Lock-free Contention Adapting Search Trees
Kjell Winblad

Konstantinos Sagonas

Bengt Jonsson

Uppsala Univeristy
kjell.winblad@it.uu.se

Uppsala Univeristy
konstantinos.sagonas@it.uu.se

Uppsala Univeristy
bengt.jonsson@it.uu.se

ABSTRACT

1 INTRODUCTION

Concurrent key-value stores with range query support are crucial
for the scalability and performance of many applications. Existing
lock-free data structures of this kind use a ﬁxed synchronization
granularity. Using a ﬁxed synchronization granularity in a concurrent key-value store with range query support is problematic as the
best performing synchronization granularity depends on a number
of factors that are diﬃcult to predict, such as the level of contention
and the number of items that are accessed by range queries. We
present the ﬁrst lock-free key-value store with linearizable range
query support that dynamically adapts its synchronization granularity. This data structure is called the lock-free contention adapting
search tree (LFCA tree). An LFCA tree does local adaptations of
its synchronization granularity based on heuristics that take contention and the performance of range queries into account. We
show that the operations of LFCA trees are linearizable, that the
lookup operation is wait-free, and that the remaining operations
(insert, remove and range query) are lock-free. Our experimental
evaluation shows that LFCA trees achieve more than twice the
throughput of related lock-free data structures in many scenarios.
Furthermore, LFCA trees are able to perform substantially better
than data structures with a ﬁxed synchronization granularity over a
wide range of scenarios due to their ability to adapt to the scenario
at hand.

On multicore machines, concurrent key-value stores (maps) with
range query support are crucial for the scalability of applications
such as big scale data processing and in-memory databases (e.g.,
Google’s F1 [21] and Yahoo’s Flurry [24]). It is thus of no surprise
that the multicore revolution has motivated a number of data structures of this type, e.g., [1, 2, 4, 17]. A key-value store represents a
set of items (keys), each with an associated value. Sets can be seen
as a simpliﬁcation of key-value stores that do not have any values
associated with the items. From here on, we will discuss sets but
we note that what applies to sets also applies to key-value stores as
sets can trivially be modiﬁed to become key-value stores.
Concurrent sets that support both single-item operations (insert,
remove and lookup1 ) and multi-item operations (e.g., range query
and clone2 ) face the following dilemma: Single-item operations
usually beneﬁt from as ﬁne-grained synchronization as possible,
as this leads to few conﬂicts. In contrast, multi-item operations
usually beneﬁt from more coarse-grained synchronization, as this
leads to less time spent on synchronization-related overhead (e.g.,
fewer locks need to be acquired). We say that the conﬂict time for
an operation is the amount of the time during which the operation
can conﬂict with other concurrent operations. More coarse-grained
synchronization can also lead to short conﬂict times for operations
in concurrent sets that internally use and exploit immutable data
in a way that we will now explain. We will use the lock-free k-ary
search tree [4] to illustrate how immutable data can be used to make
the conﬂict time for range queries short. Lock-free k-ary search
trees store all items inside immutable leaf nodes that can contain k
items each. The insert and remove operations of such trees work
by replacing leaf nodes. A range query Q in a k-ary search tree
ﬁrst collects all the immutable leaf nodes that Q needs. The range
query Q ends its conﬂict time and linearizes once this collection
phase ﬁnishes. The items that Q needs to return are scanned from
the collected leaf nodes after Q’s conﬂict time. This removal of this
scanning from the conﬂict time is possible due to the immutability
of the leaf nodes.
An even more extreme way to exploit immutability in range
queries is to store all items in a single immutable data structure.
Such a data structure, that we call Im-Tr, is constructed from a single
mutable reference pointing to an immutable balanced search tree T .
A new instance of T reﬂecting an update (insert or remove) can be
constructed in O(log n) time (where n is the number of items before
the update) as one only needs to “copy” nodes on a path from the
root to a leaf to create the new instance [12]. The insert and remove
operations of Im-Tr change the mutable reference using an atomic
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1 An

insert operation inserts an item (replacing an existing item if one with an equal
key already exists), the remove operation removes an item with the given key if such
an item exists and the lookup operation returns an item with the given key if such an
item exists.
2 A range query operation returns all items with keys within the given range (speciﬁed
by two keys) and clone makes a clone of the data structure.

This SPAA'2018 paper erroneously claims that the lookup operation of the LFCA tree is wait-free, but it is only lock-free.
Please contact the authors for more information on this issue and a possible fix.

