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TABLE I: Latency-critical applications

Application Silo Masstree ImgDNN Xapian Moses Sphinx

Domain In-memory
Database

Key-value
store

Image
recognition

Web
search

Real-time
translation

Speech
recognition

Target QoS 1 ms 1 ms 7 ms 10 ms 10 ms 6 s
Per-core IPC 1.18 1.09 1.07 1.38 0.99 0.55
LLC MPKI 1.50 6.02 16.78 3.66 23.17 10.40

LLC Miss Rate 2% 12% 45% 37% 77% 47%
Memory Bandwidth (GB/s) 0.32 3.40 7.83 2.58 10.29 2.57

Memory Capacity (GB) 1.8 9.3 0.3 5.6 2.5 1.4
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TABLE I: Latency-critical applications

Application Silo Masstree ImgDNN Xapian Moses Sphinx

Domain
In-memory

Database

Key-value

store

Image

recognition

Web

search

Real-time

translation

Speech

recognition

Target QoS 1 ms 1 ms 7 ms 10 ms 10 ms 6 s

Per-core IPC 1.18 1.09 1.07 1.38 0.99 0.55

LLC MPKI 1.50 6.02 16.78 3.66 23.17 10.40

LLC Miss Rate 2% 12% 45% 37% 77% 47%

Memory Bandwidth (GB/s) 0.32 3.40 7.83 2.58 10.29 2.57

Memory Capacity (GB) 1.8 9.3 0.3 5.6 2.5 1.4

TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Tail Latency/QoS Target Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 0.22 0.21 0.33 0.37 0.26 0.26 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.36 0.24 0.28 0.40 0.35 0.29 0.32 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.71 0.40 1.29 0.62 0.84 0.56 0.74 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.74 0.53 1.09 0.63 0.89 0.55 0.74 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 0.21 0.18 0.25 0.36 0.22 0.23 0.24 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 0.28 0.20 0.20 0.37 0.27 0.27 0.26 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.59 0.34 0.97 0.59 0.67 0.54 0.62 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33

1
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CPU-

centric

1 High Brawny Deep 4 0.22 0.21 0.33 0.37 0.26 0.26 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.36 0.24 0.28 0.40 0.35 0.29 0.32 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.71 0.40 1.29 0.62 0.84 0.56 0.74 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.74 0.53 1.09 0.63 0.89 0.55 0.74 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 0.21 0.18 0.25 0.36 0.22 0.23 0.24 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 0.28 0.20 0.20 0.37 0.27 0.27 0.26 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.59 0.34 0.97 0.59 0.67 0.54 0.62 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33

1

• QoS violations only occur in the combinations of wimpy cores and high memory latency
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TABLE I: Latency-critical applications

Application Silo Masstree ImgDNN Xapian Moses Sphinx

Domain
In-memory

Database

Key-value

store

Image

recognition

Web

search

Real-time

translation

Speech

recognition

Target QoS 1 ms 1 ms 7 ms 10 ms 10 ms 6 s

Per-core IPC 1.18 1.09 1.07 1.38 0.99 0.55

LLC MPKI 1.50 6.02 16.78 3.66 23.17 10.40

LLC Miss Rate 2% 12% 45% 37% 77% 47%

Memory Bandwidth (GB/s) 0.32 3.40 7.83 2.58 10.29 2.57

Memory Capacity (GB) 1.8 9.3 0.3 5.6 2.5 1.4

TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Tail Latency/QoS Target Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 0.22 0.21 0.33 0.37 0.26 0.26 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.36 0.24 0.28 0.40 0.35 0.29 0.32 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.71 0.40 1.29 0.62 0.84 0.56 0.74 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.74 0.53 1.09 0.63 0.89 0.55 0.74 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 0.21 0.18 0.25 0.36 0.22 0.23 0.24 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 0.28 0.20 0.20 0.37 0.27 0.27 0.26 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.59 0.34 0.97 0.59 0.67 0.54 0.62 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33

