
Seq: a high-performance language 
for computational biology
 
Ibrahim Numanagić

University of Victoria


Matrix Institute for Applied Data Science  
1. XI 2019.



Sequencing

2

DNA / RNA



Sequencing

3



Sequencing: better than Moore’s law

4image source: NIH

• The development of next-
generation sequencing 
technologies made sequencing 
fast and really cheap


• its growth surpassed 
Moore’s and Kryder’s laws 
long ago


• 2019: $100 to sequence a 
human genome
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Computing is the bottleneck

5image source: Sboner et al. Genome Biology 2011, 12:125 

• But the computing did not 
scale as fast


• The biggest bottleneck in 
sequencing pipelines today:  
 
 
computational data      
          analysis



Reason #1: Enormous scale of data
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A single sequencing experiment can generate ½ TB of data nowadays!



Reason #2: Rapid technology changes

7image source: Illumina Inc.

• Too many platforms to support


• Soon, most of these will be obsolete anyway…



Outdated development practices
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• Two camps of developers depending on 
the language used:


• Accessible languages: popular, easy 
to develop and easy to understand but 
too slow (Python, R)
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Outdated development practices
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• Two camps of developers depending on 
the language used:


• Accessible languages: popular, easy 
to develop and easy to understand but 
too slow (Python, R)


• Fast languages: fast… but hard and 
cumbersome to develop and maintain 
(C, C++)



What do people use?
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Fig 3. Number and length of source files by programming language. Languages included in 227 

at least 50 main repositories are shown. Each dot corresponds to one repository and indicates 228 

the number of files in the language and the mean number of lines of code per file not including 229 

comments. The data are provided as Table S8. 230 
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Developer communities 232 

 233 

For version control systems such as Git, “commits” refer to batches of changes contributed by 234 

individual users; each commit causes a snapshot of the repository to be saved along with 235 

records of all changes. Each GitHub repository has a core team of developers with commit 236 

access; these developers can push changes directly to the repository. In addition, GitHub 237 

facilitates community collaboration through a system of forks and pull requests. Anyone can 238 

create a personal copy of a public repository, called a “fork”, and make arbitrary changes to their 239 

fork. If an outside developer feels their changes could benefit the main project, they can create 240 
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Anything bio-specific?
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• No language that specifically targets bioinformatics constructs 

• Libraries are either absent or don’t cut it


• Constant reimplementations needed for each new iteration in 
sequencing technologies
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Python processorBash-based DSL (why?)

A typical example of a pipeline
then a pinch of Go

dash of Rust 
(everything is re-implemented  

of course)

and bit of  
everything later onAll this for simple 

read(dna) |> correct |> split |> align |> collect



A curious example of a pipeline
• Makefile-driven 

development 

• whole software package 
is a collection of 
Makefiles


• This is industrial grade 
bioinformatics 
software… that almost 
nobody uses!



Can we make it better?

15



A genomics primer: building blocks
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• Computational genomics applications use the same set of core operations:


• String manipulation on a limited alphabet  
(typically A, C, G, T and N)


• frequent genome queries and index lookups


• dynamic programming algorithms such as string alignment

image source: genome.gov

http://genome.gov


A genomics primer: alignment
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• Each sequencing machine produces reads: short DNA 
sequences of size ~100


• Read mapping: find the origin location of a read in the 
reference genome


1. Split a read into k-mers: small fixed length-k 
subsequences)


2. Find the occurrences of each k-mer in the reference 
genome by querying the genome index


3. Run dynamic programming to produce the final 
alignment


4. Repeat this for 100,000,000+ reads
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(a) Overview of the alignment process for sequenc-
ing data. A sequencing machine produces a read :
a roughly 100 base pair DNA sequence randomly
sampled from the donor’s genome. Most alignment
algorithms then split this read into k-mers—fixed
length-k subsequences—and query these k-mers in
an index of k-mers from the reference genome to de-
termine candidate alignment positions. Finally, full
dynamic programming alignment (typically via an
adapted Smith-Waterman algorithm) is carried out
to produce the final alignment.
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(b) Overview of de novo genome assembly from se-
quencing data. Sequenced reads are partitioned into
constituent k-mers, which are then taken to be nodes
in a de Bruijn graph whose edges represent (k ! 1)-
length overlaps. Other formulations use (k ! 1)-mers
(two for each original k-mer) as nodes with the origi-
nal k-mers represented by the edges. The assembled
sequence corresponds to an Eulerian path on this
graph.

Fig. 1. Visualizations of two standard computational genomics applications.

Due to the large memory footprints of these structures (roughly 5 gigabytes for optimized
FM-indices and tens of gigabytes for hash tables) given the size of the genome, coupled with their
poor cache performance, many alignment algorithms spend a signi!cant fraction of their time
time stalled on memory accesses; the fraction of stalled cycles in these applications can be over
70% depending on the input dataset [Appuswamy et al. 2018]. Once a candidate locus is found
via the index (and possibly after several !ltering steps), a full dynamic programming alignment is
performed, usually via a variant of the Smith-Waterman algorithm. Because dynamic programming
alignment is a key kernel in nearly all alignment algorithms, there has been substantial research into
designing hand-optimized implementations that exploit SIMD vectorization for better performance
[Farrar 2006; Suzuki and Kasahara 2018; "o#i$ and "iki$ 2017]. One additional complication in
sequence alignment is that, while half of all reads will align in the so-called forward direction (i.e.

Proc. ACM Program. Lang., Vol. 3, No. OOPSLA, Article 125. Publication date: October 2019.



A genomics primer: assembly

18
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Due to the large memory footprints of these structures (roughly 5 gigabytes for optimized
FM-indices and tens of gigabytes for hash tables) given the size of the genome, coupled with their
poor cache performance, many alignment algorithms spend a signi!cant fraction of their time
time stalled on memory accesses; the fraction of stalled cycles in these applications can be over
70% depending on the input dataset [Appuswamy et al. 2018]. Once a candidate locus is found
via the index (and possibly after several !ltering steps), a full dynamic programming alignment is
performed, usually via a variant of the Smith-Waterman algorithm. Because dynamic programming
alignment is a key kernel in nearly all alignment algorithms, there has been substantial research into
designing hand-optimized implementations that exploit SIMD vectorization for better performance
[Farrar 2006; Suzuki and Kasahara 2018; "o#i$ and "iki$ 2017]. One additional complication in
sequence alignment is that, while half of all reads will align in the so-called forward direction (i.e.
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• Read assembly: reconstruct the reference 
genome from sequenced reads


• Make a de Bruijn graph from read k-mers


• its edges represent (k − 1)-length 
overlaps between the nodes (k-mers)


• Assembly contig: an Eulerian path in de 
Bruijn graph


• NP-hard due to genome repeats



How about domain-specific language?
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• Won’t work! 


• Computational biology data has 
general laws, but…


• … the target computational domain is 
too general 

• Any algorithm or a data structure out 
there— we have it and we use it 

• Example: EMA aligner for third-
generation barcoded sequencing 
technologies


• Large file processing (splitting, sorting, 
I/O) 


• Alignment and other pattern matching 
methods 


• Probabilistic methods (EM, simulated 
annealing)


• Integer linear programming



We need a two-tier approach
• Top-down (high-level): describe the problem intuitively without thinking about 

optimizations 

• Bottom-up (low-level): implement high-performant and scalable components

20

Dynamic 
programming 

alignment

Parse 
sequence Hash Index 

lookup

Dynamic 
programming 

alignment
k-merize

Reverse 
complement
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understand genomics 

general purpose 

fast and scalable 

easy & rapid development
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understand genomics 

general purpose 

fast and scalable 

easy & rapid development Seq

=



Seq: a language for computational biology

23

• Our approach: Seq, a general language with a host of genomics-related features 
and optimizations

+
Performance of C

+
Genomics featuresSeq Ease of Python

=
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Seq: a primer
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from sys import argv

from genomeindex import *

type K = Kmer[20]

# index and process 20-mers

def process(kmer: K,

index: GenomeIndex[K]):

prefetch index[kmer], index[~kmer]

hits_fwd = index[kmer]

hits_rev = index[~kmer]

...

# index over 20-mers

index = GenomeIndex[K](argv[1])

# stride for k-merization

stride = 10

# sequence-processing pipeline

(fastq(argv[2])

|> kmers[K](stride)

|> process(index))

#include <iostream>

#include <fstream>

#include <string>

#include <cstdlib>

#include !GenomeIndex.h!

char revcomp(char base) {

switch (base) {

case "A": return "T";

case "C": return "G";

case "G": return "C";

case "T": return "A";

default: return base;

}

}

void revcomp(char *kmer, int k) {

for (int i = 0; i < k/2; i++) {

char a = revcomp(kmer[i]);

char b = revcomp(kmer[k - i - 1]);

kmer[i] = b;

kmer[k - i - 1] = a;

}

}

void process(char *kmer, int k,

GenomeIndex &index) {

auto hits_fwd = index[kmer];

revcomp(kmer, k);

auto hits_rev = index[kmer];

revcomp(kmer, k); // undo

...

