒/0] ⟩
(19)

blocktest
⟨blocktest, 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (20) begin

⟨begin, 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (21) given
⟨given(x, v), 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (22)

setup
⟨setup(blk), 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (23) mock

⟨mock(f, e), 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (24) oracle
⟨check(x, v), 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (25)

Fig. 9. The semantics for both normal program runs (𝑁𝑂𝑅𝑀𝐴𝐿) and block test runs (𝑇𝐸𝑆𝑇 , for the 𝐼𝑁 mode).

Note that rules (20, in:blocktest)-(25, in:oracle) make no changes to the state, i.e., block tests are ignored in

𝑁𝑂𝑅𝑀𝐴𝐿 runs and nested block tests are skipped in 𝑇𝐸𝑆𝑇 runs.

assignment
⟨x = e, 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (26)

⟨blk1, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩ ⟨blk2, 𝜎 ′ ⟩ ⇓ ⟨𝜎 ′′ ⟩
if

⟨if (e) blk1 else blk2, 𝜎 ⟩ ⇓ ⟨𝜎 ′′ ⟩
(27)

assert
⟨assert(e1, e2), 𝜎 ⇓ ⟨𝜎 ⟩ (28) start

⟨start, 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (29) end
⟨end, 𝜎 ⟩ ⇓ ⟨𝜎 ⟩ (30)

𝜎 ′ = zero(𝜎 )
blocktest

⟨blocktest, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩
(31) begin

⟨begin, 𝜎 ⟩ ⇓ ⟨𝜎 [𝑀𝑜𝑑𝑒/𝐼𝑁 ] ⟩ (32)

𝑀𝑒𝑚′ = 𝜎.𝑀𝑒𝑚[x/v]
given

⟨given(x, v), 𝜎 ⟩ ⇓ ⟨𝜎 [𝑀𝑒𝑚/𝑀𝑒𝑚′ ] ⟩ (33)
⟨blk, 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩

setup
⟨setup(blk), 𝜎 ⟩ ⇓ ⟨𝜎 ′ ⟩ (34)

𝐹𝑢𝑛𝑐𝑠′ = 𝜎.𝐹𝑢𝑛𝑐𝑠 [f/e]
mock

⟨mock(f, e), 𝜎 ⟩ ⇓ ⟨𝜎 [𝐹𝑢𝑛𝑐𝑠/𝐹𝑢𝑛𝑐𝑠′ ] ⟩
(35)

𝐴𝑠𝑠𝑒𝑟𝑡𝑠′ = append(𝜎.𝐴𝑠𝑠𝑒𝑟𝑡𝑠, assert(x, v) )
oracle

⟨check(x, v), 𝜎 ⟩ ⇓ ⟨𝜎 [𝐴𝑠𝑠𝑒𝑟𝑡𝑠/𝐴𝑠𝑠𝑒𝑟𝑡𝑠′ ] ⟩
(36)

Fig. 10. The semantics for the block test runs (𝑇𝐸𝑆𝑇 for the𝑂𝑈𝑇 mode). These rules define abstract execution

of the program structure without evaluating any expression. The goal of this abstract execution is to find all

block tests regardless of their location in the program. For example, (27, out:if) triggers the execution of both

branches, but ignores the conditional expression.

Constructs related to block tests, e.g., blocktest (20, in:blocktest), begin (21, in:begin), given (22,
in:given), setup (23, in:setup),mock (24, in:mock), oracle (25, in:oracle), have no impact as they
are skipped in this kind of run. Note that the rule (19, in:end-zero-block), which ends the fragment
when scope has a value of zero is never used in this kind of run, i.e., each start has a matching end.
(b) Block Test Runs (𝑇𝐸𝑆𝑇 ). The semantics of block test runs are given using rules in Figures 8, 9,
and 10. Function init creates initial state 𝜎 = (𝑂𝑈𝑇, empty map, empty block, empty map, 0). The
execution starts in 𝑂𝑈𝑇 (i.e., outside block tests) and then switches to 𝐼𝑁 whenever a block test
starts until the end of the block test when it changes to 𝑂𝑈𝑇 again.
The execution starts using rules defined in Figures 8 and 10 (𝑂𝑈𝑇 mode). The execution is

abstract, i.e., it explores the program structure without evaluating any expression along the way
and without changing the state of the program. Only when the beginning of a block test is reached
in rule (31, out:blocktest) is the program state impacted. Rule (31, out:blocktest) zeros the state
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to prepare it for the execution of the block test. The key thing to note here is that zeroing state
sets the 𝑆𝑐𝑜𝑝𝑒 to zero, which never happens during normal program runs. As part of the block test
definitions, there are rules for memory initialization (33, out:given) and (34, out:setup), mocking of
functions (35, out:mock), and preparing oracles (36, out:oracle). The definition of a block test ends
with rule begin (32, out:begin), which changes the execution mode to 𝐼𝑁 , thereby setting the rules
for executing the block test as those in Figure 9.

As we stated, execution inside the block tests (Figure 9) follows the same semantics as the execu-
tion of normal program runs (𝑁𝑂𝑅𝑀𝐴𝐿). That means that most statements have their traditional
semantics (Figure 8) and we ignore nested block tests.
The key step of the 𝐼𝑁 mode is the end of the block (19, in:end-zero-block). Namely, once the

end of the fragment in which the block test is defined has been reached, all oracles that were
created while executing the test are checked. Also, this rule switches back to the 𝑂𝑈𝑇 mode, thus
continuing the abstract execution of the program using rules in Figure 10.

3.2.3 Safety Properties. We now state and sketch proofs for a few properties which ensure that:
(i) block tests are properly isolated and well-behaved with respect to scope management; (ii) exe-
cution in 𝑂𝑈𝑇 mode is independent of concrete values in𝑀𝑒𝑚; and (iii) if a block test completes
successfully, all oracles were evaluated and they passed.

Property 1 (Block Test Bracketing). If the execution of a complete blocktest() statement starts in
mode 𝑂𝑈𝑇 with 𝑆𝑐𝑜𝑝𝑒 = 0 and the execution does not get stuck ( i.e., there is always a rule to apply),
then the final configuration has 𝑆𝑐𝑜𝑝𝑒 = 0 and𝑀𝑜𝑑𝑒 =𝑂𝑈𝑇 .

Proof Sketch. Consider the execution sequence of a block test:
(1) Initial state: 𝜎0 with 𝜎0 .𝑀𝑜𝑑𝑒 =𝑂𝑈𝑇 and 𝜎0.𝑆𝑐𝑜𝑝𝑒 = 0.
(2) Apply rule (31, out:blocktest):

⟨blocktest, 𝜎0⟩ ⇓ ⟨𝜎1⟩ where 𝜎1 = zero(𝜎0)

By definition of zero: 𝜎1.𝑆𝑐𝑜𝑝𝑒 = 0.
(3) Setup phase: Applications of rules (33, out:given), (34, out:setup), (35, out:mock), and (36,
out:oracle) do not modify 𝑆𝑐𝑜𝑝𝑒 . Thus, after setup: 𝜎setup.𝑆𝑐𝑜𝑝𝑒 = 0.