1

• QoS violations only occur in the combinations of wimpy cores and high memory latency
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TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.
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PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33

1

• QoS violations only occur in the combinations of wimpy cores and high memory latency
• PIM-centric architectures are able to meet QoS at low load
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TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.
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8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33
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• QoS violations only occur in the combinations of wimpy cores and high memory latency
• PIM-centric architectures are able to meet QoS at low load
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LLC Miss Rate 2% 12% 45% 37% 77% 47%

Memory Bandwidth (GB/s) 0.32 3.40 7.83 2.58 10.29 2.57

Memory Capacity (GB) 1.8 9.3 0.3 5.6 2.5 1.4

TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.
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CPU-
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4 High Wimpy Shallow 16 0.74 0.53 1.09 0.63 0.89 0.55 0.74 0.53 0.93 0.00 1.12 1.09 2.25 0.99
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PIM-
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7 Low Wimpy Deep 10 0.59 0.34 0.97 0.59 0.67 0.54 0.62 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33
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• QoS violations only occur in the combinations of wimpy cores and high memory latency
• PIM-centric architectures are able to meet QoS at low load
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Implications of PIM – Core & Memory 

§On average, PIM-centric architectures outperform CPU-centric ones
•Up to 52% gain from low memory latency 
•Up to 44% gain from shallow memory hierarchy
•Up to 5% gain from many wimpy cores

§Individual applications have different preferences over CPU and PIM

12

TABLE I: Latency-critical applications

Application Silo Masstree ImgDNN Xapian Moses Sphinx

Domain
In-memory

Database

Key-value

store

Image

recognition

Web

search

Real-time

translation

Speech

recognition

Target QoS 1 ms 1 ms 7 ms 10 ms 10 ms 6 s

Per-core IPC 1.18 1.09 1.07 1.38 0.99 0.55

LLC MPKI 1.50 6.02 16.78 3.66 23.17 10.40

LLC Miss Rate 2% 12% 45% 37% 77% 47%

Memory Bandwidth (GB/s) 0.32 3.40 7.83 2.58 10.29 2.57

Memory Capacity (GB) 1.8 9.3 0.3 5.6 2.5 1.4

TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Tail Latency/QoS Target Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 0.22 0.21 0.33 0.37 0.26 0.26 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.36 0.24 0.28 0.40 0.35 0.29 0.32 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.71 0.40 1.29 0.62 0.84 0.56 0.74 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.74 0.53 1.09 0.63 0.89 0.55 0.74 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 0.21 0.18 0.25 0.36 0.22 0.23 0.24 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 0.28 0.20 0.20 0.37 0.27 0.27 0.26 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.59 0.34 0.97 0.59 0.67 0.54 0.62 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33

TABLE III: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.68 1.09 0.63 1.58 1.50 2.50 1.33

1
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§On average, PIM-centric architectures outperform CPU-centric ones
•Up to 52% gain from low memory latency 
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•Up to 5% gain from many wimpy cores

§Individual applications have different preferences over CPU and PIM
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Per-core IPC 1.18 1.09 1.07 1.38 0.99 0.55

LLC MPKI 1.50 6.02 16.78 3.66 23.17 10.40

LLC Miss Rate 2% 12% 45% 37% 77% 47%

Memory Bandwidth (GB/s) 0.32 3.40 7.83 2.58 10.29 2.57

Memory Capacity (GB) 1.8 9.3 0.3 5.6 2.5 1.4

TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Tail Latency/QoS Target Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 0.22 0.21 0.33 0.37 0.26 0.26 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.36 0.24 0.28 0.40 0.35 0.29 0.32 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.71 0.40 1.29 0.62 0.84 0.56 0.74 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.74 0.53 1.09 0.63 0.89 0.55 0.74 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 0.21 0.18 0.25 0.36 0.22 0.23 0.24 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 0.28 0.20 0.20 0.37 0.27 0.27 0.26 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.59 0.34 0.97 0.59 0.67 0.54 0.62 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33