}

int main(int argc, char *argv[]) {

const int k = 20;

const int stride = 10;

auto *index = GenomeIndex(argv[1], k);

std::ifstream fin(argv[2]);

std::string read;

long line = -1;

while (std::getline(fin, read)) {

line++;

// skip over non-sequences in FASTQ

if (line % 4 != 1) continue;

auto *buf = (char *)read.c_str();

int len = read.size();

for (int i = 0; i + k <= len; i += stride)

process(kmer, k, index);

}

}

Fig. 2. Example k-merization and seeding application in Seq and C++.

reverse complementation and FASTQ iteration, and cannot perform the domain-speci!c pipeline or
encoding optimizations made by the Seq compiler, which in practice we !nd to attain upwards of
1.5–2! speedups over optimized C++ implementations.

4 LANGUAGE DESIGN & IMPLEMENTATION

A critical barrier to any new language’s success in a particular !eld is its initial adoption, as most
potential users already have a set of languages, environments and packages with which they are
comfortable. This is particularly true in bioinformatics, where many researchers are biologists !rst
and programmers second. For this reason, the Seq language borrows the syntax and semantics of
Python—one of the most widely-used languages in bioinformatics—and adds several genomics-
oriented language features and constructs. Indeed, most of the preexisting Python code that is
used within the genomics community will compile and run without modi!cation in Seq, ultimately
allowing the user to attain the performance of C/C++ with the programming ease of Python.
To achieve this, we designed a compiler with a static type system. It performs Python-style

duck typing and runtime type checking at compile time, completely eliminating the substantial
runtime overhead imposed by the reference Python implementation, CPython, and most other
Python implementations alike. Unlike these, we reimplemented all of Python’s language features
and built-in facilities from the ground up, completely independent of the CPython runtime. The Seq
compiler uses an LLVM [Lattner and Adve 2004] backend, and in general uses LLVM as a framework
for performing general-purpose optimizations. Seq programs additionally use a lightweight (<200
LOC) runtime library for I/O and memory allocation; for the latter, CPython’s reference counting is
replaced with the Boehm garbage collector [Boehm and Weiser 1988], a widely-used conservative
GC that is a drop-in replacement for malloc.

(“Python” is henceforth used as a synonym for “CPython” unless otherwise speci!ed.)

Proc. ACM Program. Lang., Vol. 3, No. OOPSLA, Article 125. Publication date: October 2019.
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Implementation: a strongly-typed Python

25

• Python is duck-typed dynamic language that completely relies on runtime


• We want the syntax and clarity of Python with none of the runtime overhead


• Most of the Python’s overhead stems from its dynamic runtime capabilities 
that are rarely, if at all, used in genomics pipelines


• Solution: strongly typed language with Python syntax that does everything 
at compile time
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x = 3.14

LOAD_CONST 3.14

STORE_FAST x
x: float = 3.14

%x = alloca double, align 8

...

store double 3.140000e+00, double* %x

typedef struct {

struct _object *_ob_next;

struct _object *_ob_prev;

Py_ssize_t ob_refcnt;

struct _typeobject *ob_type;

} PyObject;

...

typedef struct {

PyObject ob_base;

double ob_fval;

} PyFloatObject;

...

x = (PyFloatObject){.ob_fval = 3.14, ...};

.LCPI0_0:

.quad 4614253070214989087

main:

...

movsd %xmm0, -8(%rbp)

...

CPython Seq

Fig. 3. Seq versus CPython during compilation and execution of a simple float assignment. CPython compiles
to bytecode that omits all type information, and instead relies on runtime type information by virtue of
metadata stored alongside the actual float value within the PyFloatObject structure. By contrast, Seq
infers the type of x at compile time and compiles the assignment to LLVM IR, which encodes type information.
LLVM in turn compiles this to assembly or machine code.

is necessary for Python’s runtime type resolution and reference counting (we do note, however,
that the _ob_next and _ob_prev pointers are compiled into the structure de!nition conditionally,
and can be omitted). For these reasons, all high-performance Python libraries (such as NumPy)
achieve their speed by dealing primarily with arrays or matrices that can be abstracted away from
the Python runtime to the C level.

Seq follows a di"erent design philosophy in terms of types. Primitive types such as int, bool and
floatmap directly to the equivalent LLVM IR types i64, i8 and double, respectively. As such, they
incur no overhead whatsoever. Nevertheless, each of these primitives is still logically a fully-#edged
type with a set of associated methods that can be extended by the user (e.g. type int has a method
__add__ for addition that can be statically patched); there is no overhead as all method dispatches
are resolved by the compiler. Furthermore, Seq inlines all magic method invocations on primitive
types (e.g. an int.__add__ call is compiled to a single LLVM add instruction).

More complex types typically compile to an LLVM aggregate type or a pointer to one. Aggregate
types are used in place of Python’s tuples and named tuples (represented in Seq by a new type

construct), and are fully isomorphic to C structs. Pointers to aggregate types—or, more precisely,
reference types—are used to implement classes (represented in Seq by a class construct). As usual,
aggregates are passed by value while reference types are passed, unsurprisingly, by reference. For
example, the following Seq expressions have types mapping to the indicated LLVM types:

Seq expression LLVM IR type Description
!hello world! {i64, i8*} struct of length and character pointer
(1, 0.5, False) {i64, double, i8} struct of tuple element types
MyClass() i8* pointer to heap-allocated MyClass struct
MyClass().foo {i8*, void (i8*)*} struct of self and method function pointer

where the last example assumes foo is de!ned to be a method of MyClass that takes no extra
arguments and does not return a value (i.e. def foo(self: MyClass) -> void).

In order to maintain compatibility with Python, class members can be deduced automatically by
lexically analyzing a given class’s methods. Python’s built-in collection types—list, set and dict—
are all modeled as reference types in Seq and bootstrapped as standard library classes implemented
in Seq itself.

Proc. ACM Program. Lang., Vol. 3, No. OOPSLA, Article 125. Publication date: October 2019.

Implementation: a strongly-typed Python
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def f(x):

return 3*x + 1

def f[T](x: T):

return 3*x + 1

def f(x: int) -> int:

return 3*x + 1

def f(x: float) -> float:

return 3*x + 1

def f(x: int) -> int:

return \

int.__add__(

int.__mul__(3, x), 1)

def f(x: float) -> float:

return \

float.__add__(

float.__mul__(3, x), 1)

f(42) f(3.14)

Fig. 5. Seq’s implicit generic type parameters. The function f is declared to take a parameter x of unspecified
type; the Seq compiler treats the type of x as generic and clones f on demand for each new input type, and
subsequently deduces return types.

duck typing reasonably well. Explicit type annotations enforce an extra layer of typing discipline
on top of duck typing (à la mypy), and as such coexist peacefully with it.

Type Inference. Any strongly typed language needs a way to infer the type of each variable present in
a given program. Languages such as C or Pascal require end users tomanually annotate each variable
with a type. Other languages, such as C++11 or newer versions of Java, support uni-directional
type inference by automatically deducing types of left-hand side terms based on right-hand side
types. Initial versions of Seq also used uni-directional type inference, allowing users to say, for
instance, x = 5 instead of x: int = 5.
However, uni-directional type inference is unable to handle a few common constructs in the

Python language, including empty lists (e.g. a = []), nullables (e.g. a = None) and lambda functions
(e.g. lambda x: x+1). With uni-directional inference, each of these constructs requires the user to
provide manual type annotations (e.g. a: list[int] = []) even if the type can be inferred later.
Because of this, Seq uses bi-directional type inference, implemented on top of the Hindley-Milner
inference algorithm, to automatically annotate such types2. We slightly modi!ed the standard
Hindley-Milner algorithm to support generic classes, functions and instantiations on demand. We
also enforce an invariant where all types within a scope (be it a function scope, class scope or the
top-level scope) must be fully deduced by the end of that scope. This implies that a function cannot
return a non-instantiated generic type: def f(): return [], for example, will cause a compilation
error, but def f[T]() -> list[T]: return [] will compile successfully. Any weakly typed
variable or lambda is instantiated as soon as possible (note that Seq treats lambdas as weakly typed
constructs and does not generalize them—generalizations are only applied to generic functions
de!ned with def and generic classes).

