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nested in a paragraph if it is a descendant of a p node. The
term p img is a selector and the term { margin: 10px; }

is the (singleton) set of style constraints. The output of rule
matching is an annotation that maps each DOM node to the
set of CSS rules that match this node.

When multiple rules match a node, conflicting constraints
may be imposed on a node attribute (e.g., on its color).
Conflicting constraints are resolved according to “cascad-
ing” rules [4]. We have not optimized this phase as it is
dominated by selector matching.

The Selector Language. A rule with a selector s matches
a document node n if the path from the document root to
n matches the selector s. We observed that CSS rules in
common use fall into a selector language that is a subset of
regular expressions. This common subset of CSS covers over
99% of the rules we encountered on popular sites listed on
alexa.com. We define our efficient algorithm for this regular
subset of CSS; selectors outside this subset are handled with
an unoptimized algorithm.

The regular subset of CSS selectors is defined in Fig-
ure 6(a). The operator , denotes disjunction: the rule
matches if any of the selectors in the rule matches the
path. A node predicate nodePred matches a node if the
predicate’s tag, id, and class attributes are a subset of the
node’s attributes. There is at least one tag, id, or class
attribute in the predicate. For an example, the node <div

id="account" class="first,on"/> is matched by the sym-
bol div.first. The operator s1 < s2 signifies that the node
matching the selector s1 must be the parent of the node
matching the selector s2. The operator s1 s2 signifies that
the node matching the selector s1 must a predecessor of the
node matching the selector s2.

The translation of this regular subset of CSS selectors is
given in Figure 6(b). The path from a node to the doc-
ument root is a string, with each character representing a
node. Specifically, the character represents a node match-
ing a node predicate. The regular expression operator “|”
stands for disjunction and “.*” stands for a string of arbi-
trary characters.

4.2 The CSS Matching Algorithm
Popular sites like Slashdot.org may have thousands of

document nodes and thousands of rules to be matched against
each document node. Figure 7 presents pseudocode for our
selector matching algorithm, including many (but not all)
of our optimizations. We one assumptions to simplify the
presentation: we assume the selector language is restricted
to the one defined above.

(a) Selector language

rule = sel | rule "," sel
sel =

nodePred
| sel "<" sel
| sel sel

nodePred =
tag ("#"id)? (.class)*

| "#"id ("."class)*
| ("."class)+

(b) Regex subset

rule = sel | rule "|" sel
sel =

symbol
| sel sel
| sel ".*" sel

Figure 6: Selector subset to regular expression translation.

INPUT: doc : Node Tree, rules : Rule Set
OUTPUT: nodes : Node Tree where Node =

{id: Token, classes: Token List, tag: Token, //input
rules: Rule Set} //output

idHash, classHash, tagHash = {} //generate lookup tables
for r in rules: //redundancy elimination and hashing

for s in rule.predicates:
if s.last.id:

idDash[s].map(s.last.id, r) //assume multimap is
else if s.last.classes: //automatically made

classHash[s].map(s.last.classes.last, r)
else: tagDash[s].map(s.last.tag, r)

random_parallel_for n in doc: //tile 1: ID predicates
n.matchedList = [].preallocate(15) //locally allocate
if n.id: attemptHashes(n, idHash, n.id)

random_parallel_for n in doc: //tile 2: class predicates
for c in n.classes:

attemptHashes(n, classHash, c)
random_parallel_for n in doc: //tile 3: tag predicates

if n.tag: attemptHashes(n, tagHash, n.tag)

random_parallel_for n in doc: //reduction: determine
for rules in n.matchedList: // rules from selectors

for r in rules:
n.rules.insert(r) //note rules is a set

def attemptHashes(n, hash, idx):
for (s, rules) in hash[idx]:

if (matches(n, s)): //tight right-to-left loop
n.matchedList.push(rules) //overlapping sets

Figure 7: Most of our selector matching algorithm kernel.

Our algorithm first creates hash tables associating at-
tributes with selectors that may end with them. It then,
in 3 passes over the document, matches nodes against selec-
tors. Finally, it performs a post-pass to format the results.