TABLE III: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.68 1.09 0.63 1.58 1.50 2.50 1.33
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§Individual applications have different preferences over CPU and PIM

12

TABLE I: Latency-critical applications

Application Silo Masstree ImgDNN Xapian Moses Sphinx

Domain
In-memory

Database

Key-value

store

Image

recognition

Web

search

Real-time

translation

Speech

recognition

Target QoS 1 ms 1 ms 7 ms 10 ms 10 ms 6 s
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LLC MPKI 1.50 6.02 16.78 3.66 23.17 10.40

LLC Miss Rate 2% 12% 45% 37% 77% 47%

Memory Bandwidth (GB/s) 0.32 3.40 7.83 2.58 10.29 2.57

Memory Capacity (GB) 1.8 9.3 0.3 5.6 2.5 1.4

TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Tail Latency/QoS Target Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 0.22 0.21 0.33 0.37 0.26 0.26 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.36 0.24 0.28 0.40 0.35 0.29 0.32 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.71 0.40 1.29 0.62 0.84 0.56 0.74 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.74 0.53 1.09 0.63 0.89 0.55 0.74 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 0.21 0.18 0.25 0.36 0.22 0.23 0.24 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 0.28 0.20 0.20 0.37 0.27 0.27 0.26 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.59 0.34 0.97 0.59 0.67 0.54 0.62 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33

TABLE III: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.68 1.09 0.63 1.58 1.50 2.50 1.33
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Implications of PIM – Core & Memory 

§On average, PIM-centric architectures outperform CPU-centric ones
•Up to 52% gain from low memory latency 
•Up to 44% gain from shallow memory hierarchy
•Up to 5% gain from many wimpy cores

§Individual applications have different preferences over CPU and PIM

12

TABLE I: Latency-critical applications

Application Silo Masstree ImgDNN Xapian Moses Sphinx

Domain
In-memory

Database

Key-value

store

Image

recognition

Web

search

Real-time

translation

Speech

recognition

Target QoS 1 ms 1 ms 7 ms 10 ms 10 ms 6 s

Per-core IPC 1.18 1.09 1.07 1.38 0.99 0.55

LLC MPKI 1.50 6.02 16.78 3.66 23.17 10.40

LLC Miss Rate 2% 12% 45% 37% 77% 47%

Memory Bandwidth (GB/s) 0.32 3.40 7.83 2.58 10.29 2.57

Memory Capacity (GB) 1.8 9.3 0.3 5.6 2.5 1.4

TABLE II: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Tail Latency/QoS Target Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 0.22 0.21 0.33 0.37 0.26 0.26 0.28 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.36 0.24 0.28 0.40 0.35 0.29 0.32 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.71 0.40 1.29 0.62 0.84 0.56 0.74 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.74 0.53 1.09 0.63 0.89 0.55 0.74 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 0.21 0.18 0.25 0.36 0.22 0.23 0.24 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 0.28 0.20 0.20 0.37 0.27 0.27 0.26 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.59 0.34 0.97 0.59 0.67 0.54 0.62 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.58 0.40 0.75 0.60 0.66 0.47 0.58 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.61 0.47 0.95 0.61 0.77 0.49 0.65 0.68 1.09 0.63 1.58 1.50 2.50 1.33

TABLE III: Impact of memory hierarchy, memory latency and core type. All the characterized architectures take up similar area,

governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.

