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Abstract—Traffic splitting is a key task for load balancing over 

multiple servers or paths. Load balancers often rely on commodity 
switches to implement traffic splitting within the ternary content 
addressable memory (TCAM). It is critical to reduce the amount 
of TCAMs allocated for this task since TCAMs are power-hungry 
and have limited capacities. Previous traffic splitting schemes have 
concentrated on minimizing the number of TCAM entries for a 
single service. However, these schemes suffer a great issue of scala-
bility since a commodity switch with small-sized TCAMs needs to 
handle hundreds or thousands of services simultaneously. In this 
paper, we propose Tiramisu, an overlay approach to fast and scal-
able traffic splitting for multiple services on commodity switches. 
Tiramisu exploits wide SRAM words available in TCAMs to over-
lay multiple groups of rules within one same TCAM table. With 
rule overlaying, Tiramisu reduces the total number of TCAM en-
tries allocated for multiple services. Experimental results on soft-
ware simulations and P4 switches show that Tiramisu achieves sig-
nificant reductions in number of TCAM entries by up to one order 
of magnitude for the imbalance error of 1% as well as achieves 
higher splitting throughput and faster rule updates compared to 
previous schemes. 

Keywords—load balancing, traffic engineering, traffic splitting, 
ternary content addressable memory, programmable switch 

I. INTRODUCTION 
Traffic splitting is a key task in networks for load balancing 

over multiple servers or paths. For example, modern datacenters 
typically adopt network load balancers to spread traffic destined 
to a service across multiple servers and direct it to one of servers, 
achieving better performance, scalability, and reliability [1, 2, 3, 
4, 5, 6, 26]. Dedicated network load balancers are expensive and 
lack the scalability and flexibility. Therefore, network operators 
increasingly rely on commodity switches to split the traffic load 
in proportion to the capacities of servers or paths [7, 8, 9, 10, 11, 
12, 13, 14, 15, 27]. 

The ternary content addressable memory (TCAM) is used by 
commodity switches to implement traffic splitting [9, 10, 11, 12, 
14, 15]. TCAMs have high-speed lookups due to their parallel 
search mechanism, where all the TCAM entries are searched in 
parallel. A TCAM entry stores a rule for a traffic splitting service 
which corresponds to a group of rules. However, these memories 
are power-hungry and have limited capacities on the order of a 

few thousand entries [11, 12, 14, 15]. Therefore, it is critical to 
reduce the amount of TCAMs allocated for traffic splitting on 
commodity switches. 

Several traffic splitting schemes [9, 10, 11, 12, 13, 14, 15] 
have been proposed to minimize the number of TCAM entries. 
Equal-cost multi-path (ECMP) [16, 17] is the most common 
approach to achieving a uniform traffic distribution by hashing 
the packet header. Weighted-cost multi-path (WCMP) [10, 13] 
is an extension of ECMP that supports a non-uniform traffic 
distribution by replicating entries in proportion to the weights of 
servers or paths. So WCMP requires prohibitively large amounts 
of TCAM entries. To overcome the drawback, Niagara [11, 12] 
trades off the accuracy for fewer entries by computing wildcard 
rules for an approximate traffic distribution. Sadeh et al. [14, 15] 
propose efficient algorithms to compute the minimal number of 
wildcard rules for a target approximate traffic distribution and to 
compute the optimal weight approximations for a fixed number 
of TCAM entries. Previous schemes concentrate on minimizing 
the number of TCAM entries for a single service. However, they 
suffer a great issue of scalability since a commodity switch with 
small-sized TCAMs needs to handle hundreds or thousands of 
services simultaneously. Recent studies [1, 2, 3, 4] have showed 
that a cloud datacenter hosts up to tens of thousands of services. 
Minimizing the number of TCAM entries allocated for a single 
service cannot scale well to large amounts of services. Therefore, 
it is desired to reduce the number of TCAM entries allocated for 
multiple services in a commodity switch. 

In this paper, we propose Tiramisu, a novel overlay approach 
to fast and scalable traffic splitting for multiple services in small 
TCAMs. Tiramisu is a compact multi-service representation of 
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Fig. 1. Tiramisu reduces the number of TCAM entries allocated for two services 
over WCMP by overlaying two groups of rules within one TCAM table. 
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WCMP [10], scaling well to hundreds or thousands of services. 
Our goal is to reduce the number of TCAM entries allocated for 
multiple services while achieving fast traffic splitting and rule 
updates. To achieve this goal, Tiramisu exploits the technique of 
wide SRAM words [18, 19, 25] available in TCAMs to overlay 
multiple groups of rules for different services within one same 
TCAM table. Our design is motivated by the two observations: 
(1) different groups of rules share partial TCAM words; (2) one 
wide SRAM word can store multiple next hops of rules. These 
observations provide possible opportunities to encode multiple 
rules for different services into one TCAM entry. Fig. 1 shows 
an example of overlaying two groups of rules for two services 1 
and 2 within one TCAM table. We see that the two groups of 
rules share partial hash indexes in TCAM words, and each wide 
SRAM word can store three next-hops of rules. As shown in Fig. 
1, Tiramisu requires only two TCAM entries for two services, 
achieving 3x reductions over WCMP with six TCAM entries. 