Several works have previously explored the idea of dynamically switching between a data structure that uses coarse-grained
synchronization to a data structure that use ﬁne-grained synchronization in one transformation step [7, 11, 13]. The drawback of
the global mode switching approach proposed in these papers compared to LFCA tree’s approach is that the switch between the modes
is time-consuming and coarse-grained, whereas the LFCA tree can
smoothly transition between diﬀerent levels of synchronization
granularity. Work has also been done to adapt to contention in
other types of data structures (e.g., [8]).
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4 ALGORITHM
Pseudo-code for all the non-trivial parts of the lock-free CA tree
can be found in Figs. 3 to 5 and 7. The pseudo-code is derived from a
model of the lock-free CA tree implemented in the C programming
language with some minor adjustments for readability. This section
contains a detailed description of the algorithm and the pseudocode. In the next section, a detailed proof sketch will be given,
showing that the operations are linearizable and have the stated
progress guarantees.
Node types. A lock-free CA tree is built from instances of the
node types that are deﬁned in Fig. 3, lines 14–52. Note that the
keyword with_fields_from (on lines 26, 32 and 39) is used to add
ﬁelds from another struct deﬁnition. All internal route nodes are
of type route_node (lines 14–20). The route nodes contain a key
ﬁeld (line 15) which is used to direct searches for a speciﬁc item
in the tree. Together, they form a binary search tree. Leaves are
called base nodes (lines 21–42) and have a data ﬁeld (line 22) that
points to immutable data structure instances (called leaf containers)
that contain the items that are in the represented set. That a base
node B is of type normal_base (lines 21–25) indicates that B is not
involved in an ongoing operation. A base node of type range_base
is a node that currently is or has been involved in a range query.
Similarly, a base node of type join_main or join_neighbor is a
node that currently is or has been involved in a join operation.
Data in nodes that can be modiﬁed by more than one thread
are marked with the modiﬁer atomic. These ﬁelds can only be
accessed by the atomic and sequentially consistent functions aload
(that loads the value at a given address), astore (that stores the
given value at the given address) and CAS (a compare-and-swap
that stores the value of its third parameter at the location of a given
address (ﬁrst parameter) iﬀ the value at the given address is equal to
the second parameter and returns true, or returns false otherwise).
Lookup. The wait-free lookup operation (lines 135–138) calls
the find_base_node function (pseudo-code for this and other similar functions appears in an extended version of this paper [23]),
which traverses the route nodes using binary search until a base
node is found, and then performs the lookup in the corresponding
immutable data structure.
Insert and Remove. The functions for inserting and removing a
single item (Fig. 4, lines 129–134) are performed by the do_update
function (lines 106–127) with the remove or insert function and the
item in question as arguments. The do_update function searches
for a base node using the given key, and then tries to replace that
base node and its leaf container with a new one in which the key

// Constants
#define CONT_CONTRIB
250
// For adaptation
#define LOW_CONT_CONTRIB 1
// ...
#define RANGE_CONTRIB
100
// ...
#define HIGH_CONT
1000
// ...
#define LOW_CONT
-1000
// ...
#define NOT_FOUND
(node*)1 // Special pointers
#define NOT_SET
(treap*)1// ...
#define PREPARING
(node*)0 // Used for join
#define DONE
(node*)1 // ...
#define ABORTED
(node*)2 // ...
enum contention_info { contended , uncontened , noinfo }
// Data Structures
struct route_node {
int key;
// Split key
atomic node* left;
// < key
atomic node* right;
// >= key
atomic bool valid = true;
// Used for join
atomic node* join_id = NULL; // ...
}
struct normal_base {
treap* data = NULL; // Items in the set
int stat = 0;
// Statistics variable
node* parent = NULL; // Parent node or NULL (root)
}
struct join_main with_fields_from normal_base {
node* neigh1; // First (not joined) neighbor base
atomic node* neigh2 = PREPARING; // Joined n...
node* gparent; // Grand parent
node* otherb; // Other branch
}
struct join_neighbor with_fields_from normal_base {
node* main_node // The main node for the join
}
struct rs { // Result storage for range queries
atomic treap* result = NOT_SET; // The result
atomic bool more_than_one_base = false;
}
struct range_base with_fields_from normal_base {
int lo; int hi; // Low and high key
rs* storage;
}
enum node_type {
route, normal, join_main , join_neighbor , range
}
struct node with_fields_from normal_base , range_base ,
join_main , join_neighbor{
node_type type;
}
struct lfcat{
atomic node* root;
}
// Help functions
bool try_replace(lfcat* m, node* b, node* new_b){
if( b->parent == NULL )
return CAS(&m->root, b, new_b);
else if(aload(&b->parent->left) == b)
return CAS(&b->parent->left, b, new_b);
else if(aload(&b->parent->right) == b)
return CAS(&b->parent->right, b, new_b);
else return false;
}
bool is_replaceable(node* n) {
return (n->type == normal ||
(n->type == join_main &&
aload(&n->neigh2) == ABORTED) ||
(n->type == join_neighbor &&
(aload(&n->main_node ->neigh2) == ABORTED ||
aload(&n->main_node ->neigh2) == DONE)) ||
(n->type == range &&
aload(&n->storage ->result) != NOT_SET));
}

Figure 3: Data structures and help functions.
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has been removed or inserted (lines 113–119). The replacement is
done using the try_replace function, which uses a CAS to attempt
to change the pointer of the base node’s parent to a new base node
with the updated leaf container. If successful, the CAS operation is
the linearization point of the operation; if unsuccessful, the whole
operation is retried. A replacement attempt is made only if the
found base node is replaceable (line 111 and lines 63–72). If the base
node is irreplaceable, then it may be involved in another operation;
in this case do_update will ﬁrst attempt to help this operation
(line 125 and lines 74–86) before proceeding.
Note that the new base node gets a value for its stat ﬁeld which
is based on the replaced node’s stat ﬁeld and type as well as on
whether conﬂicting operations have been detected (i.e., a base node
which was not replaceable has been found or a try_replace call
has failed; see line 117 and lines 87–97). Once a base node has been
successfully replaced, the update operation calls adapt_if_needed
to adapt the granularity of the data structure if the heuristics suggests that this is beneﬁcial (line 120 and lines 98–104), before returning.