Characterized Architecture Normalized Max Load (Max RPS under QoS)

ID MemLat Core MemHie #Cores Silo Masstree ImgDNN Xapian Moses Sphinx AVG

CPU-

centric

1 High Brawny Deep 4 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 High Brawny Shallow 6 0.89 0.85 1.17 1.33 1.41 1.25 1.15

3 High Wimpy Deep 10 0.68 0.72 0.00 0.87 0.55 1.50 0.72

4 High Wimpy Shallow 16 0.53 0.93 0.00 1.12 1.09 2.25 0.99

Un-

realistic

5 Low Brawny Deep 4 1.08 1.09 1.20 1.05 1.23 1.20 1.14

6 Low Brawny Shallow 6 1.05 1.00 1.66 1.50 1.82 1.50 1.42

PIM-

centric

7 Low Wimpy Deep 10 0.89 0.85 0.71 1.13 0.91 1.75 1.04

8 Low Wimpy Shallow 16 0.79 1.15 0.93 1.65 1.82 2.65 1.50

PIM 9 Low* Wimpy Shallow 8+8 0.68 1.09 0.63 1.58 1.50 2.50 1.33
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governed by varying core count. Architectures that could be realized on the main CPU or PIM are categorized as CPU-/PIM-centric.

For each application, we evaluate its tail latency over the QoS target at low load (values larger than 1 represent QoS violations),

and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.
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CPU-
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and normalized max load (higher is better). For each cell, the darker the green/red, the better/worse. Memory latency in the last

row is low, but may be slightly higher than that on Arch 5-8 due to the impact of data placement described in Section ??.
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Implications of PIM – Data Placement
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§ Dynamic page manipulation (page migration+replication) is 
essential to achieve the best performance.
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TAKEAWAYS FROM CHARACTERIZATION

14

§ LC applications have varying preference to PIM
• At runtime, it is critical to be aware of the heterogeneity, 

and allocate the right type of resources to each application

§ Dynamic data placement is critical to achieve the 
best performance

Motivation• Characterization• PIMCloud • Evaluation • Conclusions



PIMCLOUD

15

Hardware Trend         +           Software Trend          

              Emerging PIM Platforms             Latency-Critical(LC) Cloud Applications


How	will	LC	applications	

perform	on	PIM?


▪The first to explore PIM for latency-critical (LC)  cloud applications


▪Characterization

▪ To understand the implications of the PIM architecture to LC applications


▪PIMCloud: A QoS-aware resource manager for multiple LC applications in PIM-
enabled systems

▪ Manages PIM-introduced resources

Motivation• Characterization• PIMCloud • Evaluation • Conclusions



PIMCLoud – Resource Management 
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• The same feedback-control loops as PARTIES [ASPLOS’19]
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• The same feedback-control loops as PARTIES [ASPLOS’19]

• Upsize/Downsize handles resource adjustment
• Core allocation

• Core type
• Core count

• Data placement 
• Pages to migrate/replicate at runtime

PIMCLoud – Resource Management 
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PIMCloud – Core Allocation 
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PIMCloud – Data Placement 
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• Main challenge: reduce the number of migrated/replicated pages

• Only the hottest pages are manipulated at runtime
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PIMCloud – Data Placement 
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• Main challenge: reduce the number of migrated/replicated pages

• Only the hottest pages are manipulated at runtime
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Evaluation Methodology 

Simulator: ZSim
• CPU: 4 Haswell-like cores, 2.4 GHz, 32KB L1, 256KB L2, 8MB L3
• PIM: 8 ARM Cortex-A57-like cores per memory stack, 2 GHz, 32KB L1
• Extend the memory model to HBM

»16 vaults, 160GB/s peak memory bandwidth

Applications: Tailbench
• 20 threads
• 20s warmup, 10s execution (about 72 billion cycles)
• Run on 8 Haswell-like cores by default

Baselines:
• Default: relying on the OS to manage resources
• AMS [MICRO’18]: a scheduler for batch jobs in PIM systems
• Octopus-Man [HPCA’15]: a scheduler for LC apps in systems with heterogeneous cores 

19
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Evaluation - Constant Loads 

20

(a) (A1, A5) (b) (A2, A1) (c) (A3, A4) (d) (A4, A6) (e) (A5, A3) (f) (A6, A2)