We conduct experiments on software simulations and P4 
switches to evaluate the performance of Tiramisu and compare 
with previous schemes including ECMP [16], WCMP [10], and 
Niagara [11]. Our results demonstrate that Tiramisu has high 
performance and scalability. Specifically, the results on software 
simulations show that given the imbalance error of 1%, Tiramisu 
achieves up to one order of magnitude reductions in number of 
TCAM entries, improves 1.6x to 1.9x TCAM throughput, and 
reduces 1.7x rule update time compared to Niagara. In addition, 
the results on P4 switches show that given the imbalance error 
of 1%, Tiramisu-128 (with a 128-bit SRAM word for a TCAM 
entry) achieves 16x reductions in number of TCAM entries, 
improves 1.4x splitting throughput, and reduces 6.6x rule update 
time compared to WCMP. 

The rest of this paper is organized as follows. We overview 
the background and related work on traffic splitting in Section 
II. Section III describes the design and analysis of Tiramisu. We 
present experimental results for Tiramisu evaluation in Section 
IV. Finally, Section V concludes this paper. 

II. BACKGROUND AND RELATED WORK 

A. Traffic Splitting Background 
Traffic splitting is critical for load balancing applications, 

such as cloud load balancing [1, 2, 3, 4, 5, 6], datacenter multi-
path routing [7, 8, 20], and wide-area traffic engineering [21, 22]. 

Commodity switches use TCAMs to implement traffic splitting. 
A switch typically splits ingress traffic destined to a service over 
next-hop servers or paths according to the capacities of servers 
or paths. Fig. 2 shows a simple example of splitting traffic across 
three services over seven servers through a switch. The switch 
splits ingress traffic destined to a service according to the weight 
distribution. For service 1, the weight distribution is the ratio of 
1:1, indicating that 1/2 traffic is sent to server 1 and another 1/2 
traffic is sent to server 2. For service 2, the weight distribution 
is the ratio of 1:2:1, indicating that 1/4 traffic is sent to server 3, 
2/4 traffic is sent to server 4, and another 1/4 traffic is sent to 
server 5. For service 3, the weight distribution is the ratio of 1:3, 
indicating that 1/4 traffic is sent to server 6 and 3/4 traffic is sent 
to server 7. We note that the weight distribution for a service is 
updated dynamically due to failures or changes in capacity. 

Traffic splitting on commodity switches is required to satisfy 
three requirements. First, a traffic splitting scheme must scale to 
large amounts of services (e.g., tens of thousands of services in 
a modern datacenter [1, 2, 3, 4]) handled by a switch with small 
TCAMs. Second, the scheme must perform an accurate traffic 
split for minimizing traffic imbalance errors (i.e., more fractions 
of the traffic are sent to a server, which may overload the server 
and incur long latencies and service failures). Third, the scheme 
must quickly react to weight changes for maintaining the per-
connection consistency and minimizing the traffic churn (i.e., a 
fraction of the traffic is reshuffled among different servers or 
paths). Therefore, a good traffic splitting scheme must satisfy 
these three requirements at the same time. 

B. Related Work on Traffic Splitting 
Over past years, several traffic splitting schemes [9, 10, 11, 

12, 13, 14, 15, 16, 17] have been proposed for load balancing in 
commodity switches. These schemes fall into two categories: 
hash-based and match-based solutions. 

Hash-based traffic splitting: Hash-based solutions use hash-
ing on specific fields of packet heads to determine the next-hop 
for each packet destined to a service. ECMP [16, 17] is the most 
popular hash-based traffic splitting scheme deployed in today’s 
commodity switches. ECMP partitions the flow space of each 
service into a group of equal-sized entries each corresponding to 
a next-hop. ECMP uniformly splits traffic over a group of next-
hops for a service by hashing the five-tuple of packet heads (i.e., 
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Fig. 2. Example of splitting traffic across three services over seven servers.                              Fig. 3. Illustration of traffic splitting with WCMP. 



the source IP, source port, destination IP, destination port, and 
protocol number). However, ECMP does not support a non-uni-
form traffic split as servers or paths have different capacities. 