(4) Apply rule (32, out:begin):

⟨begin, 𝜎setup⟩ ⇓ ⟨𝜎in⟩ where 𝜎in = 𝜎setup [𝑀𝑜𝑑𝑒/𝐼𝑁 ]

The 𝑆𝑐𝑜𝑝𝑒 is unchanged: 𝜎in.𝑆𝑐𝑜𝑝𝑒 = 0, but the mode changes: 𝜎in.𝑀𝑜𝑑𝑒 = 𝐼𝑁 .
(5) Fragment execution: The target fragment executes. During execution, most semantic rules
(such as (13, in:assignment), (14, in:if-true), (15, in:if-false), (7, fn-call), (8, variable), (9, literal), and
(16, in:assert)) do not modify 𝑆𝑐𝑜𝑝𝑒 . Only the following rules affect 𝑆𝑐𝑜𝑝𝑒 :
• Rule (17, in:start-block) increments 𝑆𝑐𝑜𝑝𝑒 by 1 for nested blocks.
• Rule (18, in:end-block) decrements 𝑆𝑐𝑜𝑝𝑒 by 1 (only when 𝑆𝑐𝑜𝑝𝑒 > 0) for nested blocks.
• These rules balance out for well-formed code with properly nested blocks.

(6) Block test termination: Eventually, the outermost end is reached with 𝑆𝑐𝑜𝑝𝑒 = 0.
(7) Apply rule (19, in:end-zero-block):

⟨end, 𝜎final⟩ ⇓ ⟨𝜎out⟩ where 𝜎out = 𝜎final [𝑀𝑜𝑑𝑒/𝑂𝑈𝑇, 𝑆𝑐𝑜𝑝𝑒/0]

Therefore: 𝜎out .𝑆𝑐𝑜𝑝𝑒 = 0 and 𝜎out .𝑀𝑜𝑑𝑒 =𝑂𝑈𝑇 .
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Well-formedness assumption: We assume the fragment has properly balanced start/end pairs.
In well-formed code, every start (incrementing 𝑆𝑐𝑜𝑝𝑒) has a matching end (decrementing 𝑆𝑐𝑜𝑝𝑒).
When the fragment’s last end is reached, all nested blocks have closed, and 𝑆𝑐𝑜𝑝𝑒 returns to 0. □

Corollary (Test Isolation). Block tests do not interfere with each other’s scope state.

Proof Sketch. By the Block Test Bracketing property, each block test starts and ends with 𝑆𝑐𝑜𝑝𝑒 = 0.
Combined with the zero function in rule (31, out:blocktest), each new block test begins with a fresh
𝑆𝑐𝑜𝑝𝑒 = 0 regardless of the state left behind by previous tests. (We cover other parts of the state in
the next property.) □

Property 2 (Memory Abstraction in OUT Mode). Code executing in 𝑂𝑈𝑇 mode does not observe
concrete values in 𝑀𝑒𝑚 that were modified during 𝐼𝑁 mode execution. More precisely, after transi-
tioning from 𝐼𝑁 to 𝑂𝑈𝑇 mode via rule (19, in:end-zero-block), subsequent execution in 𝑂𝑈𝑇 mode is
independent of the concrete values in𝑀𝑒𝑚.

Proof Sketch.We show that 𝑂𝑈𝑇 mode execution is abstract and does not read memory values
produced by 𝐼𝑁 mode execution.
(1) 𝑂𝑈𝑇 mode rules that are abstract: In 𝑂𝑈𝑇 mode, most rules do not read from𝑀𝑒𝑚:
• Rule (26, out:assignment): Performs no operation; does not evaluate the expression or read from
𝑀𝑒𝑚.

• Rule (27, out:if): Explores both branches regardless of the condition; does not evaluate the
conditional expression or read from𝑀𝑒𝑚.

• Rule (28, out:assert): Performs no operation; does not evaluate the assertion or read from𝑀𝑒𝑚.
• Rules (29, out:start) and (30, out:end): Performs no operations.

(2) 𝑂𝑈𝑇 mode rules that write to 𝑀𝑒𝑚: The only 𝑂𝑈𝑇 mode rules that modify 𝑀𝑒𝑚 are for
setting up the state that the next block test uses:
• Rule (33, out:given): Writes test input values to𝑀𝑒𝑚 for the upcoming block test.
• Rule (34, out:setup): Executes setup code that may modify𝑀𝑒𝑚 for the upcoming block test.
Both rules execute before the block test enters 𝐼𝑁 mode via rule (32, out:begin).

(3) Memory reads occur only in 𝐼𝑁 mode: Expression evaluation rules (7, fn-call), (8, variable),
(9, literal), comparison operators that read from𝑀𝑒𝑚 are only used during 𝐼𝑁 mode execution
when the target fragment actually runs with concrete semantics.

(4) Memory reset between tests: After rule (19, in:end-zero-block) returns execution to 𝑂𝑈𝑇
mode, the next blocktest() invocation triggers zero(𝜎), which resets 𝑀𝑒𝑚 to an empty map,
discarding any values from the previous test’s 𝐼𝑁 mode execution.

Conclusion: Memory modifications during 𝐼𝑁 mode (fragment execution) are confined to that
block test and do not affect the abstract program execution in 𝑂𝑈𝑇 mode. The separation between
𝐼𝑁 mode (concrete execution) and 𝑂𝑈𝑇 mode (abstract execution) ensures that block tests do not
interfere with abstract program exploration. □

Property 3 (Oracle Completeness). If the execution of a complete blocktest() statement starts
in mode 𝑂𝑈𝑇 with 𝑆𝑐𝑜𝑝𝑒 = 0 and completes successfully (i.e., reaches a final configuration with
𝑀𝑜𝑑𝑒 = 𝑂𝑈𝑇 and 𝑆𝑐𝑜𝑝𝑒 = 0), then all oracles created in 𝐴𝑠𝑠𝑒𝑟𝑡𝑠 during the block test’s execution
were evaluated and they passed.

Proof Sketch.We show that successful test completion implies that all oracles were checked.
(1) Oracle collection: During the test setup phase in 𝑂𝑈𝑇 mode, each check(x, v) statement
applies rule (36, out:oracle), which appends a block test assertion to 𝐴𝑠𝑠𝑒𝑟𝑡𝑠 .
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Fig. 11. The main components in BDK’s architecture.

(2) Transition to 𝐼𝑁 mode: Rule (32, out:begin) transitions to 𝐼𝑁 mode without modifying𝐴𝑠𝑠𝑒𝑟𝑡𝑠 .
(3) Fragment execution: The target fragment executes in 𝐼𝑁 mode. Any check statements inside
the fragment are ignored by rule (25, in:oracle).

(4) Oracle evaluation: When the outermost end is reached with 𝑆𝑐𝑜𝑝𝑒 = 0, rule (19, in:end-zero-
block) applies. This rule has a premise that requires evaluating all oracles in 𝐴𝑠𝑠𝑒𝑟𝑡𝑠 using rule
(16, in:assert).

(5) Failure implies stuck execution: If any oracle fails, rule (16, in:assert) cannot apply, the
premise of rule (19, in:end-zero-block) is not satisfied, and execution gets stuck.

Conclusion: Since successful completion requires reaching𝑀𝑜𝑑𝑒 =𝑂𝑈𝑇 , rule (19, in:end-zero-
block) must have applied, meaning that all oracles were evaluated and they passed. □

3.3 BDK: Implementation and Current Limitations

§3.3.1 first describes how BDK works end to end. Then, §3.3.2 describes current BDK limitations.