// Help functions
void help_if_needed(lfcatree* t, node* n){
if(n->type == join_neighbor) n = n->main_node;
if(n->type == join_main &&
aload(&n->neigh2) == PREPARING){
CAS(&n->neigh2, PREPARING , ABORTED);
}else if(n->type == join_main &&
aload(&n->neigh2) > ABORTED){
complete_join(t, n);
}else if(n->type == range &&
aload(&n->storage ->result) == NOT_SET){
all_in_range(t, n->lo, n->hi, n->storage);
}
}
int new_stat(node* n, contention_info info){
int range_sub = 0;
if(n->type == range &&
aload(&n->storage ->more_than_one_base))
range_sub = RANGE_CONTRIB;
if (info == contended && n->stat <= HIGH_CONT) {
return n->stat + CONT_CONTRIB - range_sub;
}else if(info == uncontened && n->stat >= LOW_CONT){
return n->stat - LOW_CONT_CONTRIB - range_sub;
}else return n->stat;
}
void adapt_if_needed(lfcatree* t, node* b){
if(!is_replaceable(b)) return;
else if(new_stat(b, noinfo) > HIGH_CONT)
high_contention_adaptation(t, b);
else if(new_stat(b, noinfo) < LOW_CONT)
low_contention_adaptation(t, b);
}

Range queries. The range query operation (lines 139–143) ﬁrst
calls all_in_range (line 141) to create a snapshot of all base nodes
in the requested range and then traverses the snapshot to complete
the range query (line 142). The function all_in_range (lines 162–
215) goes through all base nodes that may contain items in the range
in ascending key order, starting with the base node containing the
smallest keys, to replace them, using a CAS, by base nodes of another
type. The base nodes are found by the functions find_base_stack
and find_next_base_stack in a depth-ﬁrst traversal of the concerned portion of the tree. This traversal uses a stack s to store the
search path to the current base node. The replacing base node is of
type range_base (lines 39–42), which has ﬁelds for specifying the
range of the ongoing range query (lo and hi) as well as a storage
ﬁeld pointing to a result storage (lines 35–38). This storage has a
result ﬁeld, which is initially NOT_SET and will be set once the
range query has been completed (line 211). A range_base node is
initially irreplaceable as long as its result ﬁeld is NOT_SET; see the
is_replaceable function (lines 63–72). A range query’s linearization point is when all concerned base nodes have been replaced and
the result ﬁeld of the result storage has been replaced by the actual
result of the query (line 211). The lo and hi ﬁelds of nodes of the
range_base type are used by operations that try to help an uncompleted range query in order to make an irreplaceable range_base
node replaceable; see help_if_needed (lines 74–86). Thus, range
queries achieve atomicity by ensuring that all base nodes containing items in the range are irreplaceable for a short instance, and are
able to maintain the non-blocking progress guarantee by enabling
other threads to help them.
Once a range query has been completed, a special ﬁeld in the
result storage associated with the range query is set to a value
indicating if more than one base node were needed to complete the
range query. This information is used by the new_stat function
(lines 87–97) when calculating a statistics value for a base node.
Before all_in_range returns, adapt_if_needed (lines 98–104) is
called (line 213) with a random base node within the range as
parameter. This is done to ensure that the structure of the tree stays
up-to-date with the collected heuristics.

bool do_update(lfcatree* m,
treap*(*u)(treap*,int,bool*), int i){
contention_info cont_info = uncontened;
while(true){
node* base = find_base_node(aload(&m->root), i);
if(is_replaceable(base)){
bool res;
node* newb = new node{
type = normal,
parent = base->parent,
data = u(base->data, i, &res),
stat = new_stat(base, cont_info)
}
if(try_replace(m, base, newb)){
adapt_if_needed(m, newb);
return res;
}
}
cont_info = contended;
help_if_needed(m, base);
}
}
// Public interface
bool insert(lfcat* m, int i){
return do_update(m, treap_insert , i);
}
bool remove(lfcat* m, int i){
return do_update(m, treap_remove , i);
}
bool lookup(lfcat* m, int i){
node* base = find_base_node(aload(&m->root), i);
return treap_lookup(base->data, i);
}
void query(lfcat* m, int lo, int hi,
void (*trav)(int, void*), void* aux){
treap* result = all_in_range(m, lo, hi, NULL);
treap_query(result, lo, hi, trav, aux);
}