WCMP [10] is an extension of ECMP that supports non-uni-
form traffic splits. WCMP performs a weighted split by replicat-
ing entries in proportion to the weights of next-hops. The weight 
assigned to a next-hop is proportional to the capacity of a server 
or path associated with the next-hop. WCMP hashes the five-
tuple of an incoming packet to a group of weighted entries for a 
service, and determines the next-hop (i.e., the outgoing port) for 
the packet. However, WCMP has high rule update overhead as 
it needs to update too many replicated entries for weight changes. 
DASH [13] improves the rule update performance over WCMP 
by comparing the hash to region boundaries. 

Fig. 3 illustrates the process of traffic splitting with WCMP 
in a commodity switch. The switch maintains two TCAM tables: 
a LPM (Longest Prefix Matching) table and a WCMP table. The 
LPM table stores three prefix rules for three services 1, 2, and 3. 
Each entry in the LPM table contains the IP prefix (IP_Prefix), 
service index (Service_Index), and number of entries (Num_En-
tries) for a service stored in the WCMP table. The WCMP table 
stores three groups of next-hops for three services 1, 2, and 3. 
Service 1 has two entries associated with next-hops P1 and P2 
due to the weight ratio of 1:1. Service 2 has four entries associ-
ated with next-hops P2, P3, P3, and P4 due to the weight ratio 
of 1:2:1. Service 3 has four entries associated with next-hops P1, 
P4, P4, and P4 due to the weight ratio of 1:3. On receiving an 
incoming packet with the destination IP (Dst_IP) 1.1.3.3, the 
switch first uses Dst_IP=1.1.3.3 as key to search the LPM table, 
and finds the matching entry pointing to service 3 (Service_In-
dex=3) with four entries (Num_Entries=4) stored in the WCMP 
table. Then, the switch computes the hash index (Hash_Index=1) 
by hashing over the five-tuple of the packet head. Finally, the 
switch uses both Service_Index=3 and Hash_Index=1 as key to 
search the WCMP table, and finds the matching entry associated 
with the next-hop P4 (Next_Hop=P4) as the outgoing port. 

However, it is hard to scale ECMP and WCMP to hundreds 
or thousands of services as commodity switches have limited ca-
pacities of TCAMs. For n services, ECMP and WCMP linearly 
allocate n groups of TCAM entries, leading to the space explo-
sion in number of TCAM entries allocated for these services 
(e.g., n=10K services). Meanwhile, these TCAM entries cannot 
be shared among these different services since they have unique 
service indexes in the TCAM table (see Fig. 3). In this paper, we 
propose Tiramisu to reduce the total number of TCAM entries 
allocated for large amounts of services by sharing these TCAM 
entries among these services. 

Match-based traffic splitting: Match-based solutions use 
wildcard matching on specific fields of incoming packet heads 
to determine the next-hop for each packet destined to a service. 
Wang et al. [9] propose a match-based traffic splitting scheme 
to approximate the weights with non-overlapping wildcard rules. 
Niagara [11] trades off the accuracy for fewer entries by using 
overlapping wildcard rules. Niagara [11] also takes the first step 
towards reducing the number of TCAM entries across services 
by packing multiple groups of rules into one TCAM table and 
sharing rules across services with similar weights. However, Ni-
agara [11] does not significantly reduce the number of TCAM 

entries allocated for large amounts of services. This is because 
it is very difficult to merge multiple wildcard rules across differ-
ent services into one TCAM entry. Bit Matcher [14] is the opti-
mal approach to efficiently computing the minimum number of 
wildcard rules for a single service given an approximate weight 
distribution. It is proved that Niagara [11] is the same optimal in 
number of TCAM entries as Bit Matcher [15]. In addition, Sadeh 
et al. [15] propose optimal weight approximations given a fixed 
number of TCAM entries. These above schemes concentrate on 
optimal representations or approximations for a single service 
but not for multiple services or across services. 

Load balancing applications: Traffic splitting schemes have 
been widely used in load balancing applications. Cloud load bal-
ancers (e.g., Ananta [1], Duet [2], Maglev [3], Beamer [5], and 
Cheetah [6]) use commodity switches and software load balanc-
ers for splitting traffic among thousands of services. CONGA [7] 
is a datacenter load balancing mechanism that splits traffic into 
flowlets (bursts of packets from a flow) among multiple paths, 
but it requires customized switch hardware support. HULA [8] 
uses programmable data planes for load balancing flowlets in 
datacenters. SilkRoad [4] uses switching ASICs to maintain per-
connection states and consistency for datacenter load balancing. 
These works are orthogonal to our work, and Tiramisu can en-
hance these works by improving the performance and scalability 
of traffic splitting on switches. 

III. TIRAMISU FOR TRAFFIC SPLITTING 
We propose Tiramisu, a novel fast and scalable traffic split-

ting scheme for multiple services on commodity switches. Tira-
misu aims to reduce the number of TCAM entries allocated for 
multiple services while sustaining high-speed traffic splitting 
and rule update performance. In this section, we first present the 
high-level overview of Tiramisu, and then describe the design 
of Tiramisu for both non-uniform and uniform traffic splitting. 
Finally, we analyze the space and time complexities of Tiramisu. 