Fig. 7: Colocation of 2 LC applications. Y-axis is the maximum RPS (as a percentage of max load) of the second application when
the first application is at a given RPS (x-axis) and both applications meet QoS. The three competing policies are shown in curves,
while PIMCloud is shown in bars, broken down to identifying core preferences (PIMCloud-preference), dynamic core adjustment
(PIMCloud-core), and dynamic data placement (PIMCloud-memory).
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Fig. 8: Colocation of Xapian, ImgDNN and Masstree. Each cell
represents the max RPS (as a percentage of max load) of Masstree
when Xapian and ImgDNN run at given RPS (x and y axes),
and all three applications meet QoS. Crossmarks mean that QoS
cannot be met concurrently.

policies are shown in lines. The Y-axis shows the maximum
RPS of the second application when the first application is at a
given RPS (x-axis) and both applications meet QoS. PIMCloud
is broken down to three components shown as stacked bars.
PIMCloud-preference shows the result when allocating only
the preferred type of cores to each application, based on their
R values. Dynamic core adjustments and data placement are
shown as PIMCloud-core and PIMCloud-memory.

Default is not aware of core heterogeneity, and does not
allocate the right type of cores to applications with strong
preference, such as ImgDNN, Silo and Sphinx. Therefore,
Default performs the worst in mixes with these applications
as shown in Fig. 7a, 7b, and 7f. PIMCloud-preference alone
outperforms Default by being aware of the preference of each
application.

AMS identifies each application’s core preferences success-
fully most of the time, using cache miss ratio curves.However,
it is not designed for LC applications whose core requirements
vary with input load. AMS assumes a fixed number of cores
for each application, which works only for throughput-oriented
jobs. As shown in Fig. 7, the curves for AMS are almost
always flat, as each application occupies one type of cores
regardless of the load of the other application. Moses+Sphinx
(Fig. 7d) is the only exception. According to their miss ratio
curves, both of them prefer PIM stacks, and thus are both
scheduled to PIM cores(CPU cores are always idle).

Octopus-Man does not try to identify an application’s pref-
erence; it always tries small cores first, and if QoS is not met, it

tries big cores. However, because we evaluates an optimal ver-
sion of Octopus-Man by enumerating all possible application
orderings, the best ordering is usually the preference-aware
one, similar to AMS. In addition, it also does not explore
heterogeneous core allocations, and thus performs similarly to
AMS in many cases.

PIMCloud outperforms all three policies. First, PIMCloud
identifies core preferences, and outperforms Default when
applications have strong preferences over core type. Second,
PIMCloud dynamically adjusts core allocations, and allocates
heterogenous cores to one of the colocated applications, out-
performing AMS and Octopus-Man when one application is at
high load. Finally, PIMCloud handles dynamic data placement,
allowing the system to sustain up to 30% (average 9.5%)
additional load under QoS.

Finally, regarding effective machine utilization (EMU) [21],
which captures the total load under QoS of all co-scheduled
jobs, Default, AMS, PARTIES, and PIMCloud achieve on
average 89%, 93%, 97%, and 121% EMU, respectively. PIM-
Cloud achieves up to 80%, 80% and 70% (average 32%, 28%
and 24%) higher EMU than Default, AMS, and Octopus-Man,
respectively. Dynamic core adjustment and data placement
each contribute up to 60% and 30% higher EMU (average
17% and 10%).

2) Colocation of 3 LC Applications: PIMCloud works for
any number of colocated LC applications. Resource alloca-
tion becomes more critical with more colocated jobs. Fig. 8
shows colocation of the 3-app mix. Compared with Default,
PIMCloud improves max load for Masstree by 5-40% when
applications are at varying load points. Following the cache
miss ratio curves, AMS schedules Masstree to CPU cores,
and ImgDNN and Xapian to PIM cores. When the aggregate
load of ImgDNN and Xapian increases, the static allocation
of AMS does not meet QoS. Octopus-Man outperforms AMS
as it allocates CPU cores when PIM cores are insufficient.
PIMCloud is able to further push the “pareto frontier” to the
bottom right, meeting QoS under for more load combinations.
In summary, PIMCloud achieves up to 50%, 85% and 70%
higher EMU than Default, AMS, and Octopus-Man.
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Fig. 11: PIMCloud Scalability.
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Evaluation - Constant Loads 