1 int sx = compute();
2 blocktest("test1").given(input, new BinarySource(/∗width∗/5, /∗height∗/5, new byte[]{0, 1, 2, 3}))
3 .given(sx, 5).checkFlow(IfStmt().ElseIf().Then()).checkFalse(sx == 5).end(FIRST_ASSIGN_BLOCK);
4 // @blocktest("test2").given(...).checkFalse(sx == 5);

5 blocktest("test3").given(...).checkFalse(sx == 5).end(FIRST_BLOCK);
6 blocktest("test4").given(...).checkFalse(sx == 5).end(FIRST_BLOCK, 2);
7 blocktest("test5").given(...).checkFalse(sx == 5).end(FIRST_THROW);
8 blocktest("test6").given(...).checkFalse(sx == 5);
9 if (sx < 0) { // test1−test6, and test9 start here

10 sx += input.getWidth();
11 } else if (sx > input.getWidth()) { // fault: should be >= instead of >

12 sx %= input.getWidth();
13 } // test1, test3 end here

14 if (input.getWidth() < 0) throw new Exception(); // test4 and test5 end here, test8 and test10 start here

15 sx += 1; // test6 ends here

16 blocktest("test6").end();
17 if (input.getWidth() > 100) { // test7 starts here

18 sx *= input.getWidth();
19 } // test2, test7−test10 end here

20 blocktest("test7").given(...).checkFalse(sx == 5).start(FIRST_BLOCK);
21 blocktest("test8").given(...).checkFalse(sx == 5).start(FIRST_BLOCK, 2);
22 blocktest("test9").given(...).checkFalse(sx == 5).start(FIRST_BLOCK, 3);
23 blocktest("test10").given(...).checkFalse(sx == 5).start(FIRST_THROW);
24 int sy = compute();

Fig. 12. Artificially expanding code in Example 1 (§2) to illustrate more details about BDK.

3.3.1 Implementation. Figure 11 shows the architecture of our BDK implementation in terms of
how it works end to end to run block tests for a target fragment. We use Figure 12 as a running
example; it contains code similar to Figure 3, but expanded artificially to explain how scope in
block tests works. In Figure 12, we use BDK’s optional syntax for uniquely identifying block tests
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Table 1. Target-fragment scopes for each block test in Figure 12, as determined by Code Extractor.

Starts Ends Reason

test1 9 13 This if block is the first block containing an assignment to sx.
test2 9 19 Does not have an end(); default to the last reference to sx.
test3 9 13 Ends after the first block following the block test statement.
test4 9 14 Ends after the second block following the block test statement.
test5 9 14 Ends after the first throw statement.
test6 9 15 Ends at the line where end() is used with a matching block-test name.
test7 17 19 Starts just before the first block preceding the block test statement, counting from

bottom to top.
test8 14 19 Starts just before the second block preceding the block test statement, counting from

bottom to top.
test9 9 19 Starts just before the third block preceding the block test statement, counting from

bottom to top.
test10 14 19 Starts just before the first throw statement, counting from bottom to top.

to name them as "test1", "test2", ..., "test10". Given a Java file (e.g., a file containing the fragment
in Figure 12), BDK’s four main components work as follows:
1 The Test Extractor uses JavaParser [39] to find block test statements as those starting with
blocktest() or lambdatest() declarations. In Figure 11, Test Extractor identifies lines 2–8 and
lines 20–23 as block test statements. If users provide block tests in comments (for reasons explained
in Example 2 of §2), Test Extractor also obtains block test statements as those that start with
//@blocktest() or //@lambdatest() (e.g., "test2" on line 4 in Figure 12).
2 The Code Extractor extracts the target fragment from its enclosing method using the input Java
file and block test statements extracted by the Test Extractor. The Code Extractor first determines the
scope (start and end) of the target fragment. To do so, the Code Extractor checks for the start(..)

and end(..) API calls in block test statements. If neither API call is present (e.g., in test2 on line 4
and test6 on line 8), Code Extractor starts the fragment at the first statement after the block test
statement which is not a block test statement (e.g., line 9). Code Extractor then searches downward
until it encounters either an explicit fragment-end declaration blocktest(name).end() (e.g., line 15
for test6) or the last occurrence of a variable referenced in the block test’s assertion (e.g., line 19 for
test2, where variable sx is used for the last time). If the end(..) but not the start(..) API call is
present (e.g., in test1 on lines 2–3), Code Extractor determines the scope as starting from the first
non-block test statement immediately following the current block test statement and determines
the end based on the required1 argument of end(). For example, FIRST_ASSIGN_BLOCK means that
the fragment ends after the end of the first block containing assignments to all variables referenced
in the block test’s assertions, FIRST_BLOCK ends after the first basic block, and FIRST_THROW ends
after the first throw statement.

If the start(..) but not the end(..)API call is present, it means that the target fragment precedes
the block test statement. So, the Code Extractor ends the fragment immediately before the block
test statement and determines the start of that fragment based on the required argument to start().
Those arguments are syntactically the same as the ones for the end() API call, but semantically,
they cause the Code Extractor to search backwards for the beginning of the target fragment. BDK
prevents the use of both start() and end() API calls in the same block test statement. Table 1
shows the scope for all block tests in Figure 12, in terms of the start and end of target fragments,
along with the reason why the scope is resolved as stated.

1end() does not require an argument when used in an explicit fragment-end declaration, e.g. blocktest(name).end(),
but requires an explicitly provided name for the test.
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1 @Test public void test1() {
2 // blocktest("test1").given(input, new BinarySource(5, 5, new byte[]{0, 1, 2, 3})).given(sx, 5).checkFlow(IfStmt().ElseIf().

Then()).checkFalse(sx == 5).end(FIRST_ASSIGN_BLOCK);

3 /∗ >>> Setup Starts <<< ∗/

4 BinarySource input = new BinarySource(5, 5, new byte[]{0, 1, 2, 3}); // provided in given expression

5 int sx = 5; // provided in given expression

6 boolean[] _blocktest_checkFlow_1 = new boolean[1]; // generated from checkFlow expression

7 /∗ >>> Setup Ends, Target Fragment Starts <<< ∗/

8 if (sx < 0) {
9 sx += input.getWidth();
10 } else if (sx > input.getWidth()) { // fault: should be >= instead of >

11 _blocktest_checkFlow_1[0] = true;
12 sx %= input.getWidth();
13 }
14 /∗ >>> Target Fragment Ends, Assertions Start <<< ∗/

15 assertFalse(sx == 5); // generated from checkFalse expression

16 for (int i = 0; i < _blocktest_checkFlow_1.length; i++) { // generated from checkFlow expression

17 assertTrue("checkFlow(IfStmt().ElseIf().Then()) fails at step "+i, _blocktest_checkFlow_1[i]);
18 }
19 /∗ >>> Assertions End <<< ∗/

20 }

Fig. 13. An example unit test that is synthesized “behind the scenes” to run a block test.