A. Tiramisu Overview 
The basic idea behind Tiramisu is to overlay multiple groups 

of rules for different services within one same TCAM table. This 
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Fig. 4. The architecture of Tiramisu with the LPM table and Tiramisu table. 



design is motivated by the two observations as follows. First, 
different groups of rules for multiple services partially share the 
hash indexes in the TCAM word. The hash indexes are the hash 
values over the five-tuple of packet heads and have no logical 
meanings. For example, as shown in Fig. 5(a), three groups of 
rules for three services 1, 2, and 3 share the hash indexes (i.e., 0, 
1, 2, 3). This provides an opportunity to merge multiple rules for 
different services into one TCAM entry with the same hash 
index. Second, TCAMs are augmented with wide SRAM words 
to improve the scalability and reduce the power consumption [18, 
19, 25]. A usual SRAM word in a TCAM entry has the size of 
32 or 64 bits. A wide SRAM word in a TCAM entry can be 
configured to have multiple usual words of size 128, 256, or 512 
bits. This provide another opportunity to merge multiple next-
hops of different rules into one wide SRAM word. 

The architecture of Tiramisu consists of two TCAM tables: 
a LPM (Longest Prefix Matching) table and a Tiramisu table. 
Each entry in the LPM table stores the information of a service 
pointing to a group of rules for the service stored in the Tiramisu 
table. Each entry in the Tiramisu table stores the information of 
each group of rules for different services. Assume that a switch 
handles n services S1, S2, …, Sn using TCAMs, each service Si 
with an IP prefix Ii and a group of si rules associated with si next-
hops (e.g., P1, P2, P3, P4). Fig. 4 shows the architecture of Tir-
amisu with the LPM table and Tiramisu table. Each entry in the 
LPM table contains five parts: the IP prefix Ii (IP_Prefix) for a 
service i, rank offset Xi (Rank_Offset) for a group of rules for 
the service i stored in the Tiramisu table, column offset Yi (Col-
umn_Offset) for a group of rules for the service i stored in the 
Tiramisu table, number si of rules (Num_Rules) for the service i 
stored in the Tiramisu table, and number r of ranks (Num_Ranks) 
in the Tiramisu table. We note that the IP prefix part is stored in 
the TCAM word, and other parts are stored in the SRAM word. 
The Tiramisu table is a matrix of rules with r ranks and c col-
umns. Each next-hop of a rule is stored in a slot with the rank 
index (Rank_Index) and the column index (Column_Index). A 
group of rules for a service is stored in a column-oriented man-
ner, where all next-hops of rules are stored contagiously in a col-
umn order. 

From the high-level perspective, the LPM table is used as the 
index table that records the location information of each group 
of rules for multiple services. The Tiramisu table is used as the 
data table that stores each group of rules for multiple services in 
a column-oriented manner. The process of traffic splitting with 
Tiramisu is as follows. On receiving an incoming packet des-
tined to a service, a commodity switch first uses the destination 
IP of the packet as key to search the LPM table, and determines 
the location information of a group of rules for the service that 
the packet belongs to. Then, the switch computes the rank index 
and column index of a rule that matches the packet by using the 
information of the service stored in the LPM table. Finally, the 
switch uses the rank index and column index to searches the Tir-
amisu table, and determines the matching rule associated with 
the next-hop port which the packet is forwarded to. 

To search the Tiramisu table, we must first compute the rank 
index (Rank_Index) of a rule that matches a packet as: 

_
( _ _ ) % _
Rank Index
Hash Index Rank Offset Num Ranks  (1) 

where the hash index (Hash_Index) is computed by hashing over 
the five-tuple of the packet head and computing the hash modulo 
the number of rules (Num_Rules) for a service. Then, we must 
compute the column index (Column_Index) of a matching rule 
as: 

_ _
( _ _ ) / _
Column Index Column Offset
Hash Index Rank Offset Num Ranks  (2) 

The rank index (Rank_Index), column index (Column_Index), 
and number of ranks (Num_Ranks) are extracted from a TCAM 
entry pointing to a service of a packet in the LPM table. 