Some of our optimizations are adopted from WebKit:
Hash tables. Consider selector “p img”: only images

need to be checked against it. For every tag, class, and id
instance, a preprocessor create a hash table associating at-
tributes with the restricted set of selectors that end with
it, such as associating attribute img with selectorp img. In-
stead of checking the entire style sheet against a node, we
perform the hash table lookups on its attributes and only
check these restricted selectors.

Right-to-left matching. For a match, a selector must
end with a symbol matching the node. Furthermore, most
selectors can be matched by only examining a short suffix of
the path to a node. By matching selectors to paths right-to-
left rather than left-to-right, we exploit these two properties
to achieve a form of short-circuiting in the common case.

We do not examine the known optimization of using a trie
representation of the document (based on attributes). In
this approaches, matches on a single node of the collapsed
tree may signify matches on multiple nodes in the preimage.

We contribute the following optimizations:
Redundant selector elimination. Due to the weak

abstraction mechanisms in the selector language, multiple
rules often use the same selectors. Preprocessing avoids re-
peatedly checking the same selector against the same node.

Hash Tiling. When traversing nodes, the hash table
associating attributes with selectors is randomly accessed.
The HTML tree, hash table, and selectors do not fit in L1
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interface Node // passes
@input children, prev, wCnstrnt, hCnstrnt
@grammar1: // (top-down, bottom-up)

@inherit width // final width
@inherit th // temp height for bad constraint
@inherit relx // x position relative to parent
@synthesize height // final height
@synthesize rely // y position relative to parent

class V implements Node // semantic actions
@grammar1.inherit // top-down
for c in children:

c.th = sizeS(th, c.hCnstrnt) //might be auto
c.width = sizeS(width, c.wCnstrnt)
c.relx = 0

@grammar1.synthesize // bottom-up
height = joinS(th, sum([c.height | c in children]))
if children[0]: children[0]rely = 0
for c > 0 in children:

c.rely = c.prev.rely + c.prev.height

class H implements Node // semantic actions
@grammar1.inherit // top-down
for c in children:

c.th = sizeS(th, c.hCnstrnt) //might be auto
c.width = sizeS(width, c.wCnstrnt)

if children[0]:
children[0]relx = 0

for c > 0 in children:
c.relx = c.prev.relx + c.prev.width > width ? // wrap

0 : c.prev.relx + c.prev.width

@grammar1.synthesize // bottom-up
if children[0]:

children[0]rely = 0
for c > 0 in children:

c.rely = c.prev.relx + c.prev.width > width ? // wrap
c.prev.rely + c.prev.height : c.prev.rely

height =
joinS(th, max([c.rely + c.height | c in children]))

class Root constrains V // V node with hardcoded values
th = 100 // browser specifies all of these
width = 100, height = 100
relx = 0, rely = 0

function sizeS (auto, p %) -> auto // helpers
| (v px, p %) -> v * 0.01 * p px
| (v, p px) -> p px
| (v, auto) -> auto

function joinS (auto, v) -> v
| (p px, v) -> p

R → V | H // types

V → H∗ | V ∗

H → V ∗

V ::{wCnstrnt : P | PCNT, hCnstrnt : P | PCNT | auto

children : V list, prev : V,

th : P | auto,

width = P, relx : P, rely : P, height : P}
H ::{wCnstrnt : P | PCNT, hCnstrnt : P | PCNT | auto

children : V list, prev : V,

th : P | auto,

width = P, relx : P, rely : P, height : P}
Root ::V where {width : P, height : P, th : P}

P :: R px

PCNT :: P % where P = [0, 1] ⊂ R

Figure 11: BSS0 passes, constraints, helpers, and structure.

class corresponds to a pass. All dependency graphs of at-
tribute constraints abide by this order. Alternations be-
tween sequences of inherited and synthesized attributes cor-
respond to alternations between upwards and downwards
passes, with the total amount of passes being the number of
equivalence classes. Figure 5 shows these passes. The order-
ing is for the pass by which a value is definitely computable
(which our algorithms make a requirement); as seen with
the relative x coordinate of children of vertical nodes, there
are often opportunities to compute in earlier passes.