Figure 4: Help functions and public interface.
5

144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

Adaptations. The granularity of the immutable parts of a LFCA
tree can be changed with two diﬀerent types of adaptations. The
ﬁrst one, called high-contention adaptation (or split), splits the items
in a base node into two new base nodes, in order to decrease the
contention in a part of the tree where the contention has been high.
The second type, called low-contention adaptation (or join), joins
the content of two base nodes into a new base node, in order to
improve the performance of range queries. Joins can potentially
also improve the performance of the LFCA tree for uncontended
single-item operations as a join can make the search paths to items
shorter (because the part of the tree consisting of route nodes may
be unbalanced), but joins may also make updates slightly more expensive (due to increased amount of memory allocation and coping
when creating new instances of the leaf containers). An adaptation
is issued by the function adapt_if_needed (lines 98–104) that is
executed by the update operations (line 120) and by range queries
(line 213). Whether an adaptation should occur and what kind of
adaptation it should be is decided based on a statistics value calculated by the new_stat function (lines 87–97). High-contention
or low-contention adaptation is issued if this statistics value is
above (line 100) or below (line 102) a threshold, respectively. The
new_stat function calculates the statistics value based on its two
parameters: a base node and a parameter that is encoding information about detected contention. The core idea behind the heuristics
is to make the synchronization more ﬁne-grained in parts of the
data structure where contention has been common and to make it
more coarse-grained in parts where contention has been uncommon or where range queries often need to access more than one
base node.
If no contention information is given to the new_stat function
(as is the case when this function is called by adapt_if_needed),
then the value is the value of the stat ﬁeld in the base node subtracted by x, where x is a positive constant if it is a base node of type
range whose corresponding range query was completed by reading
more than one base node (lines 89–91). When update operations
call new_stat to get the value that will be used for the stat ﬁeld of
the new base node that the update operation creates they also pass
information whether contention was detected (cf. line 117). This
information is used to increase the statistics value if contention has
been detected (line 93), and decrease the statistics value otherwise
(line 95). The constant that is used to increase the statistics value
when contention is detected is larger than the constant that decreases the statistics value when no contention has been detected
so that adaptations happen quickly when contention is common
and to avoid frequent adaptations back-and-forth. The constants
used in our heuristics can be found in lines 2 to 6.

node* find_next_base_stack(stack* s) {
node* base = pop(s);
node* t = top(s);
if(t == NULL) return NULL;
if(aload(&t->left) == base)
return leftmost_and_stack(aload(&t->right), s);
int be_greater_than = t->key;
while(t != NULL){
if(aload(&t->valid) && t->key > be_greater_than)
return leftmost_and_stack(aload(&t->right), s);
else { pop(s); t = top(s); }
}
return NULL;
}
node* new_range_base(node* b, int lo, int hi, rs* s){
return new node{... = b, // assign fields from b
lo = lo, hi = hi, storage = s}; }
treap*
all_in_range(lfcat* t, int lo, int hi, rs* help_s){
stack* s = new_stack();
stack* backup_s = new_stack();
stack* done = new_stack();
node* b;
rs* my_s;
find_first:b = find_base_stack(aload(&t->root),lo,s);
if(help_s != NULL){
if(b->type != range || help_s != b->storage){
return aload(&help_s->result);
}else my_s = help_s;
}else if(is_replaceable(b)){
my_s = new rs;
node* n = new_range_base(b, lo, hi, my_s);
if(!try_replace(t, b, n)) goto find_first;
replace_top(s, n);
}else if( b->type == range
&& b->hi >= hi){
return all_in_range(t, b->lo, b->hi, b->storage);
}else{
help_if_needed(t, b);
goto find_first;
}
while(true){
// Find remaining base nodes
push(done, b);
copy_state_to(s, backup_s);
if(!empty(b->data) && max(b->data) >= hi) break;
find_next_base_node: b = find_next_base_stack(s);
if(b == NULL) break;
else if(aload(&my_s->result) != NOT_SET){
return aload(&my_s->result);
}else if(b->type == range && b->storage == my_s){
continue;
}else if(is_replaceable(b)){
node* n = new_range_base(b, lo, hi, my_s);
if(try_replace(t, b, n)) {
replace_top(s, n); continue;
} else {
copy_state_to(backup_s , s);
goto find_next_base_node;
}
}else{
help_if_needed(t, b);
copy_state_to(backup_s , s);
goto find_next_base_node;
}
}
treap* res = done->stack_array[0]->data;
for(int i = 1; i < done->size; i++)
res = treap_join(res, done->stack_array[i]->data);
if(CAS(&my_s->result,NOT_SET ,res) && done->size > 1)
astore(&my_s->more_than_one_base , true);
adapt_if_needed(t, done->array[r() % done->size]);
return aload(&my_s->result);
}

High-contention adaptation. The function for high-contention
adaptation (lines 277–287) splits the content of a base node b into
two new base nodes that are linked together with a route node r.
The function attempts to replace the base node b with r using a CAS
operation (line 286). This replacement is atomic to other operations
and does not change the contents of the tree.
Low-contention adaptation. The function for low-contention adaptation (lines 268–276) intuitively replaces two neighboring base
nodes b and n0 by a new node n2, which contains the union of the
items in b and n0. It splices out b and its parent route node from

Figure 5: Helper function for the range query operation.
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5 CORRECTNESS