Limitations. The strongly-typed nature of Seq does come with some limitations compared to
conventional Python. Since all types must be !xed at compile time, a Seq program cannot (for
example) create a collection of elements (e.g. list) with varying types. Seq’s tuples are also less
versatile than Python’s: they cannot be iterated over if they contain di"erent types, and a list
cannot be cast to a tuple easily, as tuple sizes must be known at compile time. Seq also does not
support method or class monkey-patching at runtime (but it does support this at compile time—see

2This is a recent addition to Seq, and is currently still in the testing stage. At the time of writing, Seq’s master branch
uses uni-directional type deduction with added support for generics and type-less nullables. Note that this uni-directional
version does not support lambdas.
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class Node[T]:

next: Node[T]

data: T

def item[T,U](n: Node[T], f: function[T,U]) -> list[U]:

return [f(n.data)]

n = Node(None, 5)

def foo(x: int) -> str:

return str(x)

i = item(n, foo) # type parameters deduced as int and str

i = item[int,str](n, foo) # explicit specification also OK

Fig. 4. Seq’s explicit generic type parameters.

Generic Functions, Methods and Types. Python’s lack of static typing allows any function to take
objects of any type as an argument. This design philosophy does not translate well to strongly-typed
compiled languages that lack runtime type information, as they typically require each function to
explicitly specify input and output types.
Code compatibility with Python is of paramount importance for Seq, as it is unreasonable to

expect users to manually annotate (or rewrite) their large codebases. Thus, Seq handles this problem
by treating each Python function that does not provide type annotations as a generic function, where
one or more input or output types cannot be deduced from annotations or a lexical analysis of the
function body. In this case, each argument without a type annotation (referred to as an implicit
generic) is replaced by a concrete type on demand at compile time. For example, on encountering
f(42) as in Figure 5, the compiler checks whether there is an instantiation of f that accepts an
int argument, and if so routes the call there. If not, the compiler clones f’s AST and creates a
new instantiation of the function that speci!cally accepts an int argument (a similar approach
is taken by Julia [Bezanson et al. 2012]). This newly created function would produce an error if,
for example, int did not contain an appropriate __mul__ method as required in the function body.
Instantiations are created lazily on demand.
Unlike Python, Seq allows users to explicitly mark functions as generic and to specify explicit

generic type parameters, allowing more complex type relationships to be expressed. For example,
Figure 4 shows a higher-order function that only operates on generic nodes and functions (as T is
an explicit generic type parameter). The argument types of item ensure that the argument function
can take the argument node’s data as a parameter. Note that it is impossible for Python-style
unnamed generics to cover this use-case without explicit isinstance checks. As shown in Figure 4,
explicit type parameterization is optional even when explicit generics are present, as Seq performs
type parameter inference whenever possible.

Analogous reasoning applies to classes, where class members can be generic. Examples of such
classes include list[T] and dict[Key,Value]. Unlike functions, implicit generics are disallowed in
classes as they would impair readability and could lead to ambiguous instantiations during the class
member deduction stage. Note that, as far as Seq is concerned, di"erent instantiations of functions
and classes are treated as di"erent types. Thus, f(x: list[int]) and f(x: list[float]) are
represented internally as two separate functions, which allows Seq to optimize each instantiation
according to its concrete argument types (albeit by sacri!cing any kind of polymorphism, at least
in the current implementation).

Duck Typing. Seq’s type system is designed to behave like Python’s if one uses Seq as a drop-in
Python replacement without specifying explicit types. As long as the methods of every type are
known at compile time (an invariant strictly enforced by Seq as it does not allow type modi!cations
at runtime), the compiler will deduce the argument/return types of all methods and instantiate any
generic method as appropriate. Indeed, we !nd that this static instantiation-on-demand simulates
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• Hindley-Milner inference is being merged into Seq
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• The standard library and most 
Pythonic constructs are 
bootstrapped directly in Seq


• list[T] or dict[K,V]: all 
implemented in Seq


• all functions (map, zip, sort 
etc.) are implemented in Seq
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def all(x):
for a in x:

if not a:
return False

return True

def enum(x):
i = 0
for a in x:

yield (i,a)
i += 1

def zip(a, b):
bi = iter(b)
for i in a:

if bi.done(): break
yield (i, bi.next())

bi.destroy()

def filter(f, x):
for a in x:

if f(a):
yield a

class list[T]:
arr: array[T]
len: int

def __init__(self: list[T], arr: array[T], len: int):
self.arr = arr
self.len = len

def __len__(self: list[T]):
return self.len

def __bool__(self: list[T]):
return len(self) > 0

def __getitem__(self: list[T], idx: int):
if idx < 0:

idx += len(self)
self._idx_check(idx, �list index out of range�)
return self.arr[idx]
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def all(x):
for a in x:

if not a:
return False

return True

def enum(x):
i = 0
for a in x:

yield (i,a)
i += 1

def zip(a, b):
bi = iter(b)
for i in a:

if bi.done(): break
yield (i, bi.next())

bi.destroy()

def filter(f, x):
for a in x:

if f(a):
yield a

class list[T]:
arr: array[T]
len: int

def __init__(self: list[T], arr: array[T], len: int):
self.arr = arr
self.len = len

def __len__(self: list[T]):
return self.len

def __bool__(self: list[T]):
return len(self) > 0

def __getitem__(self: list[T], idx: int):
if idx < 0:

idx += len(self)
self._idx_check(idx, �list index out of range�)
return self.arr[idx]
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• Functions can only return objects of a single 
type 

• [42, 3.14, "hello"]  
Collections cannot contain objects of different 
types


• obj.method = new_method  
Methods of an object cannot be modified at 
runtime (possible at compile time though!)


• (1, 2.2)[idx] 
Tuple indices must be constants, and iteration over 
a tuple is allowed only if its elements all have the 
same type 

• No inheritance nor polymorphism  
(partially alleviated by instantiation)


• if cond(): 
  x = 1  
else:  
  x = 2  
print x 
 
Stricter scoping rules than Python


• Other temporary restrictions (lambda, for-else, 
empty literals etc.)
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• Generators: extremely important feature of 
Python


• for a in range(3) iterates over the 
generator range(3)


• LLVM supports coroutines! 

• Allows us to implement Python generators 
with virtually no overhead thanks to 
coroutine passes and inlining


• Enables efficient pipelining and laziness
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C++ Seq
for (i = 0; i < 3; i++)

print(i);
for i in range(3):

print i

entry:
%g = call i8* @range(i64 3)
br label %for

for:
call void @llvm.coro.resume(i8* %g)
%done = call i1 @llvm.coro.done(i8* %g)
br i1 %done, label %exit, label %body

body:
%p0 = call i8* @llvm.coro.promise(i8* %g, i32 8, i1 false)
%p1 = bitcast i8* %p0 to i64*
%i = load i64, i64* %p1
call void @print(i32 %i)
br label %for

exit:
call void @llvm.coro.destroy(i8* %g)

call void @print(i64 0)
call void @print(i64 1)
call void @print(i64 2)

-O3

LLVM coro. passes + -O3

Fig. 6. Compilation of Seq generators. Two semantically identical loops in C++ and Seq are shown in the
uppermost boxes. Seq generators are implemented as LLVM coroutines, iteration over which in LLVM IR
is shown in the middle box. The LLVM coroutine passes subsequently deduce that the “range” coroutine is
created and destroyed in the same function without escaping, and inline/unroll the coroutine to produce
code identical to the C++ example’s.

Type Extensions for details), nor indexing into a heterogeneous tuple with a non-constant index
(as the type of the resulting expression would be ambiguous). Our type checker and instantiation
algorithm also require each function to have a single return type. Finally, while Seq supports class
extensions, it does not support subtyping (nor, therefore, fully-�edged polymorphism), meaning
that class A; class B(A)will copy A’s methods to Bwithout making B a subtype of A per se. With
these trade-o�s, Seq can perform all type-checking at compile time without sacri�cing any runtime
cycles for type enforcement, and without signi�cantly hindering the expressibility of Python’s
syntax. We have found that, especially in bioinformatics software, these language capabilities are
seldom required (or at least can almost always be replaced by Seq-conforming alternatives with
minimal e�ort); indeed, we are not aware of any genomics application that directly relies on such
features. Consequently, these features are omitted in Seq at the time of writing. A brief list of
di�erences between Seq and Python can be found in Appendix A.

4.2 Coroutines and Generators
Generators—Python’s answer to streams and lazy data structures—are an integral part of most
Python/Seq programs: even simple for-loops are realized as an iteration over a generator. While
it would certainly be possible to implement generators as they are in CPython (heap-allocated
generator objects that expose a __next__ method for obtaining the next generated value), this
would incur a substantial overhead, given how frequently generators are used.