Since TCAMs are a scarce resource with limited capacities, 
Tiramisu is a compact multi-service representation of WCMP 
that minimizes the number of TCAM entries (i.e., the number of 
rules) allocated for multiple services given an approximate 
weight distribution. We use a weight reduction algorithm called 
weight approximation with minimum rules (WAMR) proposed 

Service
_Index

Hash
_Index

Next
_Hop

1 0 P1
1 1 P2
2 0 P2
2 1 P3
2 2 P3
2 3 P4
3 0 P1
3 1 P4
3 2 P4

WCMP Table
TCAM SRAM

3 3 P4                 

IP
_Prefix

1.1.1.0/24
1.1.2.0/24
1.1.3.0/24

Rank
_Offset

0
2
2

Num
_Ranks

4
4
4

Dst_IP=
1.1.3.3

5-Tuple

Rank_Offset=2, Num_Ranks=4

Hash_Index=1

Num_Rules=4

Input
_Packet Num

_Rules
2
4
4

Column
_Offset

0
0
1

Tiramisu Table

Rank
_Index

0

Next
_Hop

P1
1 P2

P3
P4

P4
P4

0 1 2Column
_Index

2 P2
3 P3

P1
P4

Column_Offset=1, Rank_Offset=2, Num_Ranks=4

Column_Index=1

Rank_Index=3
Hash and Mod Compute 

Rank Index

Compute 
Column Index

LPM Table
TCAM SRAM TCAM SRAM

P4

 

(a) WCMP.                                                                                                                   (b) Tiramisu. 

Fig. 5. Illustration of non-uniform traffic splitting for three services with Tiramisu in comparision with WCMP. 



in [10] to minimize the number of rules for each service given a 
maximum imbalance error of weight approximations. Moreover, 
we use an efficient greedy solution proposed in [10] to WAMR. 
This solution starts from the smallest set of rules each with the 
weight of 1, and then greedily searches for the next smaller set 
of rules with the least ratio of the maximum imbalance error. 

B. Non-Uniform and Uniform Traffic Splitting 
Tiramisu supports non-uniform and uniform traffic splitting 

for multiple services on commodity switches as follows. 

Fig. 5 shows the process of non-uniform traffic splitting for 
multiple services with Tiramisu in comparison with WCMP. As 
shown in Fig. 5(a), the WCMP table contains three groups of 
rules for three services 1, 2, and 3 with the weight ratio of 1:1, 
1:2:1, and 1:3, respectively. We use rule overlaying to build the 
Tiramisu table with four ranks and three columns, as shown in 
Fig. 5(b). We also build the LPM table to record the information 
of each group of rules for three services stored in the Tiramisu 
table. On receiving an incoming packet with the destination IP 
1.1.3.3, the switch first uses Dst_IP=1.1.3.3 to search the LPM 
table, and finds the matching entry with the IP prefix 1.1.3.0/24. 
Then, the switch uses the five-tuple of the packet head to 
compute the hash modulo the number of ranks (Num_Ranks=4) 
in the Tiramisu table, outputting the hash index (Hash_Index=1). 
Next, the switch computes the rank index (Rank_Index=3) by (1) 
and the column offset (Column_Offset=1) by (2), with the rank 
offset (Rank_Offset=2) and column offset (Column_Offset=1). 
Finally, the switch uses the rank index and column index as key 
to search the Tiramisu table, and determines the matching entry 
associated with the next-hop (Next_Hop=P4) for the packet. 

Tiramisu has the process of uniform traffic splitting similar 
to that of non-uniform traffic splitting. Fig. 6 shows the process 
of uniform traffic splitting for multiple services with Tiramisu 
in comparison with ECMP. As shown in Fig. 6(a), the ECMP 
table contains three groups of rules for three services 1, 2, and 3 
each with the uniform weight distribution. On receiving an in-
coming packet with the destination IP 1.1.2.2, as shown in Fig. 
6(b), the switch first uses Dst_IP=1.1.2.2 to search the LPM ta-
ble, and finds the matching entry with the IP prefix 1.1.2.0/24. 

Then, the switch computes the hash index (Hash_Index=3) by 
hashing over the five-tuple of the packet head. Next, the switch 
computes the rank index (Rank_Index=1) by (1) and the column 
index (Column_Index=1) by (2). Finally, the switch uses the 
rank index and column index as key to search the Tiramisu table, 
and determines the matching entry associated with the next-hop 
(Next_Hop=P2) for the packet. 

C. Rule Updates 
Tiramisu needs to update rules when weights change due to 

next-hop capacity changes. Tiramisu aims to efficiently update 
rules in TCAMs while minimizing traffic churn (i.e., packets of 
the traffic are reshuffled among different servers due to weight 
updates). Tiramisu has two rule update strategies. When weights 
change frequently, Tiramisu computes new rules from old rules 
and then relocates the affected rules by next-hop moving. When 
weights change infrequently, Tiramisu computes a group of new 
rules for a service from scratch in the controller and then installs 
them into a data-plane switch. Since weights update infrequently 
in most practical applications [11, 12, 14, 15], we adopt the latter 
strategy to recompute new rules from scratch for weight updates 
in the controller, and then reinstall them into a data-plane switch. 
Our experiments in Section IV show that Tiramisu outperforms 
previous schemes in terms of rule update time. 