3 The Test Synthesizer generates code for, and compiles the block test using the block test state-
ment from the Test Extractor and the fragment from Code Extractor. To ensure compilation, the
Test Synthesizer (i) initializes input variables as assigned in any given() or args() expressions;
(ii) generates initialization code (using any setup() expressions); (iii) performs mocking (using any
mock() expressions); (iv) translates control flow oracles (using any checkFlow() expressions) into a
list of Boolean flags, where each flag is to be set at runtime if control flows to a desired branch;
and (v) connects expected exceptions (using any expect() expressions) to the testing framework’s
annotation, e.g., @Test(expected = NullPointerException.class) for JUnit.
Developers need not see code that Test Synthesizer generates, but we show and discuss it next, to give
readers more insights into how BDK works. Figure 13 shows the generated code for test1, which is
defined on lines 2–3 in Figure 12. In Figure 13, the declarations of input and sx on lines 4 and 5 are
generated from the corresponding given expressions. The code on lines 8 and 13 show the target
fragment extracted by Code Extractor; note the inserted code to set the checkFlow-related flag on
line 11. Finally, the assertions on lines 15 and 17 are synthesized from test1’s checkFalse() and
checkFlow() expressions. The assertion on line 17 is in a loop: if any checkFlow-related flags have
not been set, it means that control has not flowed as expected and the block test fails. In this case,
the block test reports an error message showing the first unset flag to aid debugging.
4 The Test Runner takes compiled block test code from the Test Synthesizer, executes them, and
produces a test report showing whether block tests pass or fail. As shown in Figure 13, our BDK
implementation currently produces a unit test behind the scenes. Our rationale for doing so is
twofold. First, BDK reuses publicly available and mature unit-testing infrastructure. Second, users
can see the output of block and unit tests in the same place (for emphasis, we repeat that users
need not see synthesized block-test code).
BDK’s Type Resolution. As discussed in Example 1 (§2), users do not need to explicitly specify
types of input variables when assigning input values using given() expressions. In such cases,
the Test Synthesizer component automatically resolves types using JavaParser’s source-level type
resolution (for variables declared in project code) and bytecode-level resolution (for variables
declared in Java and third-party libraries). If type resolution fails (typically due to the use of
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Table 2. BDK’s current rules for predicting variable types from assigned values, with examples.

Rule Example value(s) Example type(s)

Literal "foo", 1, 1000000L, true String, int, long, boolean
Collection new ArrayList<>(Arrays.asList(1, 2, 3, 4)) ArrayList<Integer>
Array new int[]{1, 2}, new boolean[]{true, false} int[], boolean[]
Enum Direction.LEFT Direction
Class Example.class Class
Object Constructor new BinarySource(1, 2) BinarySource
Casting (Foo) Bar.get() Foo
Method call Paths.get("src") Path
Builder pattern new Baz.Builder().setX(1).build() Baz

generics or untyped lambda parameters), the Test Synthesizer falls back to resolving the variable’s
type based on its assigned value. Table 2 summarizes the extensible set of rules currently used by
the Test Synthesizer for type resolution from values. For example, line 2 in Figure 12 assigns a new
BinarySource object to the variable input (given(input, new BinarySource(...))). If JavaParser
cannot resolve the type of input, the Test Synthesizer applies the Object Constructor rule and
resolves BinarySource as the type of input, based on the assigned value new BinarySource(...).
Since target fragments may contain method calls, mocked method return types can also be resolved.
The context here is that for non-static methods (e.g., methodCall() or this.methodCall()), users
must mock the return values; static methods are invoked. When mocking non-static method return
values, if users do not provide the type, then the Test Synthesizer can resolve the type.
Correspondence with Semantics. The Test Synthesizer generates separate code for each blockte

st() or lambdatest() statement. Doing so allows the Test Synthesizer to execute each block test in
isolation. All parts of state needed to run each block test are set at the beginning of the code generated
by the Test Synthesizer. Also, BDK does not infer variable values from the target fragment’s context.
Lastly, users must specify the values of global variables to be used during the execution of each
block test. These four choices (isolation, setup, no value inference, and global-variable specification)
ensure that execution of block tests does not interfere with global state. So, BDK satisfies Test
Isolation and Memory Abstraction properties (§3.2.2) in 𝑂𝑈𝑇 mode. When a block test begins
its execution, the begin rule (32, out:begin, §3.2.2) is applied, switching execution mode to 𝐼𝑁 .
The given assignments, setup code, mock expressions, and the target fragment are run in order.
Then, all oracles are evaluated. If all oracles pass (by checking that observed values of all variables
in data-flow oracles are as expected and that control flows along specified paths), the block test
finishes and the end rule (19, in:end-zero-block, §3.2.2) is applied, returning the mode to 𝑂𝑈𝑇 .
The next block test is then executed in a fresh state (i.e., state zeros out again). If a test fails, an
error is reported and execution terminates. So, BDK satisfies the Block Test Bracketing and Oracle
Completeness properties. Lastly, to prevent block tests or any method that they call from running
in deployed software, the Test Synthesizer also strips block test statements from the bytecode (i.e.,
.class file) corresponding to the input Java file. So, constructs related to block tests are skipped
during 𝑁𝑂𝑅𝑀𝐴𝐿 runs, as described in §3.2.2.

3.3.2 Current BDK Limitations. While writing block tests for open-source projects, we discovered
three limitations of BDK. First, although BDK allows validating the return values from a fragment,
one can currently only do so if the values of all return values in that target fragment have the same
declared type. Second, some target fragments require test fixtures (via setup() expressions), but
the compiler sometimes requires variables in lambdas to be declared as final or to be effectively
final (i.e., the variable’s value cannot change after the first assignment). In such cases, a block test
with a setup() expression may not compile. Avoiding such compilation errors is another reason
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Table 3. Summary statistics on 165 GitHub projects that we evaluate: no. of unit tests (#tests), unit-test time

in seconds (t), lines of code (SLOC), % statement coverage (𝑐𝑜𝑣𝑠 ), % branch coverage (𝑐𝑜𝑣𝑏 ), no. of GitHub

commits (#SHAs), years since first commit (age), and no. of stars (#8).

#tests t SLOC 𝑐𝑜𝑣𝑠 𝑐𝑜𝑣𝑏 #SHAs age #8

Mean 284.9 17.3 20,734.3 41 34.3 587.1 10.2 247.5
Med 36 2.7 9,246 40.6 32.4 217 9 35
Min 1 1.3 271 0 0 3 3 0
Max 17,874 1,465.4 2.4×105 97.2 92.7 7,790 27 5,201
Sum 47,013 2,857.1 3.4×106 n/a n/a n/a n/a 40,835

BDK allows writing block tests in comments. Third, BDK does not support two kinds of method
invocations in target fragments: (i) a method invoked in the target fragment cannot belong to the
same class as the fragment unless it is static or invoked through another object (i.e., the target
object cannot be this); and (ii) static methods invoked in the target fragment must be public. Note
that users can use mocks to supply return values for such unsupported method calls. These three
limitations are engineering issues that we plan to address in future work.