Instead, Seq employs LLVM coroutines (also used by Clang versions 6 and later to implement
the C++ Coroutine TS [Nishanov 2017]). The advantage of this approach is that, when a generator
is created and destroyed in the same function without escaping (by far the most common case in
Python, similar to the for-loop example), LLVM’s coroutine passes are able to optimize out all the
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associated coroutine overhead, like coroutine frame allocation etc. Thereby, a typical Seq for-loop
ultimately compiles to identical LLVM IR as the same loop expressed in C or C++, as shown in
Figure 6.

4.3 Additional and Genomics-Specific Language Features

dna = s!ACGTACGTACGT! # sequence literal

# (a) split into subsequences of length 3

# with a stride of 2

for sub in dna.split(3, 2):

print sub

# (b) split into 5-mers with stride 1

for kmer in dna.kmers[Kmer[5]](1):

print kmer

print ~kmer # reverse complement

# (c) convert entire sequence to 12-mer

kmer = Kmer[12](dna)

Fig. 7. Example of seq and k-mer type usage.

Sequence and k-mer Types. Seq’s namesake type is
indeed the sequence type: seq. A seq object repre-
sents a DNA sequence of any length and—on top
of general-purpose string functionality—provides
methods for performing common sequence opera-
tions such as splitting into subsequences, reverse
complementation and k-mer extraction. Alongside
the seq type are k-mer types, which are dependent
on the k-mer length. For example, Kmer[1] repre-
sents a 1-mer, Kmer[2] a 2-mer and so on, up to
Kmer[1024] (a reasonable upper bound on k-mer
length in nearly any genomics application).
Sequences can be seamlessly converted between

these various types, as shown in Figure 7. In fact, this
pattern is prevalent in many genomics applications, where longer sequences (be it a read, reference
or anything else) are split into their constituent k-mers, and each is subsequently processed.

dna = s!ACGTACGTACGT! # sequence literal

# (a) split into subsequences of length 3

# with a stride of 2

dna |> split(..., 3, 2) |> echo

# (b) split into 5-mers with stride 1

def f(kmer):

print kmer

print ~kmer

dna |> kmers[Kmer[5]](1) |> f

Fig. 8. Example of pipeline usage in Seq, where
the two loops from Figure 7 are represented as
pipelines.

Pipelines and Partial Calls. Pipelining is a natural
model for thinking about processing genomic data,
as sequences are typically processed in stages (e.g.
read from input !le ! split into k-mers ! query
k-mers in index! perform full dynamic program-
ming alignment ! output results to !le), and are
almost always independent of one another as far as
this processing is concerned. Because of this, Seq
supports a pipe operator: |>, similar to F#’s pipe
and R’s magrittr (%>%) [Bache and Wickham 2014].
Pipeline stages in Seq can be regular functions or
generators. In the case of standard functions, the
function is simply applied to the input data and the
result is carried to the remainder of the pipeline,
akin to F#’s functional piping. If, on the other hand, a stage is a generator, the values yielded by
the generator are passed lazily to the remainder of the pipeline, which in many ways mirrors how
piping is implemented in Bash. Note that Seq ensures that generator pipelines do not collect any
data unless explicitly requested, thus allowing the processing of terabytes of data in a streaming
fashion with no memory and minimal CPU overhead.
An example of pipeline usage is shown in Figure 8, which shows the same two loops from

Figure 7, but as pipelines. First, note that split is a Seq standard library function that takes three
arguments: the sequence to split, the subsequence length and the stride; split(..., 3, 2) is a
partial call of split that produces a new single-argument function f where f (x) = split(x, 3,

2). The unde!ned argument(s) in a partial call can be implicit, as in the second example: kmers
(also a standard library function) is a generic function parameterized by the target k-mer type and
takes as arguments the sequence to k-merize and the stride; since just one of the two arguments
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length-256 array. The encoding process then iteratively looks up each base in this array to
construct the encoded k-mer.

• For converting k-mers back to sequences, we use a simple length-4 array that maps the 2-bit
encodings back to ASCII. We note, however, that this is a far less common conversion than
the previous one.

5.2 Parallelism

dna = s!ACGTACGTACGT! # sequence literal

# (a) split into subsequences of length 3

# with a stride of 2

dna |> split(..., 3, 2) ||> echo

# (b) split into 5-mers with stride 1

def f(kmer):

print kmer

print ~kmer

dna |> kmers[Kmer[5]](1) ||> f

Fig. 13. Example of parallel pipeline usage in Seq,
where the two pipelines from Figure 8 are parallelized.

CPython and many other implementations
alike cannot take advantage of parallelism due
to the infamous global interpreter lock, a mu-
tex that protects accesses to Python objects,
preventing multiple threads from executing
Python bytecode at once. Unlike CPython, Seq
has no such restriction and supports full mul-
tithreading. To this end, Seq supports a parallel
pipe operator ||>, which is semantically sim-
ilar to the standard pipe operator except that
it allows the elements sent through it to be
processed in parallel by the remainder of the
pipeline. Hence, turning a serial program into a
parallel one often requires the addition of just a
single character in Seq, as shown by Figure 13.
Further, a single pipeline can contain multiple parallel pipes, resulting in nested parallelism.
Internally, the Seq compiler uses Tapir [Schardl et al. 2017] with an OpenMP task backend to

generate code for parallel pipelines. Logically, parallel pipe operators are similar to parallel-for
loops: the portion of the pipeline after the parallel pipe is extracted into a new function that is
called by the OpenMP runtime task spawning routines (as in #pragma omp task in C++), and a
synchronization point (#pragma omp taskwait) is added after the outlined segment. Lastly, the
entire program is implicitly placed in an OpenMP parallel region (#pragma omp parallel) that is
guarded by a “single” directive (#pragma omp single) so that the serial portions are still executed
by one thread (this is required by OpenMP as tasks must be bound to an enclosing parallel region).

5.3 So!ware Prefetching for Faster Genomic Index Lookups

Large genomic indices—ranging from several to tens or even hundreds of gigabytes—used inmany
applications in the !eld result in extremely poor cache performance and, ultimately, a substantial
fraction of stalled memory-bound cycles [Appuswamy et al. 2018; Wang et al. 2012; Zhang et al.
2007]. For this reason, Seq performs pipeline optimizations to enable data prefetching and to hide
memory latencies, an idea that has also been explored in previous work [Chen et al. 2007; Kiriansky
et al. 2018]. The programmer must provide just:

• a __prefetch__ magic method de!nition in the index class, which is logically similar to
__getitem__ (indexing construct) but performs a prefetch instead of actually loading the
requested value (and can simply delegate to __prefetch__ methods of built-in types);

• a one-line prefetch hint indicating where a software prefetch should be performed, which
can typically be just before the actual load.

For instance, an index that consists of a single array v may implement __getitem__(self,x) by
returning self.v[x], in which case it would implement __prefetch__(self,x) by returning
self.v.__prefetch__(x); i.e. the prefetch is delegated to the underlying array (which may in
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associated coroutine overhead, like coroutine frame allocation etc. Thereby, a typical Seq for-loop
ultimately compiles to identical LLVM IR as the same loop expressed in C or C++, as shown in
Figure 6.

4.3 Additional and Genomics-Specific Language Features

dna = s!ACGTACGTACGT! # sequence literal

# (a) split into subsequences of length 3

# with a stride of 2

for sub in dna.split(3, 2):

print sub

# (b) split into 5-mers with stride 1

for kmer in dna.kmers[Kmer[5]](1):

print kmer

print ~kmer # reverse complement

# (c) convert entire sequence to 12-mer

kmer = Kmer[12](dna)

Fig. 7. Example of seq and k-mer type usage.

Sequence and k-mer Types. Seq’s namesake type is
indeed the sequence type: seq. A seq object repre-
sents a DNA sequence of any length and—on top
of general-purpose string functionality—provides
methods for performing common sequence opera-
tions such as splitting into subsequences, reverse
complementation and k-mer extraction. Alongside
the seq type are k-mer types, which are dependent
on the k-mer length. For example, Kmer[1] repre-
sents a 1-mer, Kmer[2] a 2-mer and so on, up to
Kmer[1024] (a reasonable upper bound on k-mer
length in nearly any genomics application).
Sequences can be seamlessly converted between

these various types, as shown in Figure 7. In fact, this
pattern is prevalent in many genomics applications, where longer sequences (be it a read, reference
or anything else) are split into their constituent k-mers, and each is subsequently processed.

dna = s!ACGTACGTACGT! # sequence literal

# (a) split into subsequences of length 3

# with a stride of 2

dna |> split(..., 3, 2) |> echo

# (b) split into 5-mers with stride 1

def f(kmer):

print kmer

print ~kmer

dna |> kmers[Kmer[5]](1) |> f

Fig. 8. Example of pipeline usage in Seq, where
the two loops from Figure 7 are represented as
pipelines.