D. Space and Time Complexities Analysis 
We first analyze the space complexity of Tiramisu in terms 

of the number of TCAM entries. Given n services S1, S2, …, Sn, 
Tiramisu uses the WAMR algorithm [10] to compute a group of 
si rules for a service Si. Therefore, there are totally s1+s2…+sn 
rules each with a next-hop of h bits (i.e., 2h ports in a switch). 
Assumed that the Tiramisu table has r ranks and c columns, we 
compute the total number of TCAM entries E of both the LPM 
table and Tiramisu table as: 

1
/

n

i
i

E n r n s c    (3) 

where the LPM table has n TCAM entries and the Tiramisu table 
has r TCAM entries. Eq. (3) shows that the total number E of 
TCAM entries allocated for n services decreases as the number 
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(a) ECMP.                                                                                                                   (b) Tiramisu. 

Fig. 6. Illustration of uniform traffic splitting for three services with Tiramisu in comparison with ECMP. 



c of columns in the Tiramisu table increases (i.e., the size of a 
wide SRAM word in the TCAM table increases). 

Next, we analyze the time complexity of Tiramisu for traffic 
splitting and rule updates. The splitting time Tsplit is the search 
time of both the LPM table and Tiramisu table in a TCAM. The 
search time T of a TCAM table consists of the search time tTCAM 
of TCAM words and the access time tSRAM of SRAM words. We 
compute the splitting time Tsplit of Tiramisu as: 

LPM Tiramisu
split

LPM LPM Tiramisu Tiramisu
TCAM SRAM TCAM SRAM( ) ( )

T T T

t t t t
  (4) 

Eq. (4) shows that Tiramisu has different TLPM and TTiramisu, 
compared to previous schemes such as WCMP and ECMP. The 
update time Tupdate consists of the rule computation time Tcompute 
in the controller and the rule installation time Tinstall in the switch. 
We compute the update time Tupdate of Tiramisu as: 

update compute installT T T     (5) 

Our experiments in Section IV demonstrate the time and 
space complexities of Tiramisu, and show that Tiramisu reduces 
the number of TCAM entries by up to one order of magnitude 
as well as improves traffic splitting and rule update performance 
compared to previous schemes. 

IV. EVALUATION 
In this section, we evaluate the performance of Tiramisu and 

compare with previous schemes including ECMP [16], WCMP 
[10], and Niagara [11]. We do not compete with other schemes 
[12, 14]. This is because Niagara [11] is proved to be the optimal 
representation with the minimum number of TCAM entries for 
a single service given a desired approximate weight distribution 

[14]. We conduct experiments on software simulations and P4 
switches to validate the performance and scalability of Tiramisu. 

A. Experiments on Software Simulations 
We implement Tiramisu and previous schemes in software, 

and conduct simulation experiments to measure the performance 
metrics for given weight approximations. These metrics include 
the number of TCAM entries, the TCAM throughput, the update 
time for reconstructing all rules in the controller, and the TCAM 
power consumption. In the experiments, we set the imbalance 
error for a weight approximation to no more than 1% or 0.1%, 

 

(a) Imbalance error 1%                                              (b) Imbalance error 0.1%                                          (c) Uniform traffic splitting 

Fig. 7. The number of TCAM entries required for non-uniform and uniform traffic splitting. 

 

(a) Imbalance error 1%                                              (b) Imbalance error 0.1%                                          (c) Uniform traffic splitting 

Fig. 8. TCAM throughput in Mpps achieved for non-uniform and uniform traffic splitting. 

 

(a) Non-uniform traffic splitting 

 

(b) Uniform traffic splitting 

Fig. 9. Update time for reconstructing all rules in the controller. 
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and synthesize 1000 to 10000 services for traffic splitting on a 
commodity switch with up to 256 next-hop ports. For a service, 
we generate the number of next-hop ports to follow the binomial 
distribution [11], and generate the weight of a next-hop port to 
follow the Gaussian distribution [11]. In addition, we set the size 
of a next-hop port to 8 bits for up to 256 switch ports, and set the 
size of a wide SRAM word in a TCAM entry to 128, 256, or 512 
bits. Moreover, in order to evaluate the TCAM throughput and 
TCAM power consumption, we exploit an open-source TCAM 
simulator [23], where the TCAM chip is manufactured with a 
28nm processor to estimate the latency of a single TCAM table 
lookup. We run the experiments on a server with Intel Core i7-
9700 CPU@3.0GHZ (12MB L3 cache) and 16GB DDR4 main 
memory. The results are averaged over ten trials. 