4 Evaluation

We organize our evaluation of block tests’ feasibility and usefulness around four research questions:
RQ1. How feasible are block tests for validating complex and arbitrary code fragments in blocks

(multi-statement sequences in imperative code) or multi-statement lambdas?
RQ2. How costly is it to write block tests and run them with BDK?
RQ3. How do block tests compare with unit tests in terms of reaching code in target fragments?
RQ4. How effective are block tests for finding bugs in target fragments, compared to unit tests?
In RQ1, we evaluate the extent to which block tests and their features (as supported in BDK) can
validate a diverse set of target fragments beyond those fragments in our formative study (§2). RQ2
reports on our human time to write block tests and the machine time to run block tests using BDK.
RQ3 compares coverage of target fragments achieved by block tests, developer written unit tests,
automatically generated unit tests, and the combination of developer written and automatically
generated unit tests. Lastly, RQ4 measures BDK’s bug-finding ability using mutation analysis and
compares the results with those of unit tests on the target fragments.
Evaluation subjects. We target 400 fragments (200 blocks and 200 multi-line lambdas) from 165
open-source projects. To select these projects, we sample a subset of Maven-based Java projects
from prior work [28, 82] on testing, where all unit tests pass. We are not the developers of any of
these projects. Table 3 shows summary statistics on these 165 projects; the table’s caption explains
the column headers. The minimum number of unit tests per project is one, reflecting the fact that
we do not discriminate among projects based on number of unit tests. The minimum statement
coverage shows up as zero due to rounding, but the actual minimum statement coverage is 0.03%.
For the project with 0% branch coverage, none of its unit tests covers any branch (e.g., the code
reached by the unit tests does not contain any if or switch statements). To select target blocks, we
first compute the cyclomatic complexity [8, 74] of all methods in all 165 projects. Then, we rank
the methods in decreasing order of cyclomatic complexity. From these methods, we manually and
randomly extract blocks until we reach 200. To increase diversity, we try not to select all blocks in
a method. Rather, we sample a subset of blocks (up to five) from each method. To select lambdas,
we collect all lambdas from all projects, sort them by the number of branching conditions that must
be satisfied to reach each lambda, and choose the top 200 with more than one statement. Using
branching conditions increases the chance to find fragments that unit tests do not reach.
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Table 4. Summary statistics on complexity metrics for target fragments that we evaluate. Conditional state-

ments: no. of levels of conditional statements in which the target fragment is nested. Cyclomatic complexity :

McCabe’s cyclomatic complexity of the method containing the target fragment.Method size: no. of lines of

code in the method containing the target fragment.

Conditional statements Cyclomatic complexity Method size

Mean 3.6 160.8 376.7
Med 3 106 210
Min 0 1 11
Max 33 4,319 8,827

Table 4 shows summary statistics on complexity metrics for target fragments that we evaluate.
These 200 blocks and 200 lambdas are at level 3.6 of nested conditionals on average (max: level 33),
they are in methods with average McCabe’s cyclomatic complexity of 160.8 (max: 4,319) and those
methods have 376.7 lines of code on average (max: 8,827 lines of code).
Running Experiments. We use BDK’s Maven extension to integrate BDK in the evaluated projects
and write scripts to analyze the results. All experiments are run in Docker containers; our artifacts
contain our Docker file and instructions on how to use it. Timed experiments are run on an Intel®
Xeon® w9-3475X (72 threads) CPU, 128 GB RAM, Ubuntu 24.04, Java 8, and Maven 3.8.9.

4.1 RQ1: Feasibility of Block Testing in Open-Source Projects

We attempt to manually write block tests for all 400 fragments (blocks and lambdas) that we select
as described earlier. We impose a time limit of one hour to do so per fragment. If the total time to
understand a target fragment and write block tests for it exceeds this limit, we stop and mark the

Table 5. 54 fragments that we fail to write block tests for.

Reason Block Lambda Total

Requires domain knowledge 15 18 33

Uses generics for non-input variables 0 1 1
Conditional return statement 1 1 2
Protected class or member 3 4 7
Non-static methods or variables 3 8 11

fragment as being hard to vali-
date with block tests. For each
fragment, we aim to achieve
100% statement coverage. Many
other criteria exist beyond state-
ment coverage [1, 35, 110]. We
focus on statement coverage for
simplicity.We successfully write
block tests for 346 fragments—
178 (of 200) blocks and 168 (of

200) lambdas. These 346 fragments are from 231 files in 146 projects, and contain a total of 3,530
lines of code.

Table 5 summarizes why we are unable to write block tests for 54 (of 400) fragments. There, the
first row has nothing to do with BDK: we fail to write tests for 33 fragments because we lack domain
knowledge to set up block test inputs. For example, block testing a fragment may require a complex
input object that we do not know how to instantiate. We anticipate that lack of domain knowledge
(the main reason we fail to write block tests) would be less of an issue for developers, who are
more familiar with their code. The last four rows in Table 5 represent failures caused by the current
limitations of BDK (described in §3.3.2). Specifically, BDK does not currently support (i) the use
of generic types in target fragments when they are not input variables (1 case); (ii) having return
values with different declared types in the target fragment (2 cases); and (iii) using non-public (7
cases) or non-static (11 cases) methods or classes in target fragments.
Summary Statistics on Block Tests That We Write. In total, we write 1,012 block tests (638
for blocks and 374 for lambdas). Among the 346 target fragments, we write only one block test
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Table 6. Our cost of manually writing block tests

for fragments using BDK (time in seconds).

Understand Write Total

Mean 256.9 135.2 392.1
Med 157.5 128 289.5
Min 0 15 15
Max 2,275 773 2,756
Sum 88,899 46,765 135,664

Table 7. Cost of running BDK with no duplicates

and with block tests duplicated 10 to 1,000 times.

# Σ Time (s) Avg. Time (s)

1,012 915.5 0.9
10,120 1,027.6 0.1
101,200 1,910 0.02

1,012,000 11,442.3 0.01

for 99 (28.6%) of them. On average, each target fragment has 2.9 block tests. The target fragment
with the maximum number of 24 block tests contains a very long if statement with many else

if branches [72]. We analyze BDK’s features and APIs that we use in writing all these block tests.
Among the 1,012 block tests, 43 use the checkFlow control flow oracle and 64 are exceptional
behavior block tests that use the expect() oracle. The remaining block tests use only data flow
oracles—1,521 data flow oracles to be precise. Qualitatively, we find that control flow oracles are
particularly helpful for validating target fragments whose behaviors are difficult to validate using
oracles that compare data values. For example, code that prints error messages to standard output
cannot be easily validated using data flow oracles. But, a control flow oracle can validate that the
code containing a print statement is reached.
Among the 346 fragments that we successfully write block tests for, only 17 (4.9%) fragments

require us to manually specify input variable types. In these 17 fragments, we provide types for 21
block tests (2% of all 1,012 block tests). This finding shows that: (i) BDK’s type resolution succeeds
for majority of fragments even without analyzing bytecode, and (ii) most fragments that require
manual type specification result from JavaParser returning an incorrect variable type, so BDK does
not fall back to resolving the type based on value because JavaParser has already resolved one
(albeit wrongly). The small number of such fragments gives us some confidence in BDK’s type
resolution to be effective for many open-source projects.
We conclude from our ability to write all these block tests for a diverse set of target fragments

that block tests are feasible for validating multi-statement sequences in methods. Note again that
many target fragments that we write block tests for are complex and not reached by unit tests.