Pipelines and Partial Calls. Pipelining is a natural
model for thinking about processing genomic data,
as sequences are typically processed in stages (e.g.
read from input !le ! split into k-mers ! query
k-mers in index! perform full dynamic program-
ming alignment ! output results to !le), and are
almost always independent of one another as far as
this processing is concerned. Because of this, Seq
supports a pipe operator: |>, similar to F#’s pipe
and R’s magrittr (%>%) [Bache and Wickham 2014].
Pipeline stages in Seq can be regular functions or
generators. In the case of standard functions, the
function is simply applied to the input data and the
result is carried to the remainder of the pipeline,
akin to F#’s functional piping. If, on the other hand, a stage is a generator, the values yielded by
the generator are passed lazily to the remainder of the pipeline, which in many ways mirrors how
piping is implemented in Bash. Note that Seq ensures that generator pipelines do not collect any
data unless explicitly requested, thus allowing the processing of terabytes of data in a streaming
fashion with no memory and minimal CPU overhead.
An example of pipeline usage is shown in Figure 8, which shows the same two loops from

Figure 7, but as pipelines. First, note that split is a Seq standard library function that takes three
arguments: the sequence to split, the subsequence length and the stride; split(..., 3, 2) is a
partial call of split that produces a new single-argument function f where f (x) = split(x, 3,

2). The unde!ned argument(s) in a partial call can be implicit, as in the second example: kmers
(also a standard library function) is a generic function parameterized by the target k-mer type and
takes as arguments the sequence to k-merize and the stride; since just one of the two arguments
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# (a)

def has_spaced_acgt(s: seq) -> bool:

match s:

case s!A_C_G_T...!:

return True

case t if len(t) >= 8:

return has_spaced_acgt(s[1:])

default:

return False

# (b)

def is_own_revcomp(s: seq) -> bool:

match s:

case s!A...T! or s!T...A! or s!C...G! or s!G...C!:

return is_own_revcomp(s[1:-1])

case s!!:

return True

default:

return False

# (c)

type BaseCount(A: int, C: int, G: int, T: int):

def __add__(self: BaseCount, other: BaseCount):

a1, c1, g1, t1 = self

a2, c2, g2, t2 = other

return (a1 + a2, c1 + c2, g1 + g2, t1 + t2)

def count_bases(s: seq) -> BaseCount:

match s:

case s!A...!: return count_bases(s[1:]) + (1,0,0,0)

case s!C...!: return count_bases(s[1:]) + (0,1,0,0)

case s!G...!: return count_bases(s[1:]) + (0,0,1,0)

case s!T...!: return count_bases(s[1:]) + (0,0,0,1)

default: return BaseCount(0,0,0,0)

Fig. 10. Example usages of match on sequences in Seq. Example (a) checks if a given sequence contains the
subsequence A_C_G_T, where _ is a wildcard base; such an operation may be present in an application that
uses spaced seeds—non-contiguous k-mers that are shown to improve accuracy in some se!ings [Kucherov
et al. 2015]. Example (b) checks if the given sequence is its own reverse complement, which is useful in certain
sequence hashing schemes [Ondov et al. 2016]. Finally, example (c) counts how many times each base appears
in the given sequence, which can e.g. be used to determine GC content (the fraction of bases that are G or C)
["marda et al. 2014].

is provided, the !rst is implicitly replaced by ... to produce a partial call (i.e. the expression is
equivalent to kmers[Kmer[5]](..., 1)). Both split and kmers are themselves generators that
yield subsequences and k-mers respectively, which are passed sequentially to the last stage of the
enclosing pipeline in the two examples.

def describe(n: int):

match n:

case m if m < 0:

print !negative!

case 0:

print !zero!

case m if 0 < m < 10:

print !small!

default:

print !large!

Fig. 9. Example usage of match.

Pa!ern Matching. Seq provides the conventional match
construct, which works on integers, lists, strings and
tuples. An example usage of match is shown in Figure 9.
A novel aspect of Seq’s match statement is that it also
works on sequences, and allows for concise recursive
representations of several sequence operations such as
subsequence search, reverse complementation tests and
base counting, which are shown in Figure 10. Sequence
patterns consist of literal ACGT characters, single-base
wildcards (_) or “zero or more” wildcards (...) that match
zero or more of any base.
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match s:

case s!A_C_G_T...!:

return True

case t if len(t) >= 8:

return has_spaced_acgt(s[1:])

default:

return False

# (b)

def is_own_revcomp(s: seq) -> bool:

match s:

case s!A...T! or s!T...A! or s!C...G! or s!G...C!:

return is_own_revcomp(s[1:-1])

case s!!:

return True

default:

return False

# (c)

type BaseCount(A: int, C: int, G: int, T: int):

def __add__(self: BaseCount, other: BaseCount):

a1, c1, g1, t1 = self

a2, c2, g2, t2 = other

return (a1 + a2, c1 + c2, g1 + g2, t1 + t2)

def count_bases(s: seq) -> BaseCount:

match s:

case s!A...!: return count_bases(s[1:]) + (1,0,0,0)

case s!C...!: return count_bases(s[1:]) + (0,1,0,0)

case s!G...!: return count_bases(s[1:]) + (0,0,1,0)

case s!T...!: return count_bases(s[1:]) + (0,0,0,1)

default: return BaseCount(0,0,0,0)

Fig. 10. Example usages of match on sequences in Seq. Example (a) checks if a given sequence contains the
subsequence A_C_G_T, where _ is a wildcard base; such an operation may be present in an application that
uses spaced seeds—non-contiguous k-mers that are shown to improve accuracy in some se!ings [Kucherov
et al. 2015]. Example (b) checks if the given sequence is its own reverse complement, which is useful in certain
sequence hashing schemes [Ondov et al. 2016]. Finally, example (c) counts how many times each base appears
in the given sequence, which can e.g. be used to determine GC content (the fraction of bases that are G or C)
["marda et al. 2014].

is provided, the !rst is implicitly replaced by ... to produce a partial call (i.e. the expression is
equivalent to kmers[Kmer[5]](..., 1)). Both split and kmers are themselves generators that
yield subsequences and k-mers respectively, which are passed sequentially to the last stage of the
enclosing pipeline in the two examples.

def describe(n: int):

match n:

case m if m < 0:

print !negative!

case 0:

print !zero!

case m if 0 < m < 10:

print !small!

default:

print !large!

Fig. 9. Example usage of match.

Pa!ern Matching. Seq provides the conventional match
construct, which works on integers, lists, strings and
tuples. An example usage of match is shown in Figure 9.
A novel aspect of Seq’s match statement is that it also
works on sequences, and allows for concise recursive
representations of several sequence operations such as
subsequence search, reverse complementation tests and
base counting, which are shown in Figure 10. Sequence
patterns consist of literal ACGT characters, single-base
wildcards (_) or “zero or more” wildcards (...) that match
zero or more of any base.
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match s:

case s!A_C_G_T...!:

return True

case t if len(t) >= 8:

return has_spaced_acgt(s[1:])

default:

return False

# (b)

def is_own_revcomp(s: seq) -> bool:

match s:

case s!A...T! or s!T...A! or s!C...G! or s!G...C!:

return is_own_revcomp(s[1:-1])

case s!!:

return True

default:

return False

# (c)

type BaseCount(A: int, C: int, G: int, T: int):

def __add__(self: BaseCount, other: BaseCount):

a1, c1, g1, t1 = self

a2, c2, g2, t2 = other

return (a1 + a2, c1 + c2, g1 + g2, t1 + t2)

def count_bases(s: seq) -> BaseCount:

match s:

case s!A...!: return count_bases(s[1:]) + (1,0,0,0)

case s!C...!: return count_bases(s[1:]) + (0,1,0,0)

case s!G...!: return count_bases(s[1:]) + (0,0,1,0)

case s!T...!: return count_bases(s[1:]) + (0,0,0,1)

default: return BaseCount(0,0,0,0)

Fig. 10. Example usages of match on sequences in Seq. Example (a) checks if a given sequence contains the
subsequence A_C_G_T, where _ is a wildcard base; such an operation may be present in an application that
uses spaced seeds—non-contiguous k-mers that are shown to improve accuracy in some se!ings [Kucherov
et al. 2015]. Example (b) checks if the given sequence is its own reverse complement, which is useful in certain
sequence hashing schemes [Ondov et al. 2016]. Finally, example (c) counts how many times each base appears
in the given sequence, which can e.g. be used to determine GC content (the fraction of bases that are G or C)
["marda et al. 2014].

is provided, the !rst is implicitly replaced by ... to produce a partial call (i.e. the expression is
equivalent to kmers[Kmer[5]](..., 1)). Both split and kmers are themselves generators that
yield subsequences and k-mers respectively, which are passed sequentially to the last stage of the
enclosing pipeline in the two examples.

def describe(n: int):

match n:

case m if m < 0:

print !negative!

case 0:

print !zero!

case m if 0 < m < 10:

print !small!

default:

print !large!