node* secure_join_left(lfcatree* t, node* b){
node* n0 = leftmost(aload(&b->parent->right));
if(!is_replaceable(n0)) return NULL;
node* m = new node{
... = b, // assign fields from b
type = join_main};
if(!CAS(&b->parent->left, b, m)) return NULL;
node* n1 = new node{
...
= n0, // assign fields from n0
type
= join_neighbor ,
main_node = m};
if(!try_replace(t, n0, n1)) goto fail0;
if(!CAS(&m->parent->join_id , NULL, m))
goto fail0;
node* gparent = parent_of(t, m->parent);
if(gparent == NOT_FOUND ||
(gparent != NULL &&
!CAS(&gparent ->join_id ,NULL,m))) goto fail1;
m->gparent = gparent;
m->otherb = aload(&m->parent->right);
m->neigh1 = n1;
node* joinedp = m->otherb==n1 ? gparent: n1->parent;
if(CAS(&m->neigh2, PREPARING ,
new node{... = n1, // assign fields from n1
type = join_neighbor ,
parent = joinedp ,
main_node = m,
data = treap_join(m, n1)}))
return m;
if(gparent == NULL) goto fail1;
astore(&gparent ->join_id , NULL);
fail1: astore(&m->parent->join_id , NULL);
fail0: astore(&m->neigh2, ABORTED);
return NULL;
}
void complete_join(lfcatree* t, node* m){
node* n2 = aload(&m->neigh2);
if(n2 == DONE) return;
try_replace(t, m->neigh1, n2);
astore(&m->parent->valid, false);
node* replacement =
m->otherb == m->neigh1 ? n2 : m->otherb;
if (m->gparent == NULL){
CAS(&t->root, m->parent, replacement);
}else if(aload(&m->gparent ->left) == m->parent){
CAS(&m->gparent ->left, m->parent, replacement);
CAS(&m->gparent ->join_id , m, NULL);
}else if(aload(&m->gparent ->right) == m->parent){
... // Symmetric case
}
astore(&m->neigh2, DONE);
}
void low_contention_adaptation(lfcatree* t, node* b){
if(b->parent == NULL) return;
if(aload(&b->parent->left) == b){
node* m = secure_join_left(t, b);
if (m != NULL) complete_join(t, m);
}else if (aload(&b->parent->right) == b){
... // Symmetric case
}
}
void high_contention_adaptation(lfcatree* m, node* b){
if(less_than_two_items(b->data)) return;
node* r = new node{
type = route,
key
= split_key(b->data),
left = new node{type = normal, parent= r, stat= 0,
data = split_left(b->data)}),
right = ..., // Symmetric case
valid = true};
try_replace(m, b, r);
}

In this section, we outline the main steps for proving that the algorithm is correct (in the sense of being a linearizable [10] implementation of a set of items which also supports range queries), and has
the stated progress guarantees. We ﬁrst provide global invariants,
thereafter argue for linearizability, and ﬁnally for progress.
We deﬁne a route or base node to be reachable if it can be reached
from the root of the tree by following left and right pointers. We
deﬁne the contents of the tree as the union of all items in the leaf containers of reachable base nodes. The contents serve as the abstract
state of the LFCA tree in our argument for linearizability. Finally,
we deﬁne a base node to be replaceable if the is_replaceable
function returns true when applied to it. The LFCA tree satisﬁes
the following invariants and properties.
(1) The reachable route nodes and items in leaf containers of reachable base nodes are organized as a binary search tree. There is one
exception to this, illustrated by Fig. 6f of a join operation, when
the leaf container of node m is included in the leaf container of
node n2. More precisely, this happens if a reachable route node n
(corresponding to the parent of m in Fig. 6f) is such that n−> left
is a base node m of type join_main and m−> neigh2 is a pointer
to a reachable node; if so, then the items in the leaf container of
m are exactly the set of items in the leaf container of m−> neigh2
which are smaller than n−> key. There is also a symmetric case
when n−> right is a base node of type join_main. Note that in
these cases, the search find_base_node will reach the elements
in m’s leaf container only via n, and after n is spliced out, the
same elements will be found in the leaf container of m−> neigh2.
In both cases, the tree appears like a valid binary search tree.
(2) A replaceable base node can not become irreplaceable (but can
be replaced by an irreplaceable node).
(3) A replaceable base node n is reachable iﬀ n is obtained either
as n−> parent−> left or as n−> parent−> right. A reachable
node that has become non-reachable cannot become reachable
again. The parent of a reachable and replaceable base node never
changes.
Having established these properties of the LFCA tree, we can
now proceed to establishing linearizability of operations.
update An update operation replaces a replaceable base node using
a CAS operation, which succeeds only if the node is pointed to by
the left or right pointer of its parent route node. By invariant
(2) and (3), this ensures that the replaced node is reachable when
the CAS succeeds. We let the linearization point of an update
operation coincide with the successful CAS. Since the operation
replaces a reachable node, the corresponding operation replaces
a leaf container that is included in the contents of the tree just
before the linearization point. To make sure that the operation
indeed changes the contents of the tree in the intended way,
we should make sure that it does not replace a node that is
of type join_main or join_neighbor, in a situation where it
participates in an uncompleted join and can have duplicated
elements in another leaf container. This follows by noting that
such a node is not replaceable, and therefore cannot be subject
to an update operation.
lookup By invariant (3), only joins can make reachable base nodes
non-reachable by making a route node non-reachable. Thus by

Figure 7: Low and high contention adaptation.
8

invariant (1), a lookup operation always reaches a base node
that was reachable and reﬂects the presence of the item searched
for either at the point (i) when the route node that it currently
“visits” is spliced out during a join operation (at lines 258–265),
or if this does not happen (ii) when it reads the pointer to its
destination base node. Thus, one of the above points can serve
as linearization point.
range query A range query visits reachable nodes in its scope in
increasing item order. For each node, it checks that the node is
replaceable, and if so replaces it by a node of type range_base,
thereby making it irreplaceable (unless the range query has been
completed by another thread, in which case such a replacement
has no eﬀect). By the limitations on how nodes can be replaced,
this guarantees to visit and replace a contiguous sequence of
base nodes in the scope of the range query. After completing
these replacements, the concerned base nodes are irreplaceable
and the operation linearizes, whereafter the base nodes become
replaceable.

essentially the same as the one described for doing range queries
in the k-ary data structure [4]. We refer to that paper for how to
prove this scheme correct.