4.2 RQ2: Costs of Writing and Running Block Tests

Process. We evaluate the costs to write and run block tests using BDK. To do so, we measure
the time to (i) gain basic understanding of target fragments, (ii) write block tests using BDK,
and (iii) run block tests using BDK. The first two steps incur human time to write block tests,
while the third incurs machine time to run block tests. To measure test-writing time, we start a
timer immediately after opening the file containing the target fragment. We then spend time to
understand the fragment, stopping the timer once we have sufficient understanding and record the
time elapsed as the time to understand that fragment. Next, we restart the timer and start editing
the fragment to add block tests. During this process, we may run the block tests iteratively to
ensure that their oracles work as expected, revising the tests as needed until all block tests pass.
We stop the timer after all block tests that we write pass and record the time elapsed as the time to
write block tests for that fragment.
Results: Time to Write Block Tests. Table 6 shows the arithmetic mean (Mean), median (Med),
minimum (Min), maximum (Max), and total (Sum) time to understand target fragments (Understand),
write block tests (Write), and the combined time (Total). We compute these summary statistics per
project (i.e., values in the same row in Table 6 may correspond to different projects). In total, we
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Fig. 14. Duplication times vs. total time (left) and average time (right).

spend 37.7 person hours to write 1,012 block tests for 346 fragments: 24.7 hours to understand target
fragments and 13 hours to write block tests. Excluding time to understand the fragments, each
block test only takes 46.2 seconds to write on average; that average per block test is 2.2 minutes
when time to understand fragments is included. Note that per-test times are not shown in Table 6;
that table presents times that we aggregate across each fragment.

Understanding the fragments takes a big portion of our total human time. Developers are unlikely
to need that much time for their own code. Anecdotally, it took us much less time to understand
these fragments than it typically takes us to understand whole methods. Notably, one fragment
takes only 15 seconds to write a block test for, because we were already familiar with the fragment
while writing tests for another fragment in the same class. So, we do not need additional time for
understanding the fragment (i.e., the time to understand it was zero). However, the maximum time
to write a block test for a fragment is 773 seconds because even after understanding the fragment,
it was still hard for us to determine correct expected values in our block test oracles. In such cases,
we rerun the tests multiple times with different expected values until we find valid ones. So, we
also expect developers to spend less time than us when writing block tests, after gaining familiarity
with BDK’s APIs.
Results: Time to Run Block Tests. Table 7 shows the time BDK takes to run block tests. When
each block test is run only once, the average time to run each block test is only 0.9 seconds. To
simulate an evaluation of how well BDK may scale as the number of tests increases, and since
ours are only the first set of block tests, we duplicate each block test 10, 100, and 1,000 times. After
duplication, the average time to run each block test decreases to 0.01 seconds. Figure 14 shows how
the total and average block-test running times change as the number of tests increases. We observe
that for many fragments, the time for Test Runner in step 4 in Figure 11 to execute tests remains
constant, likely due to just-in-time compilation, which Liu et al. also noted for inline tests [67]. But,
for nine fragments, the total running time grows linearly after duplicating 100 times. The reason
is that each block test runs in a fixed amount of time regardless of the total number of tests. We
also find that the decrease in average time per block test between no duplication and duplicating
100 times occurs because the time required to process the block test statements in input Java files
(steps 1 , 2 , and 3 in Figure 11) is mostly constant. So the cost of parsing Java files and extracting
block tests is amortized across multiple executions when we perform duplication.
Results: Overhead of Block Tests. BDK strips out block-test code before compilation. So, there
should be zero overhead in production. Next, we evaluate the overhead of retaining block tests
in the code when the option to strip out block-test code is manually disabled. We run all 47,013
unit tests in all projects while block tests are in the code (block-testing mode) and without block
tests in the code (non-block-testing mode). Testing mode took 2,714.1 seconds (summed across all
projects), while non-testing mode took 2,706.2 seconds. So, the overhead seems negligible.
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Table 8. Coverage statistics for developer written unit tests (“Dev tests”), developer written and automatically

generated unit tests (“Dev and auto tests”) for 326 fragments, and block tests for 346 fragments. Statement %
and Branch % represent the percentage of statement coverage and branch coverage, respectively.

Source Counts Statement % Branch %

Fully covered Partially covered Not covered Mean Med Mean Med

Dev tests 63 60 203 28.2 0 27.2 0

Dev and auto tests 85 82 159 38.8 4 44 33.3

Block tests 308 38 0 93.2 100 97.6 100

We conclude from our results on the costs of writing and running block tests that block testing
is not just feasible, it can also be efficient and fit well in typical software development workflows.
Also, the overhead of having block-test code in production is negligible.

4.3 RQ3: Comparing Coverage of Target Fragments by Unit and Block Tests

We do not select target fragments based on their coverage (or lack thereof) by unit tests. So, here
we use JaCoCo [81] to measure the statement and branch coverage of block tests in the target
fragments and compare these coverage metrics with those of developer written and automatically
generated unit tests.
Process. In JaCoCo, a line of code is fully covered, partially covered (if only one outgoing edge
from a branch is taken), not covered, or empty. Empty means that a line contains a continuation
of the statement in the preceding line or does not contain a statement (e.g., a closing brace). We
ignore empty. We say a fragment is (i) fully covered if all its non-empty lines are fully covered;
(ii) not covered if none of its non-empty lines are covered; and (iii) partially covered if it does not
fall into any of the previous two cases. We compute statement coverage of a block as the ratio of
its partially or fully covered lines to the total number of non-empty lines. For branch coverage,
we compute the ratio of the number of covered branches to the total number of branches. We
use Randoop [85, 88] and EvoSuite [15] to automatically generate additional unit tests for each
fragment. We run EvoSuite only on the class containing the target fragment, but we run Randoop
for the whole project based on the Randoop manual [89]. We use timeouts of 1 minute per class
for EvoSuite and 1 hour per project for Randoop. After unit-test generation, we merge developer
written and automatically generated unit tests and use JaCoCo to collect coverage.
Results. Table 8 shows coverage statistics for developer written unit tests, and of their combination
with automatically generated unit tests. We are only able to collect coverage for developer tests
in 326 of 346 fragments. JaCoCo failures prevent us from collecting coverage on the rest. We use
JaCoCo despite these failures because it is a state-of-the-art coverage collection tool for Java, is
integrated into popular IDEs [41], and similar issues were reported in prior work [28]. 203 of these
326 fragments are not covered by any developer written unit test. The mean statement and branch
coverage achieved by developer written unit tests in these fragments are only 28.2% and 27.2%,
respectively. At least half of the fragments are not covered (the median statement coverage is 0%).
Even after 30.8 CPU days of automatic unit-test generation for 326 fragments (average: 2.2 CPU
hours per fragment), statement coverage improves only marginally. More concerning, EvoSuite
and Randoop crashed when generating tests for 34 fragments, which reside in complex classes.
The average statement coverage increased only by 10.6 percentage points, and the median slightly
improved by 4 percentage points. Automatically generated unit tests improve average branch
coverage by 16.8 percentage points, and improve median branch coverage by 33.3 percentage points.
Some fragments have higher statement coverage when automatically generated unit tests are
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Dev tests Block tests Dev + auto tests

288 692 7,045

(a)

288 692 474

(b)

892 1,382 6,355

(c)

892 1,382 4,418

(d)

Fig. 15. Left to right; mutants killed by (a) developer written unit tests (“Dev tests”) vs. block tests for all

fragments, and (b) Dev tests vs. block tests for fragments covered by at least one Dev test, (c) Dev tests and

automatically generated unit tests (“Dev + auto tests”) vs. block tests for all fragments, and (d) Dev + auto

tests vs. block tests for fragments covered by at least one Dev test or automatically generated unit tests.

combined with developer written ones, but around half of the fragments still have no coverage with
unit tests. The last row in Table 8 shows coverage statistics for block tests: an average statement
coverage of 93.2%, with fragments that achieve full statement coverage. Branch coverage shows a
similar pattern, with an average branch coverage of 97.6% and 318 fragments achieving full branch
coverage. The minimum statement and branch coverage achieved by all unit tests are both 0%. For
block tests, the minimum statement and branch coverage are 4.2% and 10%, respectively. Compared
to the high average time to generate unit tests, the time to manually write block tests is low (392.1
seconds) and produces much higher statement coverage in these fragments.