Fig. 9. Example usage of match.

Pa!ern Matching. Seq provides the conventional match
construct, which works on integers, lists, strings and
tuples. An example usage of match is shown in Figure 9.
A novel aspect of Seq’s match statement is that it also
works on sequences, and allows for concise recursive
representations of several sequence operations such as
subsequence search, reverse complementation tests and
base counting, which are shown in Figure 10. Sequence
patterns consist of literal ACGT characters, single-base
wildcards (_) or “zero or more” wildcards (...) that match
zero or more of any base.
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cdef sqrt(float) -> float

cdef puts(ptr[byte])

print sqrt(100.0)

puts(!hello world!.c_str())

Fig. 11. Example of cdef function usage in
Seq with C standard library functions sqrt
and puts.

External Functions. Seq enables seamless interoperability
with C and C++ via cdef functions, as shown in Figure 11.
Primitive types like int, float, bool etc. are directly
interoperable with the corresponding types in C/C++,
while compound types like tuples are interoperable with
the corresponding struct types. Other built-in types like
str provide methods to convert to C analogs, such as
c_str() as shown in Figure 11.

extend int:

def to(self: int, other: int):

for i in range(self, other + 1):

yield i

def __mul__(self: int, other: int):

print "caught int mul!"

return 42

for i in (5).to(10):

print i # 5, 6, ..., 10

# prints "caught int mul!" then "42"

print 2 * 3

Fig. 12. Example of type extension in Seq.

Type Extensions. Seq provides an extend keyword
that allows programmers to add and modify meth-
ods of various types within the current module at
compile time, including built-in types like int or
str. This allows much of the functionality of built-
in types to be implemented in Seq as type extensions
in the standard library. Figure 12 shows an exam-
ple where the int type is extended to include a to
method that generates integers in a speci!ed range,
as well as to override the __mul__ magic method to
“intercept” integer multiplications. Note that all type
extensions are performed strictly at compile time
and incur no runtime overhead.

5 OPTIMIZATIONS

5.1 Sequence Encoding

The !rst and most straightforward optimization made by Seq is to 2-bit encode k-mer objects, as is
commonly done in practice in performance-critical applications. In particular, we map k-mer types
to the LLVM IR type iN where N = 2k . This has the advantage of allowing k-mers up to k = 32 to
!t into a single machine word on 64-bit architectures.
In order to support fast k-mer operations, we also conditionally compile various lookup tables

into any Seq program that requires them:

• For reverse complementation, we create a complete 4-mer reverse complement lookup table,
implemented as a global length-44 array indexed by encoded 4-mers, storing the encoded
reverse complement of the given 4-mer at each index (hence, this array requires 256 bytes).
Then, using the property s1 ! s2 = s2 ! s1 (where s denotes the reverse complement of a
sequence s and ! denotes concatenation), we can construct the reverse complement of an
arbitrary k-mer by partitioning it into 4-mers and concatenating (i.e. shifting and bitwise-
ORing) their reverse complements in reverse, each of which is given by the lookup table.
For k < 4, or the remainder of a longer k-mer whose length is not divisible by 4, we can
simply pad with A-bases to obtain a 4-mer then remove the corresponding T-bases in the
reverse complemented 4-mer (recall the reverse complement of A is T). Another noteworthy
aspect of this scheme is that, if we choose our encoding wisely, we get reversal for free
as well. Speci!cally, if we 2-bit encode base b " {A,C,G,T} as f (b) so that f (A) = #f (T)
and f (C) = #f (G) (where # is bitwise-NOT), then we can undo the “complementation”
component of the reverse complement to obtain the original sequence in reverse by applying
a simple bit inversion.

• For converting general sequences into k-mers, we compile a second lookup table that maps
the ASCII characters A, C, G and T to their 2-bit encoded values, implemented also as a

Proc. ACM Program. Lang., Vol. 3, No. OOPSLA, Article 125. Publication date: October 2019.



38

Pipelines


Genomics types


Pattern matching


C/C++ interop


Type extensions 

Prefetching

New features: type extensions

125:14 Ariya Shajii, Ibrahim Numanagi!, Riyadh Baghdadi, Bonnie Berger, and Saman Amarasinghe

cdef sqrt(float) -> float

cdef puts(ptr[byte])

print sqrt(100.0)

puts(!hello world!.c_str())

Fig. 11. Example of cdef function usage in
Seq with C standard library functions sqrt
and puts.

External Functions. Seq enables seamless interoperability
with C and C++ via cdef functions, as shown in Figure 11.
Primitive types like int, float, bool etc. are directly
interoperable with the corresponding types in C/C++,
while compound types like tuples are interoperable with
the corresponding struct types. Other built-in types like
str provide methods to convert to C analogs, such as
c_str() as shown in Figure 11.

extend int:

def to(self: int, other: int):

for i in range(self, other + 1):

yield i

def __mul__(self: int, other: int):

print "caught int mul!"

return 42

for i in (5).to(10):

print i # 5, 6, ..., 10

# prints "caught int mul!" then "42"

print 2 * 3

Fig. 12. Example of type extension in Seq.

Type Extensions. Seq provides an extend keyword
that allows programmers to add and modify meth-
ods of various types within the current module at
compile time, including built-in types like int or
str. This allows much of the functionality of built-
in types to be implemented in Seq as type extensions
in the standard library. Figure 12 shows an exam-
ple where the int type is extended to include a to
method that generates integers in a speci!ed range,
as well as to override the __mul__ magic method to
“intercept” integer multiplications. Note that all type
extensions are performed strictly at compile time
and incur no runtime overhead.

5 OPTIMIZATIONS

5.1 Sequence Encoding

The !rst and most straightforward optimization made by Seq is to 2-bit encode k-mer objects, as is
commonly done in practice in performance-critical applications. In particular, we map k-mer types
to the LLVM IR type iN where N = 2k . This has the advantage of allowing k-mers up to k = 32 to
!t into a single machine word on 64-bit architectures.
In order to support fast k-mer operations, we also conditionally compile various lookup tables

into any Seq program that requires them:

• For reverse complementation, we create a complete 4-mer reverse complement lookup table,
implemented as a global length-44 array indexed by encoded 4-mers, storing the encoded
reverse complement of the given 4-mer at each index (hence, this array requires 256 bytes).
Then, using the property s1 ! s2 = s2 ! s1 (where s denotes the reverse complement of a
sequence s and ! denotes concatenation), we can construct the reverse complement of an
arbitrary k-mer by partitioning it into 4-mers and concatenating (i.e. shifting and bitwise-
ORing) their reverse complements in reverse, each of which is given by the lookup table.
For k < 4, or the remainder of a longer k-mer whose length is not divisible by 4, we can
simply pad with A-bases to obtain a 4-mer then remove the corresponding T-bases in the
reverse complemented 4-mer (recall the reverse complement of A is T). Another noteworthy
aspect of this scheme is that, if we choose our encoding wisely, we get reversal for free
as well. Speci!cally, if we 2-bit encode base b " {A,C,G,T} as f (b) so that f (A) = #f (T)
and f (C) = #f (G) (where # is bitwise-NOT), then we can undo the “complementation”
component of the reverse complement to obtain the original sequence in reverse by applying
a simple bit inversion.

