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Faster invocations.
Predictable invocation latency.
Cacheable state.

Increased memory consumption. 

Memory contributes 10% of capital and operational expenditures (MareNostrum , 
2013) and 18% of peak power consumption in data center (2018).
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lived sharing opportunities will be missed.έ

άWe observe that 50% of the functions execute for less than 1s 
on average, and 50% of the functions have maximum execution 
time shorter than Ḑ3s; 90% of the functions take at most 60s, 
and 96% of functions take less than 60s on average.έ

Number of idle function containers is reduced every 380 
seconds on a major commercial serverless provider.
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Deduplication in seconds,

not minutes.

Opt-in
Zero overhead when unused and 

no sharing for sensitive data.

Concurrency
Support many containers 
operating concurrently.

Compatibility
No changes to existing runtimes.



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

Hash
Tables



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

Hash: 9f8u...
Address: 0x...
Process: 42

OS Page
Table

Hash
Tables



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

Hash
Tables



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

Hash
Tables

madvise



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

Hash
Tables

int madvise(

     void *addr, size_t length, int advice

);

madvise



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

Hash
Tables

int madvise(

     void *addr, size_t length, int advice

);



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

Hash
Tables

int madvise(

     void *addr, size_t length, int advice

);

madvise



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

Hash
Tables

int madvise(

     void *addr, size_t length, int advice

);



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

Hash
Tables

int madvise(

     void *addr, size_t length, int advice

);

madvise



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

update

Hash
Tables

int madvise(

     void *addr, size_t length, int advice

);

madvise



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page DPage B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

update Caches
TLB

Hash
Tables

int madvise(

     void *addr, size_t length, int advice

);

madvise

flush



@spcl_eth

@spcl

spcl.ethz.ch

15

UPM: User-Guided Page Merging

Page A

Page B

Function
Container

Page A Page B Page C

Page D

Page C

Physical Memory Pages

Function
Container

OS Page
Table

update Caches
TLB

Hash
Tables

int madvise(

     void *addr, size_t length, int advice

);

madvise

flush



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm
madvise

a memory region.

UPM, Kernel space



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm

For each page
in region.

madvise
a memory region.

UPM, Kernel space



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm

For each page
in region.

madvise
a memory region.

Calculate hash 
value

Find page with
the same hash

UPM, Kernel space



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm

For each page
in region.

madvise
a memory region.

Calculate hash 
value

Find page with
the same hash

Store page
in hash
tables

UPM, Kernel space

None



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm

For each page
in region.

madvise
a memory region.

Calculate hash 
value

Find page with
the same hash

Compare
byte- by- byte

Store page
in hash
tables

UPM, Kernel space

None

Found



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm

For each page
in region.

madvise
a memory region.

Calculate hash 
value

Find page with
the same hash

Compare
byte- by- byte

Store page
in hash
tables

UPM, Kernel space

Distinct

None

Found



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm

For each page
in region.

Copy- On- Write
merging

madvise
a memory region.

Calculate hash 
value

Find page with
the same hash

Compare
byte- by- byte

Store page
in hash
tables

UPM, Kernel space

Identical Distinct

None

Found



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm

For each page
in region.

Copy- On- Write
merging

madvise
a memory region.

Calculate hash 
value

Find page with
the same hash

Compare
byte- by- byte

Store page
in hash
tables

UPM, Kernel space

Identical Distinct

None

Found



@spcl_eth

@spcl

spcl.ethz.ch

16

UPM Algorithm

For each page
in region.

Copy- On- Write
merging

madvise
a memory region.

Calculate hash 
value

Find page with
the same hash

Compare
byte- by- byte

Store page
in hash
tables

UPM, Kernel space

Identical Distinct

None

Found



@spcl_eth

@spcl

spcl.ethz.ch

17

Implementation

× Modified Linux kernel 4.15.18

× UPM is a new built-in kernel module

× Reuse concepts from Kernel Samepage Merging (KSM)



@spcl_eth

@spcl

spcl.ethz.ch

18

Evaluation

Bare-Metal Server



@spcl_eth

@spcl

spcl.ethz.ch

18

Evaluation

Hypervisor

Bare-Metal Server

Virtual Machine



@spcl_eth

@spcl

spcl.ethz.ch

18

Evaluation

Hypervisor

Bare-Metal Server

Virtual Machine



@spcl_eth

@spcl

spcl.ethz.ch

18

Evaluation

Hypervisor

Bare-Metal Server

Virtual Machine

Function Function

Function Function



@spcl_eth

@spcl

spcl.ethz.ch

18

Evaluation

Does UPM decrease memory 
footprint of functions? ?

Hypervisor

Bare-Metal Server

Virtual Machine

Function Function

Function Function



@spcl_eth

@spcl

spcl.ethz.ch

18

Evaluation

Does UPM decrease memory 
footprint of functions?

How much system memory
can be saved?

?

?

Hypervisor

Bare-Metal Server

Virtual Machine

Function Function

Function Function



@spcl_eth

@spcl

spcl.ethz.ch

18

Evaluation

Does UPM decrease memory 
footprint of functions?

How much system memory
can be saved?

How much overhead does
UPM add to serverless?

?

?

?

Hypervisor

Bare-Metal Server

Virtual Machine

Function Function

Function Function



@spcl_eth

@spcl

spcl.ethz.ch

19

Function Memory Footprint ς ResNet 50 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

RSS = Private + Shared

PSS = Private + 
Π



@spcl_eth

@spcl

spcl.ethz.ch

19

Function Memory Footprint ς ResNet 50 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

RSS = Private + Shared

PSS = Private + 
Π



@spcl_eth

@spcl

spcl.ethz.ch

19

Function Memory Footprint ς ResNet 50 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

RSS = Private + Shared

PSS = Private + 
Π



@spcl_eth

@spcl

spcl.ethz.ch

19

Function Memory Footprint ς ResNet 50 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

RSS = Private + Shared

PSS = Private + 
Π



@spcl_eth

@spcl

spcl.ethz.ch

19

Function Memory Footprint ς ResNet 50 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

23.5% reduction

RSS = Private + Shared

PSS = Private + 
Π



@spcl_eth

@spcl

spcl.ethz.ch

20

Function Memory Footprint ς AlexNet 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

RSS = Private + Shared

PSS = Private + 
Π



@spcl_eth

@spcl

spcl.ethz.ch

20

Function Memory Footprint ς AlexNet 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

RSS = Private + Shared

PSS = Private + 
Π



@spcl_eth

@spcl

spcl.ethz.ch

20

Function Memory Footprint ς AlexNet 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

RSS = Private + Shared

PSS = Private + 
Π



@spcl_eth

@spcl

spcl.ethz.ch

20

Function Memory Footprint ς AlexNet 4x Intel Xeon X7550 @ 2.00GHz, 
64 cores total. 1 TB memory.

RSS = Private + Shared

PSS = Private + 
Π