We make two conclusions from these coverage experiments. First, these results strongly support
our claim that block tests can meet existing needs that unit tests do not meet. Second, many of these
fragments being lambdas also provides initial strong evidence that block tests can help validate
code in the presence of complexity arising out of the use of newer programming language features.

4.4 RQ4: Bug-Finding Effectiveness

Lastly, we turn to the questions of (i) whether block tests’ increased coverage of target fragments
provides bug-finding benefits; and (ii) how those bug-finding benefits compare with those of unit
tests in parts of these evaluated fragments that unit and block tests cover.
Process. We use mutation analysis as a proxy for evaluating bug-finding effectiveness [45]. Specifi-
cally, we apply the default set of mutators (changing operators or operands, adding or removing
statements, etc.) in universalmutator [26] to each statement in the target fragment. Then, we keep
only mutants that compile, resulting in 11,828 mutants for 295 fragments (average: 40 mutants per
fragment). Next, we record which mutants are killed by developer written unit tests, automatically
generated unit tests, and block tests. Finally, we report our qualitative findings based on our manual
inspection of 104 mutants: 52 killed only by block tests and 52 killed only by unit tests.
Results. Of all 11,828 mutants, 980 are killed by only developer written tests, 2,274 mutants are
killed by combining developer written and automatically generated unit tests, and 7,737 mutants
are killed by block tests.
Figure 15 compares the sets of mutants killed by developer written unit tests, automatically

generated unit tests, and block tests. Venn diagram regions show number of mutants killed by
each kind of tests. Considering all fragments (Figure 15a), block tests kill many more mutants than
developer written unit tests. Specifically, block tests cover more statements and therefore kill 6,757
more mutants than developer written unit tests in these fragments. For statements covered by both
kinds of tests (Figure 15b), block tests kill about 1.6x as many mutants as developer written unit
tests. Comparing the set of mutants killed by developer written + automatically generated unit tests
with that of block tests (Figure 15c) shows that automatically generation helps unit tests kill more
mutants than developer written unit tests alone, but the number of killed mutants is still lower than
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that of block tests. Lastly, block tests kill 5x as many mutants as developer written and automatically
generated unit tests for the fragments that unit and block tests cover (Figure 15d). These findings
suggest that factors besides coverage contribute to block tests’ bug-finding effectiveness.
Reasons (beyond coverage) why block tests kill more mutants than unit tests. Figure 16
shows an example mutant that is killed by a block test but not by any unit test. In the original
program, the fragment first sets writeOptimal to true, and then modifies its value based on variant,

1 blocktest().given(writeOptimal, false).given(numBands,5)
2 .given(variant, PPM_ASCII)
3 .given(csm, null).checkTrue(writeOptimal);
4 /∗writeOptimal = true;∗/ // mutation: delete this statement

5 if(variant == PPM_RAW) {
6 int[] bandOffsets = csm.getBandOffsets();
7 for(int b = 0; b < numBands; b++) {
8 if(bandOffsets[b] != b) {
9 writeOptimal = false;
10 break;
11 }
12 }
13 }

Fig. 16. An example mutant from jai-imageio/jai-imageio-core
that is killed by block test but not by unit tests. The mutation on line 4

is to delete a statement in the fragment under test.

csm and numBands. This mu-
tant is obtained by deleting a
statement on line 4, which as-
signs true to writeOptimal. The
block test on lines 1-3 checks
that by the end of the frag-
ment, the value of writeOptimal
is true. writeOptimal originally
has value false (via the given

expression). When the block
test is run on this mutant, line 4
is skipped and the condition
on line 5 is checked. Since the
block test assigns variant to
PPM_ASCII (via the given expres-
sion), variant is not PPM_RAW so

the condition on line 5 is false, skipping the rest of the fragment, making writeOptimal’s
value to be false. Thus, the block test fails and the mutant is killed. Unit tests achieve
full statement coverage but not full branch coverage for this fragment. But, these unit
tests do not kill this mutant because writeOptimal is neither a parameter nor an out-
put of the enclosing method, and the erroneous value of writeOptimal goes undetected.
Block tests, on the other hand, have very local scope, so they can specify local oracles to
check the value of writeOptimal before it is used in other parts of the program. So, block tests
enable errors to be propagated and revealed more easily. We observe similar patterns in 12 out of
52 mutants that are killed by block tests but not unit tests. In the other 40 cases, unit tests lack
coverage for the mutated lines in the fragment, so they cannot kill these mutants.

1 while (!terminate) {
2 ... // more code...

3 blocktest().given(scheme,"file").checkEq(state,PUS.FH);
4 blocktest().given(scheme,"http").checkEq(state,PUS.AIS);
5 if ("file".equals(scheme)) {
6 state = PUS.FH;
7 } else {
8 state = PUS.AIS;
9 continue; // mutation: add a continue statement

10 }
11 ... // more code...

12 }

Fig. 17. A mutant from smola/galimatias block tests did not kill.

Line 9 is introduced by adding a continue.

Reason why unit tests kill mu-

tants that survived block tests.
We find two reasons why block
tests did not kill some mutants
that unit tests kill. First, in major-
ity of these cases (50 of 52), extra
block tests are needed to achieve
full branch coverage for the frag-
ment, in addition to our manu-
ally written block tests that tar-
get full statement coverage. The
other two inspected fragments
are in a loop. Block tests written
inside a loop are not able to test
beyond an iteration of the loop. Figure 17 shows an example mutant killed by unit tests but not by
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block tests from project smola/galimatias. The mutant adds a continue statement to line 9. The
enclosing while loop on line 1 implements the core logic of a character-by-character URL parser.
This mutant is not killed by the block tests (on lines 3 to 4) written for this fragment because those
block tests only test the fragment from lines 5 to 10 but nothing beyond. Unit tests, on the other
hand, are able to kill this mutant because the effect of the mutation caused the URL processed with
multiple loop iterations to differ from what is specified in a unit test oracle.