• For converting general sequences into k-mers, we compile a second lookup table that maps
the ASCII characters A, C, G and T to their 2-bit encoded values, implemented also as a
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Fig. 2: IPC for indel-free dataset

0

10

20

30

40

50

60

70

80

90

100

BWA BOWTIE2 SNAP FSVA

RETIRING STALLED

Fig. 3: Execution cycle breakdown for indel-free dataset

Fig. 4: Stall cycle breakdown
for indel-free dataset

Fig. 5: Back-end stall breakdown
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Fig. 6: Memory stall breakdown
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150 bp each, one with the default rate of indels and one
without any indels or substitutions. BWA-MEM, Bowtie2, and
Snap can be configured via command-line parameters to trade
off alignment accuracy for improved performance. Thus, we
use the two simulated datasets to perform a sensitivity analysis
to the presence of indels. More specifically, for the indel-free
case, we configure aligners for maximum performance by (i)
increasing the reseeding parameter (-r) of BWA-MEM from
1.5 (default) to 10 (no further improvement beyond this on our
hardware and dataset), (ii) using the “–very-fast” configuration
option of Bowtie2, and (iii) setting the MaxDist parameter (-
d) to zero for Snap. For the with-indel dataset, we run all
aligners using default configuration parameters, thus trading
off performance for accuracy. It is important to note that our
goal is not to systematically explore the entire parameter space,
but rather identify trends in CPU utilization at extreme points
in the performance–accuracy spectrum. For the real dataset, we
use a paired-end read (sample NA12878/09252015) obtained
from the public Genome-In-A-Bottle (GIAB) dataset [24].
Similar to the simulated with-indel case, we run all aligners
using default configuration parameters for the GIAB dataset.

We use Intel VTune for profiling each system. Before
profiling, each aligner is run once to warm up the file system
cache and ensure that the necessary indices and input data are
memory resident. Then, we profile each aligner by executing
it for 30 seconds, to warm up the instruction cache, and then
attaching VTune to the target thread for another 30 seconds.
We repeat the analysis three times and report only the median
values as the variation across runs was less than 10%.

IV. ANALYSIS RESULTS

In this section, we present our analysis of the four sequence
aligners with respect to processor utilization.

A. Indel-free dataset analysis
Modern processors use an array of techniques like pipelin-

ing, out-of-order execution, speculation, and instruction
prefetching to improve single-threaded performance. As a
result, modern processors can retire multiple instructions per
clock cycle as described in Section II. The efficiency of a
software is determined by the metric Instructions Per Cycle
(IPC), which determines the number of machine instructions
executed and retired by the processor in each clock cycle.
The Intel processor we use in this analysis can retire four
instructions per cycle. Thus, in the ideal case, the IPC value
of a sequence aligner should be four.

IPC analysis. Table I shows the single-threaded execution
time of aligners and Fig 2 shows the IPC values for the four
aligners under the indel-free simulated dataset. Clearly, the
processor remains substantially underutilized across aligners
as the worst-case IPC is lower than 25% (for BWA-MEM),
and the best-case IPC is around 50% (for Bowtie2), of the
theoretically achievable maximum.

Execution cycle breakdown. In order to further understand
why observed IPC values are lower than the theoretical maxi-
mum and explain differences in IPC across aligners, we need
to analyze the processor activity on a finer microarchitectural
level. Figure 3 shows the breakdown of execution cycles for
each aligner into retiring and stalled for the indel-free dataset.
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class MyIndex: # abstract k-mer index

...

def __getitem__(self: MyIndex, kmer: Kmer[20]):

# standard __getitem__

def __prefetch__(self: MyIndex, kmer: Kmer[20]):

# similar to __getitem__, but performs prefetch

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

prefetch index[kmer], index[~kmer]

hits = index[kmer]

hits_rev = index[~kmer]

...

return x

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

index.__prefetch__(kmer)

index.__prefetch__(~kmer)

yield

hits = index[kmer]

hits_rev = index[~kmer]

...

yield x

FASTQ(!reads.fq!) # input reads

|> process(index) # index lookup

|> postprocess # output results

M = ... # num. concurrent tasks

N = 0 # next coroutine slot to fill

k = 0 # next coroutine to execute

states = array[generator[T]](M)

for read in FASTQ(!reads.fq!):

if N < M:

states[N] = process(read, index)

N += 1

else:

while True:

g = states[k]; g.next()

if g.done():

postprocess(g.promise())

g.destroy()

states[k] = process(read, index)

break

k = (k + 1) % M

for i in range(N):

g = states[i]

if not g.done():

while not g.done(): g.next()

postprocess(g.promise())

g.destroy()

__prefetch__magic method

Function transformations

Pipeline transformations

Fig. 14. Transformations performed by Seq to enable e"ective index prefetching. Colored segments under
pipeline transformations indicate where the specific stages show up in the resulting code. FASTQ is the
standard file format for storing sequencing reads.
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class MyIndex: # abstract k-mer index

...

def __getitem__(self: MyIndex, kmer: Kmer[20]):

# standard __getitem__

def __prefetch__(self: MyIndex, kmer: Kmer[20]):

# similar to __getitem__, but performs prefetch

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

prefetch index[kmer], index[~kmer]

hits = index[kmer]

hits_rev = index[~kmer]

...

return x

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

index.__prefetch__(kmer)

index.__prefetch__(~kmer)

yield

hits = index[kmer]

hits_rev = index[~kmer]

...

yield x

FASTQ(!reads.fq!) # input reads

|> process(index) # index lookup

|> postprocess # output results

M = ... # num. concurrent tasks

N = 0 # next coroutine slot to fill

k = 0 # next coroutine to execute

states = array[generator[T]](M)

for read in FASTQ(!reads.fq!):

if N < M:

states[N] = process(read, index)

N += 1

else:

while True:

g = states[k]; g.next()

if g.done():

postprocess(g.promise())

g.destroy()

states[k] = process(read, index)

break

k = (k + 1) % M

for i in range(N):

g = states[i]

if not g.done():

while not g.done(): g.next()

postprocess(g.promise())

g.destroy()

__prefetch__magic method

Function transformations

Pipeline transformations

Fig. 14. Transformations performed by Seq to enable e"ective index prefetching. Colored segments under
pipeline transformations indicate where the specific stages show up in the resulting code. FASTQ is the
standard file format for storing sequencing reads.
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Pipelines


Genomics types


Pattern matching


C/C++ interop


Type extensions


Prefetching

New features: prefetching
• The function surrounding prefetch is automatically converted to a 

generator
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class MyIndex: # abstract k-mer index

...

def __getitem__(self: MyIndex, kmer: Kmer[20]):

# standard __getitem__

def __prefetch__(self: MyIndex, kmer: Kmer[20]):

# similar to __getitem__, but performs prefetch

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

prefetch index[kmer], index[~kmer]

hits = index[kmer]

hits_rev = index[~kmer]

...

return x

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

index.__prefetch__(kmer)

index.__prefetch__(~kmer)

yield

hits = index[kmer]

hits_rev = index[~kmer]

...

yield x

FASTQ(!reads.fq!) # input reads

|> process(index) # index lookup

|> postprocess # output results

M = ... # num. concurrent tasks

N = 0 # next coroutine slot to fill

k = 0 # next coroutine to execute

states = array[generator[T]](M)

for read in FASTQ(!reads.fq!):

if N < M:

states[N] = process(read, index)

N += 1

else:

while True:

g = states[k]; g.next()

if g.done():

postprocess(g.promise())

g.destroy()

states[k] = process(read, index)

break

k = (k + 1) % M

for i in range(N):

g = states[i]

if not g.done():

while not g.done(): g.next()

postprocess(g.promise())

g.destroy()

__prefetch__magic method

Function transformations

Pipeline transformations

Fig. 14. Transformations performed by Seq to enable e"ective index prefetching. Colored segments under
pipeline transformations indicate where the specific stages show up in the resulting code. FASTQ is the
standard file format for storing sequencing reads.
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Pipelines


Genomics types


Pattern matching


C/C++ interop


Type extensions


Prefetching

New features: prefetching

• The pipeline that uses a prefetch  
function is also transformed to  
allow suspension


• Only a single line modification

• Results in up to 50% runtime  

improvements over the baseline
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class MyIndex: # abstract k-mer index

...

def __getitem__(self: MyIndex, kmer: Kmer[20]):

# standard __getitem__

def __prefetch__(self: MyIndex, kmer: Kmer[20]):

# similar to __getitem__, but performs prefetch

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

prefetch index[kmer], index[~kmer]

hits = index[kmer]

hits_rev = index[~kmer]

...

return x

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

index.__prefetch__(kmer)

index.__prefetch__(~kmer)

yield

hits = index[kmer]

hits_rev = index[~kmer]

...

yield x

FASTQ(!reads.fq!) # input reads

|> process(index) # index lookup

|> postprocess # output results

M = ... # num. concurrent tasks

N = 0 # next coroutine slot to fill

k = 0 # next coroutine to execute

states = array[generator[T]](M)

for read in FASTQ(!reads.fq!):

if N < M:

states[N] = process(read, index)

N += 1

else:

while True:

g = states[k]; g.next()

if g.done():

postprocess(g.promise())

g.destroy()

states[k] = process(read, index)

break

k = (k + 1) % M

for i in range(N):

g = states[i]

if not g.done():

while not g.done(): g.next()

postprocess(g.promise())

g.destroy()

__prefetch__magic method

Function transformations

Pipeline transformations

Fig. 14. Transformations performed by Seq to enable e"ective index prefetching. Colored segments under
pipeline transformations indicate where the specific stages show up in the resulting code. FASTQ is the
standard file format for storing sequencing reads.

