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Abstract: A 36 Heterogeneous multicore processor is proposed to accelerate recognition-based markerless 

augmented reality. To enable a real-time operation of the proposed augmented reality, task-level pipelined 
multicore architecture with DLP/TLP optimized SIMD processing elements is implemented. In addition, the 
multicore employs a congestion-aware network-on-chip scheduler for 2D-mesh network-on-chip to support 
massive internal data transaction caused by task-level pipeline. As a result, it achieves 1.22TOPS peak 
performance and 1.57TOPS/W energy-efficiency, which are 88% and 76% improvement over a 
state-of-the-art augmented reality processor, for 30fps 720p test input video. 

(Keywords: heterogeneous multicore, network-on-chip scheduler, 2D-mesh NoC, augmented reality, ob-
ject recognition, dynamic resource management) 

 
1. Introduction 
Recently, augmented reality (AR) is being actively investigated with the support of advanced displays 

such as head mounted display (HMD). AR is an augmentation of real-world environment whose elements 
are supplemented by visually generated information. Since seamless and high-quality AR is a promising 
solution as a next generation UI/UX for the advanced displays, its real-time operation for the fast respon-
siveness and low power-consumption for the battery life are crucial. Since the previous AR processor oper-
ates with the help of markers (2D bar codes) [1], it fails to augment 3D objects into natural video image 
without any markers, which requires ~10× higher computational power [2]. Other vision processors pro-
posed to recognize general objects [3-4], but their function is limited to object recognition, which is only a 
part of markerless AR operations. Therefore, this paper presents a recognition-based markerless AR proces-
sor with high throughput and low power consumption for mobile applications such as HMD system. For the 
high throughput, a tightly pipelined heterogeneous many-SIMD processing elements (PE) are proposed to 
accelerate computationally intensive operations of the markerless AR algorithm. Also, an on-line conges-
tion-aware scheduler (CAS) for 2D-mesh network-on-chip (NoC) architecture is implemented for low pow-
er consumption. 

 
2. Task-level Pipelined Heterogeneous Many-SIMD Processor Architecture 
The markerless AR process is composed of 6 main stages: 1) visual attention, 2) scale-space generation, 

3) keypoint detection, 4) keypoint description, 5) keypoint matching and camera pose estimation, 6) 3D ob-
ject rendering or rasterization. As shown in fig. 1, 6 stages in AR are directly mapped into homogeneous 
clusters whose processing elements (PEs) in one cluster have the same architecture. To realize real-time 
markerless augmented reality, we have 32 PEs in the proposed processor and they are connected with 
grid-like 2D-mesh NoC. 

There are two kinds of parallelism in the markerless AR algorithm. Each stage has high data-level paral-
lelism (DLP), which means that many independent image tiles are processed with a series of the same oper-
ations. On the other hand, each image tile is passed through multiple tasks and the tasks have data depend-
encies, which means it has high task-level parallelism (TLP). The two parallelisms are accelerated with dif-
ferent hardware schemes as shown in fig. 2. A multicore-like collection of dedicated single instruction mul-
tiple data (SIMD) PEs are adopted to make complete use of the DLP inside the AR stages. The number of 
ways in a SIMD is determined by the degree of parallelism in each AR stage and the functionalities of 
SIMD data path are dedicated to the corresponding stages. Meanwhile, the TLP is speeded up by pipelining 
AR stages. At a time, 8 image tiles are get into the pipeline and the time consumed in each stage is balanced 
for the high PE utilization. The task-level pipeline cultivates the task producer-consumer relationship, mak-
ing their organization and internal connection important. 

Fig. 3 shows the proposed core organization and NoC topology as well as those of previous vision pro-
cessors. At first, heterogeneous cluster with hierarchical star topology is proposed to reduce network energy 
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consumption with minimum hops, as shown in fig. 3 (a) [3]. A task producer and consumers coexist in one 
cluster, but the number of produced tasks are varied from 0 to more than 10. Therefore, there is workload 
unbalance between consumers, resulting in low PE utilization. To solve the problem, homogeneous PEs are 
integrated in each cluster, as shown in fig. 3 (b) [4]. The produced tasks are transferred to the consumer 
cluster, and then distributed evenly. This architecture successfully avoids workload unbalance, but massive 
network congestion occurs between the local switches and the top switch. Therefore, homogeneous clusters 
for high PE utilization and 2D-mesh NoC topology for high network bandwidth are combined in this work 
as shown in fig. 3 (c). Since the task producers and the task consumers are integrated in the different clusters, 
we can maximize the utilization and throughput. Also, PEs are connected with 2D-mesh NoC, which ena-
bles multi-source multi-destination data transfer. Multi-source multi-destination means that one producer 
can transfer its data to the corresponding consumer while other producers are transferring their data to their 
consumers. Thanks to this consideration, its overall throughput is enhanced by 3.52× with 1.73× area over-
head caused by the increased number of network switches. 

 
3. C Scheduler for 2D-mesh NoC Architecture 
Even though the combination of the homogeneous cluster-organization and 2D-mesh NoC reduces net-

work congestion, it does not disappear completely, as shown in fig. 4. Without any scheduler or core map-
ping scheme, greedy task assignment is done to have minimum path length while potential network conges-
tion is not considered. We need to predict whether the task producer generates tasks or not and, if so, how 
many tasks will be produced to do congestion-aware task assignment. For that purpose, an on-line conges-
tion-aware scheduler (CAS) with time-series-learning is employed and a multi-layer perceptron (MLP) is 
implemented as hardware. It monitors the workload history of all PEs and manages producer-consumer data 
transactions caused between pipeline stages. With the proposed near-optimal scheduling based on the neural 
network, the network congestion is reduced by 24.4% on average compared to the greedy task assignment. 

 
4. Implementation Results 
The proposed chip [5], shown in fig. 5, is implemented in a 65nm logic CMOS process and occupies 

32mm2. It performs 1.22GOPS while consuming 381mW on average. Its peak power consumption is 
778mW during markerless AR operation and 1.57GOPS/W of energy-efficiency is achieved. Thanks to the 
high throughput of the tightly pipelined SIMD-PE clusters and the low-congestion NoC by the NNS, 3.58× 
peak performance and 1.59× energy-efficiency are improved compared to state-of-the-art vision processors 
[3-4], as shown in fig. 6. An HMD system with the processor is developed, as shown in fig. 7, and its recog-
nition-based AR performance is tested on a 30fps 720p video sequences of the scenes, taken in the several 
indoor places. 

 
5. Conclusion 
For the first time, a recognition-based markerless AR processor is proposed with congestion-aware 

scheduler for 2D-mesh NoC architecture. Its task-level pipelined heterogeneous many-SIMD clusters reduce 
latency of the computationally intensive AR process. For its real-time operation, it adopts 6 types of SIMD 
PE architectures to accelerate DLP and task-level pipeline to accelerate TLP. Meanwhile, power consump-
tion is reduced by minimizing network congestion with the congestion-aware scheduler for intelligent core 
mapping in the 2D-mesh NoC. As a result, the proposed markerless AR processor achieves 1.22TOPS and 
1.57TOPS/W, which are 3.58× higher peak performance and 1.59× higher energy-efficiency, respectively, 
compared to the state-of-the-art vision processors. 
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