5 Discussion

Future Work. We outline an agenda for future research on block tests, beyond those in §3.3.2.
(i) Automated generation of block tests. The manual approach for writing block tests that we take in
this paper is meant to show that they are feasible. But, to accelerate research on block tests, future
work must investigate automated generation of block tests to reduce the tedium of manually writing
them and to scale block tests to more projects. Many techniques were proposed for automatic unit
test generation [15, 22, 84, 85, 94, 102] and two have been proposed for inline tests [44, 66, 68]. So
a technique to generate block tests automatically will likely also be valuable. Future research can
explore whether symbolic execution [108] (given the small scope of block tests) and/or carving
block tests from higher-granularity tests [7, 9, 10, 17, 48, 66] can work well for automatically
generating block tests. To improve the quality of automatically generated tests, future work can
also explore techniques for automatically mocking non-static methods and inferring appropriate
and realistic values for mocks and global variables.
(ii) User study. We did not conduct a user study in this paper because prior work on the lower-
granularity test level of inline tests [67] showed that participants are willing to adopt finer-
granularity test granularity. Given the structural similarity of block and inline tests, we conjecture
that users will also find block tests useful, especially if they are already familiar with unit tests.
So, this paper has focused on establishing foundations for block tests. But, since block tests and
inline tests differ in both granularity and API, future work should conduct a user study to evaluate
participants’ perceptions of block tests.
(iii) IDE support. Like inline tests, the presence of block tests in code can affect readability. To
mitigate this issue, as part of future work, we plan to provide IDE support in BDK that hides block
tests from view until developers want to read them. As part of this IDE support, BDK can also
integrate with IDE refactoring engines [14, 40, 42, 57] so that when developers refactor their code
using the IDE, relevant parts of the corresponding block tests are also automatically updated.
(iv) Research on other testing needs that motivate block tests. We provide evidence that block tests
can meet two of six testing needs that we use to motivate this new test granularity level (§1). But,
there is still plenty of research to be done on truly realizing the use of block tests for addressing all
these needs. Automatic generation of block tests will be a logical next step that can enable several
research directions on using block tests to meet these other needs.
(v) Coverage beyond statements and branches. Our evaluation currently relies on statement and
branch coverage to determine whether code is executed. However, many other criteria exist beyond
statement and branch coverage [35, 110], such as condition or instruction coverage. Future work
can investigate how block tests can further enhance the satisfaction of these other criteria as well.
(vi) Improved type resolution. Type resolution enables developers to define input variables without
explicitly specifying their types. But, BDK’s current type resolution sometimes fails (in 4.9% of
fragments, or 2% of block tests), as discussed in §4.1. Prior work showed that machine learning
can help type resolution [79, 86] for Python, so work can explore this direction to improve BDK’s
type resolution. Also, BDK’s current project-defined type resolution already operates at the source
and bytecode levels to accommodate scenarios where full projects do not compile. So, future work
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could leverage semantic information from the full project to further improve the accuracy of type
resolution when complete build information is available. For example, bytecode analysis could
enable more robust type resolution.
Block tests vs. refactoring code into finer-grained units. While block tests may be unnecessary
if developers refactor code into finer-grained units that are easier to unit test, such refactoring
may have a greater negative impact on readability than having block tests in the code. Specifically,
extracting multiple target fragments from an original method into several new methods solely for
testing purposes (i.e., not as part of intended refactoring) forces developers to navigate multiple
methods to understand the same business logic. Prior research showed that avoiding this kind of
negative impact on readability is one reason why developers write lambda expressions in existing
methods rather than writing new methods [73]. So, block tests provide a valuable alternative.
Threats to validity. Our results may not generalize beyond the projects that we evaluate. To
address this threat, we use fragments from open-source projects that were used in prior work on
testing and pick diverse set of fragments from those projects. Another threat is that the coverage
result of automatically generated unit tests may not always be reproducible due to differences
in physical machines. To deal with this threat, we set a sufficiently long timeout for unit-test
generation to aid reproducibility. We also repeat our test generation experiments multiple times.
Our BDK implementation may have bugs. To mitigate this threat, multiple co-authors reviewed
the code and a different co-author than those who wrote the code performed code review and
checked the documentation of BDK’s APIs to check for inconsistency. Finally, the idea of block
tests may not extend to all programming languages, and even when it does, it may not provide the
same benefits that we see for Java. To mitigate this threat, we investigated block tests for a popular
programming language that bears similarity to several other C-like languages. We also showed
that block tests can validate code written in imperative style, functional style, and their mixture.

6 Related Work

Testing code fragments. The work most closely related to ours is Liu et al.’s inline tests [67]. Like
block tests, inline tests are fine grained tests; they allow developers to write tests at a granularity
level that is below unit tests. However, inline tests are limited to testing individual statements,
whereas block tests are more general and target the validation of multi-statement fragments in a
method. Godefroid proposed the idea of micro execution [23], a technique that can execute any code
fragment without user inputs. However, Micro Execution requires using a custom virtual machine,
is designed for test generation campaigns, and works only on binaries. In contrast, BDK is more
flexible, allows user (i.e., developer) input, works on source code and requires no custom virtual
machine. Other researchers have also explored finer-grained code elements during testing. Galindo
et al. propose method-specific test generation to test individual methods [16]. Method-specific
test generation enables test generation tools to produce tests with human-understandable names
and can even help improve test coverage. Unlike other automatic unit test generation techniques,
such as Randoop [84, 85] and EvoSuite [15], which generally generate tests for entire classes or
projects, Galindo et al. focus on generating tests for individual methods. While their approach
targets individual methods, block tests are more fine-grained and focus on fragments in a method.
Intramorphic testing. Rigger and Su introduce intramorphic testing [92], a technique designed
to address the test oracle problem. This approach modifies the system under test so that, for a
given input and the original system’s output, an input-specific oracle for the output of the modified
system can be derived. One then checks whether this expected relationship holds. Like block tests,
intramorphic testing provides a novel way to exercise code under test. However, block tests allow
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developers to test specific fragments using test oracles, whereas intramorphic testing is applied in
settings where a test oracle is difficult to obtain and is not focused on testing fragments.
Live programming. Live programming [11, 12, 32, 49, 51, 52, 56, 63, 75, 76, 90, 96, 107] enables
developers to visualize a program’s runtime behavior as the code is being developed. Similar to
live programming, block testing helps developers detect bugs early, before the program is fully
implemented. But, live programming requires a continuous evaluation environment to provide
immediate feedback. By providing program inputs, developers can see the program’s outputs
updated in real time and visually check whether its behavior matches their expectation while
writing code. Block tests are more focused on testing existing code and require a test oracle,
whereas in live programming, developers typically manually or visually judge whether outputs are
as expected. That is, there is no automated oracle. As with block testing, high-quality inputs are also
crucial for live programming. Prior work explored techniques for generating useful input values for
incomplete loops using loop seeds [63]. Developers can manually provide loop seeds—values used
to initiate hypothetical loop iterations—to help visualize the behavior of those iterations. Other
work investigated techniques that automatically synthesize fragments based on user-defined inputs,
outputs [12], and scope [52]. Building on these approaches, future work on block tests can explore
how to generate high-quality block tests for synthesized loop fragments and how to synthesize
fragments from block test statements.
Regression testing. The goal of regression testing is to detect bugs introduced by code changes [4,
18–21, 31, 59, 61, 70, 97–99, 113–115]. Similar to regression testing, the goal of block tests is to find
bugs during software testing. But traditionally, regression testing is done at the unit-test level. So
future work can investigate regression testing with block tests, since our mutation analysis shows
that block tests can help find faults that unit tests miss.

7 Conclusions

Block tests introduce a new level of test granularity that are complementary to existing test
granularity levels: inline, unit, integration, and system tests. The goal of block tests is to allow
for easier validation of code fragments, i.e., multi-statement sequences in methods. We motivate
the need for block tests by discussing several testing needs that current levels of test granularity
are either too coarse grained or fine grained. Our implementation of BDK, the first block-testing
framework, supports features identified in our formative study. More importantly, we use our BDK
to evaluate the feasibility, coverage benefits, efficiency, and bug-finding benefits of block tests on
a diverse set of 346 fragments from 146 open-source projects. Results show that block tests are
broadly applicable and fast to write and run. Also, block tests more easily reach fragments that
unit tests do not reach, and kill many mutants that survive unit tests. Finally, we highlight many
exciting research problems that should be tackled as part of work to make block testing more
widely used among software engineers.
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