5.2 Surprising and Ambiguous Constraints
Even for a seemingly simple language like BSS0, we see

scenarios where constraints have a surprising or even unde-
fined interpretation in the CSS standard and browser imple-
mentations. Consider the following boxes:

V[hCnstrnt=auto](V[hCnstrnt=50%](V[hCnstrnt=20px]))
Defining the height constraints for the outer 2 vertical

boxes based on their names, the consistent solution would
be to set both heights to 0. Another approach is to ignore
the percentage constraint and reinterpret it as auto. The
innermost box size is now used: all boxes have height 20px.
In CSS, an analogous situation occurs for widths. The stan-
dard does not specify what to do; instead of using the first
approach, our solution uses the latter (as most browsers do).

Another subtlety is that the width and height of a box
does not restrict its children from being displayed outside of
its boundaries. Consider the following:

V[hCnstrnt=50px](V[hCnstrnt=100px])
Instead of considering such a layout to be inconsistent and

rejecting it, BSS0 (like CSS) accepts both constraints. Lay-
out proceeds as if the outer box really did successfully con-
tain all of its children. Depending on rendering settings, the
overflowing parts of the inner box might still be displayed.

We found many such scenarios where the standard is un-
defined, explicitly or possibly by accident. In contrast, our
specification is well-defined.

5.3 Parallelization
Attribute grammars expose opportunities for paralleliza-

tion [9]. First, consider inherited attributes. Data depen-
dencies flow down the tree: given the inherited attributes of
a parent node, the inherited attributes of its children may be
independently computed. Second, consider synthesized at-
tributes: a node’s childrens’ attributes may be computed in-
dependently. Using the document tree as a task-dependency
graph, arrows between inherited attributes go downwards,
synthesized attribute dependencies upwards, and the fringe
shows synthesized attributes are dependent upon inherited
attributes from the previous phase (Figure 5).

Many parallel algorithms are now possible. For exam-
ple, synthesized attributes might be computed with prefix
scan operations. While such specialized operators may sup-
port layout subsets, we found much of the layout time in
Safari is spent in more general operations (e.g., isSV G()).
We instead take a task-parallel approach (Figure 12). For
each node type and grammar, we define general (sequen-
tial) functions for computing inherited attributes (calcInher-
ited()) and synthesized attributes (calcSynthesized()). Schedul-
ing is orthogonally handled as follows:

We define parallel traversal functions that invoke layout
calculation functions (semantic actions [11]). One grammar
is fully processed before the next. To process a grammar,
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cascading, inheritance, and a simplified view of tables using
linear and finite-domain constraints. Unfortunately, the rest
of the box model is handled by a native CSS engine. Swier-
stra et al [19] show how to use attribute grammars to encode
a simplification of the fixed (non-default) HTML table al-
gorithm. This task is similar to the table model supported
by Cassowary. To encode a basic box model extended with
word-wrapping but no features like floats, Lin [13] proposes a
pipeline of linear solvers mixed with native engines. In con-
trast, we provide a declarative, executable specification with
attribute grammars for a representative set of CSS-like fea-
tures and without external engines. Our performance simu-
lation seems promising (see Section 5) and we have demon-
strated analytic benefits of our restricted modeling language.

Attribute grammars. Attribute grammars are a well-
studied model [11]. They have primarily been examined
as a language for the specification and implementation of
compilers. Parallel evaluation of attribute grammars is well
understood. Jourdan provides a survey [9] of techniques for
finding and exploiting parallelism. We contribute a layout
encoding for CSS that is parallelizable and the technique of
speculative attributes to improve parallelization.

8. CONCLUSION
We have demonstrated algorithms for three bottlenecks of

loading a webpage: matching CSS selectors, laying out gen-
eral elements, and text processing. Our sequential optimiza-
tions feature improved data locality and lower cache usage.
Browsers are seeing increasingly little benefit from hardware
advances; our parallel algorithms show how to take advan-
tage of advances in multicore architectures. We believe such
work is critical for the rise of the mobile web.

Our specification of layout as attribute grammars is of
further interest. We have proved that, not only does lay-
out terminate, but it is possible without reflow and often
in log time. We expect further benefits from achieving a
declarative specification of the core of a layout system.

Overall, our approach simplifies tasks for browser devel-
opers and web designers dependent upon them. This work is
a milestone in our construction of a parallel, mobile browser
for browsing the web on 1 Watt.
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