7 EVALUATION
We will now experimentally evaluate LFCA trees. Our implementation uses an immutable treap for the leaf containers and employs the optimization described in Section 6. To facilitate cache
friendly range queries, the treap implementation stores all items
in fat leaf nodes containing arrays that can store up to 64 items.
The LFCA tree is compared to recent proposals for performing
linearizable range queries in ordered sets: SnapTree [3], k-ary [4],
Chatterjee’s method applied to a lock-free skiplist [6] (ChatterjeeSL)
and KiWi [2]. We also include the lock-based CA tree [22] in the
comparison; it uses the same immutable treap as the LFCA tree in its
leaf containers, and is optimized to take advantage of the immutability of the leaf containers so that range queries and lookups do not
read the items in the leaf containers while holding locks. Finally, the
lock-free ConcurrentSkipListMap from the Java library, which only
supports non-linearizable range queries (NonAtomicSL), and the
coarse-grained data structure (Imm-Tr-Coarse) that we described in
the introduction are also included. All data structures are in Java as
implemented by their respective authors. The maximum number
of items in the nodes is set to 64 for k-ary, Im-Tr-CA and SL-CA
as this value has previously been shown to give good results [4].
KiWi’s constants are set as described in the KiWi paper [2].
The benchmarks were run on a machine with four Intel(R) Xeon(R)
E5-4650 CPUs (2.70GHz each with eight cores and hyperthreading, giving a total of 32 actual and 64 logical cores), turbo boost
turned oﬀ, 128GB of RAM, running Linux 4.9.0-4-amd64 and Oracle
JVM 1.8.0_151 (with the JVM ﬂags -Xmx8g -Xms8g -server -d64
-XX:+UseCondCardMark). Each data point comes from the average
of three measurements runs of 10 seconds each that were preceded
by three warm up runs, also of 10 seconds each, whose purpose is
to give the JiT compiler enough time to compile the code.
The keys for the operations lookup, insert and remove as well as
the starting keys for range queries are randomly generated integers
from a range of size S. The data structure is pre-ﬁlled before the
start of each benchmark run so that it contains S/2 random integers.
We use S = 106 in all experiments presented in this section, which
corresponds to a set of size approximately 5 × 105 . (Results for
S = 105 and S = 107 can be found in the extended version of this
paper [23].) Range queries calculate the sum of the items in the
range and the number of items in the range. As a sanity check,
the average number of items that are traversed per range query is
calculated and checked against the expected value.
The benchmark scenarios measure throughput of a mix of operations performed by N threads. In ﬁgure captions, the scenarios are
described by strings of the form w:A% r:B% q:C%-R, meaning that
the benchmark performs (A/2)% insert, (A/2)% remove, B% lookup
operations and C% range queries of maximum range size R. The
range sizes are randomly set to values between 1 and R.
We start with three scenarios without range queries; cf. Fig. 8. As
the machine only has 64 hardware threads, thread counts above 64
show how the data structures perform when there are more threads
than hardware can execute in parallel. Both the lock-based and the

Let us also show that a join preserves the contents of the tree. A
join replaces two reachable (i.e., located in reachable base nodes) leaf
containers by a new one. The new leaf container is replacing one of
the old leaf containers using a successful CAS (line 254), whereafter
the remaining old leaf container is spliced out at lines 258–265.
Since the corresponding base nodes are irreplaceable when the
replacements happen, and in addition the parent and grandparent
of the join_main node are marked, no other operation can interfere
with invariant (1), viz. that the new joined base node contains the
union of the elements in the replaced base nodes.
Let us next consider progress properties of the involved operations. We ﬁrst note that the lookup operation is wait-free. This
follows by observing that it traverses the nodes of the tree without any possibility of being blocked. Progress is achieved at each
pointer traversal, as the search space is decreased.
We then note that update operations are lock-free, since they
reach the base node to be replaced without being blocked. The
update may need to retry, either due to a failed CAS, or because
the concerned base node is irreplaceable, because of interference
from some other operation. At all such places the operation causing
the interference must have made progress. Furthermore, when an
operation can not proceed directly due to irreplaceable base nodes,
then the operation can always make them replaceable by helping
or (in case of a non-secured join) aborting the interfering operation.
Range query operations are also lock-free, for analogous reasons.

6 OPTIMIZATION FOR RANGE QUERIES
If possible, it can be advantageous for range queries to avoid writing to shared memory as this induces less cache-coherence traﬃc.
Therefore, we have applied an optimization to our LFCA tree implementation that optimistically tries to perform a range query
without writing to shared memory. If this optimistic attempt fails,
the range query is performed using the algorithm described in
Section 4. The optimistic attempt consists of a test scan and then
a validation scan of the base nodes needed for the range query.
If nothing has changed between the test and the validation scan,
one can be certain that all base nodes in the scans were present at
some point and the optimistic attempt can succeed. This scheme is
9