Fig. 7 shows the number of TCAM entries required for non-
uniform and uniform traffic splitting. Fig. 7(a) and Fig. 7(b) 
compare the number of TCAM entries for two imbalance errors 
of 1% and 0.1%, respectively. We see that Tiramisu achieves 
significant reductions in number of TCAM entries by up to one 
order of magnitude compared to previous schemes. Specifically, 
compared to WCMP, Tiramisu-128 (with a 128-bit SRM word), 
Tiramisu-256 (with a 256-bit SRM word), and Tiramisu-512 
(with a 512-bit SRM word) separately reduce the number of 
TCAM entries by 16x, 32x, and 64x for both two imbalance 
errors. Compared to Niagara, Tiramisu-128, Tiramisu-256, and 
Tiramisu-512 separately reduce the number of TCAM entries by 
3.4x, 6.9x, and 13.8x for the imbalance error of 1% (see Fig. 7(a)) 
and by 1.1x, 2.2x, and 4.4x for the imbalance error of 0.1% (see 
Fig. 7(b)). In addition, we see that the number of TCAM entries 
required by Tiramisu decreases as the size of a wide SRAM 
word increases from 128 to 512 bits and as the imbalance error 
increases from 0.1% to 1%. This is because Tiramisu leverages 
wider SRAM words for fewer TCAM entries, and requires more 
TCAM entries for higher accuracy. 

Fig. 7(c) shows the number of TCAM entries required for 
uniform traffic splitting. We also see that Tiramisu achieves up 
to one order of magnitude reductions in the number of TCAM 
entries compared to previous schemes. Specifically, Tiramisu-
128, Tiramisu-256, and Tiramisu-512 reduce the number of 
TCAM entries by 16x, 32x, and 64x compared to ECMP and 
Niagara. We note that both Niagara and ECMP require the same 
number of TCAM entries allocated for thousands of services. 
This is because Niagara regresses to ECMP in the scenario of 
uniform traffic splitting. 

Fig. 8 shows the TCAM throughput in million packets per 
second (Mpps) for non-uniform and uniform traffic splitting. We 

see that Tiramisu achieves higher TCAM throughput than 
previous schemes. Specifically, as shown in Fig. 8(a), Tiramisu 
improves the TCAM throughput by 6.0x to 7.3x and by 1.6x to 
1.9x compared to WCMP and Niagara for the imbalance error 
of 1%, respectively. As shown in Fig. 8(b), Tiramisu improves 
the TCAM throughput by 64.1x to 167.1x and by 1.1x to 2.6x  
compared to WCMP and Niagara for the imbalance error of 
0.1%, respectively. In addition, compared to ECMP and Niagara, 
Tiramisu improves the TCAM throughput by 3.7x to 4.2x for 
uniform traffic splitting, as shown in Fig. 8(c). Note that Niagara 
achieves the same TCAM throughput as ECMP for uniform 
traffic splitting because Niagara regresses to ECMP in the case. 
Eq. (4) shows that the total splitting throughput is composed of 
both the TCAM throughput and SRAM throughput. Therefore, 
we will compare the total splitting throughput of Tiramisu and 
previous schemes on P4 switches in the next subsection. 

Fig. 9 shows the update time of reconstructing all rules in the 
controller with different percentages of updated services. We see 
that Tiramisu almost requires the same update time as both 
WCMP and ECMP. This is because Tiramisu is a compact 
multi-service representation of WCMP and ECMP, without 
additional update overhead for computing exact-match rules. In 
addition, compared to Niagara, Tiramisu reduces the rule update 
time by 1.7x for non-uniform traffic splitting (see Fig. 9(a)) and 
by 2.0x for uniform traffic splitting (see Fig. 9(b)). This is 
because Tiramisu requires fewer update time for computing 
exact-match rules than Niagara for computing wildcard rules.

Fig. 10 shows the TCAM power consumption required for 
non-uniform and uniform traffic splitting. We see that Tiramisu 
requires lower TCAM power consumption than previous 
schemes. This is because the number of TCAM entries for a 
search dominates the TCAM power consumption, and Tiramisu 
requires fewer TCAM entries than previous schemes (see Fig. 
7). Specifically, as shown in Fig. 10(a), Tiramisu reduces the 

 

(a) Imbalance error 1%                                              (b) Imbalance error 0.1%                                          (c) Uniform traffic splitting 

Fig. 10. TCAM power consumption required for non-uniform and uniform traffic splitting. 
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Fig. 11. A topology for traffic splitting on a P4 switch. 
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TCAM power consumption by 10.6x to 19.8x and by 2.9x to 
5.4x compared to WCMP and Niagara for the imbalance error 
of 1%, respectively. As shown in Fig. 10(b), Tiramisu reduces 
the TCAM power consumption by 17.0x to 57.3x and by 1.4x to 
4.6x compared to WCMP and Niagara, respectively. In addition, 
Tiramisu reduces the TCAM power consumption by 9.3x to 
14.9x compared to both ECMP and Niagara for uniform traffic 
splitting, as shown in Fig. 10(c). We note that Niagara requires 
the same TCAM power consumption as ECMP in the scenario 
of uniform traffic splitting. 