PIMCloud outperforms all the baselines
• Core isolation: better than Default
• Adjust core count based on load: better than AMS
• Preference-aware: better than Octopus-Man
• Manage data placement: better than all the baselines
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Fig. 7: Colocation of 2 LC applications. Y-axis is the maximum RPS (as a percentage of max load) of the second application when
the first application is at a given RPS (x-axis) and both applications meet QoS. The three competing policies are shown in curves,
while PIMCloud is shown in bars, broken down to identifying core preferences (PIMCloud-preference), dynamic core adjustment
(PIMCloud-core), and dynamic data placement (PIMCloud-memory).
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Fig. 8: Colocation of Xapian, ImgDNN and Masstree. Each cell
represents the max RPS (as a percentage of max load) of Masstree
when Xapian and ImgDNN run at given RPS (x and y axes),
and all three applications meet QoS. Crossmarks mean that QoS
cannot be met concurrently.

policies are shown in lines. The Y-axis shows the maximum
RPS of the second application when the first application is at a
given RPS (x-axis) and both applications meet QoS. PIMCloud
is broken down to three components shown as stacked bars.
PIMCloud-preference shows the result when allocating only
the preferred type of cores to each application, based on their
R values. Dynamic core adjustments and data placement are
shown as PIMCloud-core and PIMCloud-memory.
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Cloud achieves up to 80%, 80% and 70% (average 32%, 28%
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respectively. Dynamic core adjustment and data placement
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17% and 10%).

2) Colocation of 3 LC Applications: PIMCloud works for
any number of colocated LC applications. Resource alloca-
tion becomes more critical with more colocated jobs. Fig. 8
shows colocation of the 3-app mix. Compared with Default,
PIMCloud improves max load for Masstree by 5-40% when
applications are at varying load points. Following the cache
miss ratio curves, AMS schedules Masstree to CPU cores,
and ImgDNN and Xapian to PIM cores. When the aggregate
load of ImgDNN and Xapian increases, the static allocation
of AMS does not meet QoS. Octopus-Man outperforms AMS
as it allocates CPU cores when PIM cores are insufficient.
PIMCloud is able to further push the “pareto frontier” to the
bottom right, meeting QoS under for more load combinations.
In summary, PIMCloud achieves up to 50%, 85% and 70%
higher EMU than Default, AMS, and Octopus-Man.
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Evaluation - Scalability 
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Evaluation - Scalability 

▪Convergence time doesn’t increase exponentially with more apps / larger systems

▪Worst case convergence time is 20s


▪Convergence time is less than 10s more than 70% of the time.
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More Evaluation Results in the Paper

• Colocation of 2 LC apps at various input load
• Colocation of 2 LC apps and a BE job at various input load
• Decomposition of PIMCloud
• Dynamic load
▪
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SUMMARY

Motivation
• Increasingly important LC applications that will be colocated on the same node

• Increasingly heterogeneous cloud platforms


• Especially PIM that brings heterogeneity to computation and memory at the same time

PIMCloud
• Characterization of LC applications on PIM


• More than half of the LC applications perform better on PIM than on CPU
• A QoS-aware and PIM-aware resource manager for LC applications in PIM-enabled 

systems

• Leverages preference to reduce the allocation space down to a homogeneous setting

• Manipulates only hot pages at runtime 
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PIMCLOUD: 

QOS-AWARE RESOURCE MANAGEMENT OF LATENCY-CRITICAL 

APPLICATIONS IN CLOUDS WITH PROCESSING-IN-MEMORY

Thanks! Q & A

Offline discussion: chenshuang0804@gmail.com
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