The benchmark set up for the time series experiment is a bit
involved in order to obtain numbers that are not disturbed by taking
measurements during very short periods of time. It goes as follows.
For every time point shown with a dot in the graphs, average
measurements from ﬁve experiment runs in diﬀerent JVM instances
were collected. Each such run consists of 35 warm up runs and 10
measurement runs (that we take the average measurements from).
A warm up or a measurement run does the following after the
LFCA tree has been ﬁlled with 500K items: It performs a triggering
run (skipped in the ﬁrst workload of the time series) of 2.2 seconds
that applies the workload W (where W is the previous workload
in the time series), before the actual warm up/measurement run
is executed for t seconds (t is always 2 seconds for the warm up
runs), after which the number of route nodes and the number of
performed operations by the threads are collected. For example, a
run to collect measurements for time point 3.4 seconds performs
a triggering run with the workload w:20% r:55% q:25%-1000 and
then a measurement run with the workload w:20% r:55% q:25%10 (running for 1 second). The throughput for a time point tn is
o(t )−o(t )
, where tn−1 denotes the previous time
calculated as (tn −t n−1
n n−1 )
point in the time series and o(t) denotes the average number of
performed operations measured for time point t.
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8 CONCLUDING REMARKS
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[13]

We have given a detailed description and correctness arguments
for the LFCA tree, the ﬁrst lock-free data structure supporting
range queries that adapts its structure based on heuristics that
take detected contention and information about range queries into
account. LFCA trees make use of information gathered at runtime
to get a good trade-oﬀ between the performance of operations
that generally beneﬁt from coarse-grained synchronization and
those that generally beneﬁt from ﬁne-grained synchronization.
Our experimental evaluation, in the previous section as well as in
its extended version of this paper [23], shows that this has real
beneﬁts in practice, as the LFCA tree can maintain exceptionally
good performance across a wide range of scenarios.
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A

ADDITIONAL PSEUDO-CODE

The LFCA tree performs very well compared to the other data
structures in the scenarios with most contention in the data structures (i.e., the scenarios that have a large proportion update operations and a relatively small set size of only 5 ∗ 104 ; cf. Figs. 13a
and 13b). This shows that the LFCA tree is able to adapt its structure
to cope well with these highly contended scenarios.
On the other hand, the performance of the LFCA tree comes
overall second best, and is worse than SnapTree’s in the scenarios
with a relatively large set size (see Figs. 13g to 13i). The LFCA tree
creates more new objects than the SnapTree in these scenarios due
to LFCA trees’ use of immutable data structures (which means that
several new nodes need to be created in each update operation).
More new objects means more work for the garbage collector that
needs to be invoked more often in the scenarios with the large set
size compared to the other scenarios.
Overall, however, the results in Fig. 13 show that the LFCA tree
is able to perform well in a wide range of scenarios with single-item
operations. The LFCA tree is the top performing data structure in
most of the shown scenarios and is not far behind in the scenarios
where another data structure is performing better.

Auxiliary code for the LFCA tree appears in Fig. 12. Recall that all
the code that we present has been generated from executable and
tested C code which is available online [18].
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node* find_base_node(node* n, int i) {
while(n->type == route){
if(i < n->key){
n = aload(&n->left);
}else{;
n = aload(&n->right);
}
}
return n;
}
node* find_base_stack(node* n, int i, stack* s) {
stack_reset(s);
while(n->type == route){
push(s, n);
if(i < n->key){
n = aload(&n->left);
}else {
n = aload(&n->right);
}
}
push(s, n);
return n;
}
node* leftmost_and_stack(node* n, stack* s){
while (n->type == route) {
push(s, n);
n = aload(&n->left);
}
push(s, n);
return n;
}
node* parent_of(lfcatree* t, node* n){
node* prev_node = NULL;
node* curr_node = aload(&t->root);
while(curr_node != n && curr_node ->type == route){
prev_node = curr_node;
if(n->key < curr_node ->key){
curr_node = aload(&curr_node ->left);
}else {
curr_node = aload(&curr_node ->right);
}
}
if(curr_node ->type != route){
return NOT_FOUND;
}
return prev_node;
}

Range queries. Fig. 14 extends the results shown in Fig. 9 with
more set sizes. Again, the set size gets larger with the row number.
All the scenarios in the same column have the same distribution
of operations and the maximum range size is increasing with the
column number.
The results of Fig. 14 conﬁrm what we have already discussed in
Section 7. The LFCA tree provides substantially better performance
than the non-adaptive data structures in many scenarios, likely due
to its ability to adapt its structure to the workload at hand.
It is also interesting that the LFCA tree is substantially better
than the lock-based CA tree in the scenarios with set sizes of about
5 ∗ 104 and 5 ∗ 105 (the two top rows) but very similar to the
lock-based CA tree with a set size of about 5 ∗ 106 . The average
proportion of the items in the sets that are covered by range queries
gets smaller with increased set size. As a consequence, the number
of range queries with overlapping ranges also gets smaller with
increased set sizes, and thus LFCA tree gets less advantage from
that threads can help each other.
Separate threads for updates and range queries. We extend the
graphs shown in Fig. 10 with results for larger and smaller set
sizes; see Fig. 15. Remember that we use separate threads for range
queries and updates in this experiment to show the performance
of the data structures when range queries are happening together
with frequent updates. Throughput for range queries are shown in
the three graphs of the left column and throughout for updates are
shown in the graphs of the right column. Once again, the set size
is increasing with the row number. Note that we vary the range
query size on the x-axis in Fig. 15. In Fig. 16, we show results from
the same type of experiment but keep the range query size ﬁxed to
32k and instead vary the thread count on the x-axis.
With the small set size of 50k and range queries of size 32k, all
the range queries span more than half the items in the data structures (see Figs. 15a, 15b, 16a and 16b). It is thus not surprising that
NonAtomicSL has superior update performance in these scenarios
as its update operation does not pay any attention to ongoing range
queries. Still, the LFCA tree and the lock-based CA tree is able

Figure 12: Auxiliary code for the LFCA tree.