B. Experiments on P4 Switches 
We implement Tiramisu, ECMP, and WCMP in P4 [24, 25], 

and conduct experiments to evaluate the performance using a 
OpenMesh BF-48X6Z P4 switch with Barefoot Tofino 3.2Tbps. 
We do not implement and evaluate Niagara [11] in P4 because 
the OpenMesh BF-48X6Z P4 switch only compiles prefix rules 
but not suffix rules generated by Niagara [11]. We use an Ixia 
Optixia XGS12-SDL test instrument to generate 10Gbps traffic 
through a OpenMesh BF-48X6Z P4 switch with up to 4 next-
hop ports as shown in Fig. 11. In the experiments, we synthesize 
1K to 10K services for the target imbalance error of 1%. For a 
service, we also generate the number of next-hop ports to follow 
the binomial distribution [11], and generate the weight of a next-
hop port to follow the Gaussian distribution [11]. In addition, we 
set the size of a next-hop port to 8 bits, and set the size of a wide 
SRAM word to 128 or 256 bits. We measure the performance 
metrics including the number of TCAM entries, the splitting 
throughput, and the rule update time for compiling and installing 
all rules in P4. 

Fig. 12 shows the number of TCAM entries on a P4 switch. 
We see that Tiramisu achieves significant reductions in number 
of TCAM entries by up to one order of magnitude compared to 
previous schemes. Specifically, Tiramisu-128 and Tiramisu-256 
separately reduce the number of TCAM entries by 16x and 32x 
compared to both WCMP and ECMP. This is because Tiramisu 

encodes 16 or 32 next-hops of rules into one TCAM entry as the 
wide SRAM word is of size 128 or 256 bits and the next-hop is 
of size 8 bits. 

Fig. 13 shows the splitting throughput in million packets per 
second (Mpps) on a P4 switch. We see that Tiramisu achieves 
higher splitting throughput than previous schemes. Specifically, 
as shown in Fig. 13(a), Tiramisu-128 and Tiramisu-256 
separately improve non-uniform splitting throughput by 1.4x 
and 2.3x compared to WCMP. As shown in Fig. 13(b), 
Tiramisu-128 and Tiramisu-256 almost have the same uniform 
splitting throughput, and improve 1.3x throughput over ECMP. 

 

(a) Non-uniform traffic splitting 

 

(b) Uniform traffic splitting 

Fig. 13. Splitting throughput in Mpps on a P4 switch. 

 

(a) Non-uniform traffic splitting 

 

(b) Uniform traffic splitting 

Fig. 14. Update time for compiling and installing all rules on a P4 switch. 

 

(a) Non-uniform traffic splitting 

 

(b) Uniform traffic splitting 

Fig. 12. The number of TCAM entris on a P4 switch. 
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Fig. 14 shows the update time for compiling and installing 
all rules on a P4 switch. We see that Tiramisu achieves faster 
rule updates than previous schemes. Specifically, as shown in 
Fig. 14(a), Tiramisu-128 and Tiramisu-256 separately reduce 
the update time by 6.6x and 7.9x compared to WCMP for non-
uniform traffic splitting. As shown in Fig. 14(b), Tiramisu-128 
and Tiramisu-256 separately reduce the update time by 2.9x and 
3.4x compared to ECMP for uniform traffic splitting. In addition, 
the update time of Tiramisu increases gracefully as the number 
of services supported by a P4 switch increases. 

V. CONCLUSION 
This paper presents Tiramisu, a simple yet effective overlay 

approach to fast and scalable multi-service traffic splitting on 
commodity switches. Tiramisu aims to reduce the number of 
TCAM entries allocated for multiple services while achieving 
high splitting throughput and fast rule updates. Tiramisu exploits 
wide SRAM words to overlay multiple groups of rules into one 
same TCAM table. Experiments on software simulations and P4 
switches are conducted to evaluate Tiramisu and compare with 
previous traffic splitting schemes. The results demonstrate that 
Tiramisu has high performance and scalability, and outperforms 
previous schemes in space and time efficiency. Specifically, the 
results on software simulations show that given the imbalance 
error of 1%, Tiramisu reduces the number of TCAM entries by 
up to one order of magnitude, improves the TCAM throughput 
by up to 1.9x, and reduces the rule update time by 1.7x compared 
to Niagara. In addition, the results on P4 switches show that 
given the imbalance error of 1%, Tiramisu-128 (with a 128-bit 
SRAM word in a TCAM entry) reduces the number of TCAM 
entries by 16x, improves the splitting throughput by 1.4x, and 
reduces the rule update time by 6.6x compared to WCMP. 
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