Proc. ACM Program. Lang., Vol. 3, No. OOPSLA, Article 125. Publication date: October 2019.

125:16 Ariya Shajii, Ibrahim Numanagi!, Riyadh Baghdadi, Bonnie Berger, and Saman Amarasinghe

class MyIndex: # abstract k-mer index

...

def __getitem__(self: MyIndex, kmer: Kmer[20]):

# standard __getitem__

def __prefetch__(self: MyIndex, kmer: Kmer[20]):

# similar to __getitem__, but performs prefetch

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

prefetch index[kmer], index[~kmer]

hits = index[kmer]

hits_rev = index[~kmer]

...

return x

type k20 = Kmer[20]

def process(read: seq, index: MyIndex):

...

for kmer in read.kmers[k20](step):

index.__prefetch__(kmer)

index.__prefetch__(~kmer)

yield

hits = index[kmer]

hits_rev = index[~kmer]

...

yield x

FASTQ(!reads.fq!) # input reads

|> process(index) # index lookup

|> postprocess # output results

M = ... # num. concurrent tasks

N = 0 # next coroutine slot to fill

k = 0 # next coroutine to execute

states = array[generator[T]](M)

for read in FASTQ(!reads.fq!):

if N < M:

states[N] = process(read, index)

N += 1

else:

while True:

g = states[k]; g.next()

if g.done():

postprocess(g.promise())

g.destroy()

states[k] = process(read, index)

break

k = (k + 1) % M

for i in range(N):

g = states[i]

if not g.done():

while not g.done(): g.next()

postprocess(g.promise())

g.destroy()

__prefetch__magic method

Function transformations

Pipeline transformations

Fig. 14. Transformations performed by Seq to enable e"ective index prefetching. Colored segments under
pipeline transformations indicate where the specific stages show up in the resulting code. FASTQ is the
standard file format for storing sequencing reads.
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Benchmarks
1. Computer Language Benchmarks Game 

i. fasta (60 LOC, 2 min)


ii. revcomp (35 LOC, 2 min)


iii. knucleotide (40 LOC, 4 min)


2. In-house suite (100 million reads) 

i. rc (25 LOC, 35 min)


ii. 16mer (35 LOC, 4+ hrs)


iii. cpg (40 LOC, 1 hr)


3. Genome index suite 

i. snap (70 LOC, 8 min):  
query k-mer-based genome index


ii. sga (100 LOC, 9 min):  
query FM-based genome index 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• ■ Python is the reference 
implementation 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• ■ Python is the reference 
implementation


• Compiled and JIT Pythons, such as  
■ Nuitka, ■ Shedskin and  
■ PyPy help a bit
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• ■ Python is the reference 
implementation


• Compiled and JIT Pythons, such as  
■ Nuitka, ■ Shedskin and  
■ PyPy help a bit


• ■ Julia is similar… 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• ■ Python is the reference implementation


• Compiled and JIT Pythons, such as  
■ Nuitka, ■ Shedskin and  
■ PyPy help a bit


• ■ Julia is similar…


• … but none come close to  
■ Seq 


• up to 160⨉ speed-ups over  
■ Python


• or 1m 30s vs 4 hours and counting
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• When compared to the reference 
■ Clang++ implementation…


• ■ g++ is similar to Clang++ 

• (this is ■ Python)
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• When compared to the reference 
■ Clang++ implementation…


• ■ g++ is similar to Clang++ 

• (this is ■ Python)
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• When compared to the reference 
■ Clang++ implementation…


• ■ g++ is similar to Clang++


• (this is ■ Python)


• and ■ Seq outperforms  
even C++ in most experiments


• up to 7⨉ speed-ups  
over C++
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• Finally, on genome index 
query benchmarks…


• reference ■ Clang++ 
implementation and ■ g++ 
are similar…


sn
ap

sg
a

0⨉ 0.5⨉ 1⨉ 1.5⨉ 2⨉ 2.5⨉

0.933

1.376

1

1

Clang++ g++

Speed-up (times, ⨉) over ■ Clang++



Benchmarks

53

• Finally, on genome index 
query benchmarks…


• reference ■ Clang++ 
implementation and ■ g++ 
are similar…


• ■ Seq can improve runtime 
up to 25%
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• Finally, on genome index query 
benchmarks…


• reference ■ Clang++ 
implementation and ■ g++ are 
similar…


• ■ Seq can improve runtime up 
to 25% 


• and ■ Seq with prefetch boosts 
the performance of  
■ Seq up to 50%!
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• Re-implementation of homology table 
generator from CORA mapping 
software


• Ran on the whole human genome


• Highly optimized C++: 
LOC: 1,346 (27 screens) 
Runtime: 3+ hrs 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• Re-implementation of homology table 
generator from CORA mapping 
software


• Ran on the whole human genome


• Highly optimized C++: 
LOC: 1,346 (27 screens) 
Runtime: 3+ hrs


• Seq:  
LOC: 126 (2½ screens— > 10⨉ smaller) 
Runtime: ~30 minutes (> 6⨉ faster)



Seq: summary
• A Python-based language for computational genomics 


• Speed of C


• Ease and expressiveness of Python


• Compile-time type checking 


• Genomic-related optimizations


• Natural pipeline syntax and many other enhancements
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Get Seq at 
https://seq-lang.org 

Read the paper 
at ACM DL 

Check the development  
at Github 



Thank you! 
Questions, and (hopefully) some answers

Get Seq at 
https://seq-lang.org 





Related work

Seq is the only Python-alike language that consistently matches the 
performance of C/C++ 

61

Seq: A High-Performance Language for Bioinformatics 125:29

Table 5. Comparison between Seq and other Python implementations. For “Domain”, “Bio.” means compu-
tational biology, “Sci.” means scientific computing and “Astro.” means astrophysical computing. “Unknown
types” refer to types that cannot be statically determined. Also note that Pyston has several JIT tiers in
addition to its LLVM JIT.

Domain Target Compi-
lation

Unknown
types

allowed?

Full
Python?

CPython
runtime?

Multi-
threading?

CPython General Bytecode Interpreted 3 3 3 7

Seq Bio. LLVM IR AOT 7 7 7 3

Cython General C AOT 7 3 3 3

PyPy General Bytecode Interpreted 3 3 3 7

Numba Sci. LLVM IR JIT 3 7 3 7

Nuitka General C++ AOT 3 3 3 7

Pythran Sci. C++ AOT 3 3 7 3

Pyston General LLVM IR JIT 3 3 3 7

HOPE Astro. C++ JIT 7 7 7 7

Shed Skin General C++ AOT 7 7 7 3

Grumpy General Go AOT 7 7 7 3

gravely needed in the field as new sequencing technologies produce new types of data that in
turn necessitate novel algorithms. Seq aims to provide a more general, lower-level language,
with general-purpose constructs that can be used to build a variety of kernels efficiently. While
there also exist a few general-purpose languages optimized for scientific computing such as Ju-
lia [Bezanson et al. 2012] and MATLAB, neither of these languages is designed for computational
biology workflows.

On the Python side, recent Python standards introduced type hints, which allow static type
checking [van Rossum 2015]. Projects such as Cython [Behnel et al. 2011], PyPy [Bolz et al.
2009], Numba [Lam et al. 2015], Shed Skin [Dufour 2006] and Nuitka [Hayen 2012] all aim to
generate efficient code by relying on ideas such as static type checking and (JIT-) compiling rather
than interpreting Python. While Seq is similar to these language in that it is indeed compiled
and uses static type checking, Seq also uses domain-specific information to apply further code
optimizations, and introduces data types that are tailored to the field of computational biology.
Furthermore, many of these other implementations still rely on the Python runtime, and are thus
bound to its inherent performance overhead. For the sake of completeness, a comprehensive
comparison between Seq and other Python implementations is given in Table 5. In this work, we
chose to compare to PyPy, Shed Skin and Nuitka primarily because other similar implementations
(e.g. Numba, Pythran, Pyston, Grumpy) are either geared more towards scientific/numerical
computing or no longer under active development.

8 CONCLUSION
We have introduced Seq, a new language for computational biology that offers the productivity of
Python and the performance of C. Thereby, Seq bridges the gap between computationalists who

Proc. ACM Program. Lang., Vol. 3, No. OOPSLA, Article 125. Publication date: October 2019.