B

ADDITIONAL EVALUATION RESULTS

In this section, we present some additional results that did not ﬁt
in the main part of the published paper. The experiments that we
used to obtain these results are set up in the same way as described
in Section 7.
Single-item operations. We will start to look at the graphs in
Fig. 13, showing results for scenarios with single-item operations.
The middle row duplicates the graphs from the main part of the
paper (Fig. 8) where the set size is approximately 5 ∗ 105 , while the
top row shows scenarios with a set size of approximately 5∗104 and
bottom row shows scenarios with a set size of approximately 5 ∗ 106 .
Note that the set size gets bigger with increasing row number and
the amount of reads increases with the column number.
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Table 3: Statistics for the LFCA tree in the scenarios of Fig. 9a
(w:20% r:55% q:25%-10).

to provide better throughput for range queries than NonAtomicSL
even with the small set size, which is probably because the treaps
in leaf containers have cache-friendly leaf nodes containing up to
64 items.
The shape of the graph for the LFCA tree in Fig. 15b is interesting
as it seems to have a downward trend until range size 32k and then
it goes up again. After looking closely at what our experiment
is doing, we have come up with a plausible explanation for this
apparently strange behavior. Range query threads in the experiment
ﬁrst randomly generate a start key and then calculate the end key
by adding the ﬁxed range size value. If the resulting range is outside
the range A of keys that can be stored in the data structure, the
range is moved to have as few items as possible outside A. In the
case with S = 100k and range query size 128k (see Figs. 15a and 15b),
where the range query size is larger than the range of possible keys,
this results in that the staring key and end key for the range query
ranges are always exactly the same4 . Thus, in this particular case it
is likely that a particular range query in an LFCA tree can piggyback
on another ongoing range query. Less contention is created when
range queries can take advantage of each others’ work, which in
turn explains why the throughput is better with the range size 128k
than with 32k for the LFCA tree in Fig. 15b. One may think that this
particular scenario might be rare in practice. However, note that
an LFCA tree’s range query does exactly what a clone operation in
the LFCA tree would do in this scenario as it takes a snapshot of
all items in the tree.
In the scenarios with S = 100k and a range query size of 32k, the
update throughput of k-ary, KiWi and ChatterjeeSL are better than
that of LFCA tree (see Figs. 15b and 16b). However, LFCA tree makes
up for this with a throughput for range queries that often is many
times better than the other data structures’ range query throughput
(see Figs. 15a and 16a). Also, remember that NonAtomicSL is not
competing in the same category as the other data structures, as it
does not provide linearizable range queries. One could potentially
modify the LFCA tree with the aim of increasing the throughput
for updates at the expense of the throughput for range queries by
letting a range query help update operations that have collided with
the range query (this could be achieved, for example, by letting
the update operations register themselves in the irreplaceable base
nodes of type range that they encounter, so range queries can apply
the updates before making their range base nodes replaceable). This
could potentially also decrease the likelihood of starved updates.
In Fig. 16, one can see that the throughput for range queries
goes up while the throughput for updates goes down for the lockbased CA tree when one starts to use more threads than hardware
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1.0

77
1.0

220
1.0

450
1.0

# traversed base nodes
# range queries
# splits
milliseconds
# joins
milliseconds
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Table 4: Statistics for the LFCA tree in the scenarios of Fig. 9c
(w:20% r:55% q:25%-100000).
Threads
# route nodes
# traversed base nodes
# range queries
# splits
milliseconds
# joins
milliseconds
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0
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0

0
0
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16

32

64

9.0
1.1

17
1.2

21
1.3

19
1.4

0.005 0.015 0.047 0.073
0.0041 0.013 0.045 0.071

threads. (This is shown on the right side of the vertical gray line
in the graphs.) This behavior is likely related to the lock implementation that is used to protect modiﬁcations to the base nodes5 .
This highlights one of the advantages that the LFCA tree has over
the lock-based CA tree. That is, LFCA tree’s performance is not
dependent on any lock implementation.

C

MORE TABLES

Tables 3 and 4 show data corresponding to the benchmark scenarios
w:20% r:55% q:25%-10 and w:20% r:55% q:25%-100000 with S = 106
(cf. Figs. 9a and 9c). Table 1, which contains data from the scenario
w:20% r:55% q:25%-1000 with S = 106 , is located in the main part of
the paper.
In Table 3, the number of route nodes is increasing with the number of threads which is unsurprising as more threads will increase
the conﬂicts for update operations. However, in Table 4 where the
range queries span much more items, the measurements for the
numbers of route nodes are quite similar for thread counts 16, 32
and 64. This is likely because the increase in contention due to
more threads creates more failing optimistic attempts for range
queries (cf. Section 6), which in turn increases the pressure from
non-optimistic range queries that span more than one base nodes to
not split base nodes. Note that the Im-Tr-Coarse, which uses coarsegrained synchronization, has similar performance to LFCA tree in
the scenario of Table 4 at 64 threads (see Fig. 9c), so more route
nodes would likely not cause better performance in this scenario.

4 We

encourage the reader to take a look at the source code of our benchmark [18] to
see how this works in detail.
5 The lock-based CA tree uses java.util.concurrent.locks.StampedLock from the
Java standard library as its base node lock.
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